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ABSTRACT

Nature is an important source of bioactive molecules with favorableiological properties
Resveratrol is aaturalcompound found in grapesdberries ands amongotherconstituents of

red wine This polyphenol has been studied and extensively reported in the literaturerdRes

exertsa wide range of activitiesncluding but are not limited to antinflammatory, cardie
protective, antioxidant, chemopr evteanrtg evted aangde |
thatmodulates many cellular signaling pathways. However, its poor pharmacokinetic anafile

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 effis are concentratielependenhaveraised many questions abdtg

efficacy. Consequentlythere are many reports in the scientifterature describing different
approaches aimed at i mpr ovi ng medisinvakchemistny ol 0 s

concepts.

Acetylsalicylic acid (apirin) has been used for more than a cenang it represents one of the
most successful analgesindantrinflammatoryagens. Despite its notoriously simple chemical
formula, aspirin has proven high efficacy ratly as an antrinflammatory agent, but ost

recently as a potentiahemopreventivagentin humancancersparticularly in colon cancer.

Resveratrol and aspirin target similar (complementary) enzymes and receptors involved in the
inflammationto-cancer process.hErefore we hypothesized thahe chemical combination of
resveratrolwith a salicylate moietywould provide a newi h y b scafidld combining the

biological properties of both parent compounds, and possibly, a novel seniesvefatrol

salicylate derivativeswvith synergistic effectsThe design of the new resveratraalicylate
hybridswas basedn the addition o carboxylicacid( or car boxyl at eJdin group



resveratrdd shemical structureThe biological evaluation (target selection) waased on
literaturereportsdescribing (a) the role of these targéfOX-2, NFo B, NO ainthe ROS)

inflammationto-cancerprocess and (b) the effect of the parent resveratrol and/or aspirin

| conductedthe synthesis often resveratrolsalicylate derivativedy three different chemical
reactions nanely the Wittig reaction the HornerWadsworthREmmonsreaction and the Heck
coupling The Heck coupling produced the desitethsisomer as a major product (55% vyield)

while the Wittig reaction produced a mixture of bothandtransisomers.

The biological evaluation of the resveratsallicylate analogues started with ianvitro enzyme

inhibition screening othe CYP1Alenzyme We observed a modulatory effect exerted by the

test drugs in which some of them were inactive, some produced the desired CYP1Al inhibition,

but otherss eemed t o i ncrease CyYwithawh®somewhazupexpedted c a c t
In this regard, empound3 was the most potent derivative decregsthe activity andthe
expression(mRNA) of CYP1ALl Using the EROD assay in HR9 cells resveratrol abuM

enhanced CDD-induced CYP1A activity (unfavorablehowing a clear difference between the

hybrid and the parent molecule, resveratrol

In the second stugdywve evaluated the activity of hybrid drugs to inhibit the catalytic activity of
the DNA-methyltransferas¢DNMT) enzyme DNMT-1 and DNMT3.Compound 10 and 9
showeda selective inhibition othe DNMT-3 isoform. In this regardiesveratrolwas weaker
than the hybrids anidl was nonselective Compounds3, 4 and10 showedanin vitro cancer cell
proliferation inhibition on three human cancer celldowever, 3 showed a significant
cytotoxicity on the norcancerousMCF 10A which is considered a serious side effedio

support the enzymatic inhibition of CYP1Al1 and DNMT by hybrid resverstbtylate



molecules, we conducteskries ofmolecular modelingdocking studies We observedkey
bindinginteractionswithin the active sitesf these two enzymesorrelatingthein vitro activity

with computerassisted drug simulations

Finally, we carried out screening assays using compd@rtd evaluate its ability to suppress
inflammation both in vitro and in vivan these studies, compoundO exhibited anin vitro
inhibition of COX-2 andNF-a B  arsignificant decrease IROS productionFurthermore,
compoundl0 inducedcell apoptosis inurkat cells. When testeth vivo, compoundl0 reduced
carrageenainduced peritonitis andarrageenamduced paw edema in mic&hich werehigher
than thatexerted byresveratrol and its naturanalogue TMS. CompoundO reducel the
myeloperoxidas€MPO) activity in the inflamed tissue particularly at aow dose(10mg/kg)
Despite its relatively low stability profile, compourdd is a promising candidate for future
experimentsThe favorable activities produced by compod@dupport the overall design of the

hybrid resveratrekalicylate analogues.
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Chapter 1. Introduction



1.1 Cancer asacomplex disease

According to experimental studies in animals, cancer is traditionally divided into three: stages
initiation, promotion and progressianThese stageare controlled by genetic and epigenetic
mechanismg1]. Initiation involvesbiological changes such as DNA damage and/or mutations,
inactivation of tumor suppressor genasd activation ofoncogenegl1]. The pomotion step
compriseghe expansion of initiated stem cells as wellbeigntumor developmenfl]. In the
progressiorstage, proteolysis starts in parallel to adhesiugration and metastasid]. During

the different carcinogenesis stages, normal biological anticancer mechamsemseveral
approaches ttry to inactivate or remove the origin of themor. These mech@sms include but
arenot limited to enancement of antioxidant protefanctions (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 ahfahibitors of angiogenesis (e.g.
interferonU  a nd2) &nd tumor immunesurveillance [l]ln addition to the normal
physiological anttumor mechanisms, antarcinogenic molecules present tile human diet
demonstratdeneficial roles not only in intering with cancemprogressiorbut also in cancer

prevention.
1.2 Interplay between inflammation and cancer

Clinical and epidemiological studies have shdwvibat chronicunresolved inflammation can

promote and exacerbate numerous types of carnggrsStatisticshave shown an association

between inflammation and cancers. For example, colorectal cancer risk is fountetefdid
greater in inflammatory disorder §]. Buthermorgs Cr o
the risk of respiratorgystem cancers is directly proportional to the severity and duration of the
associated inflammatiof2]. Importantly, chronic inflammation is involved in multiple stages of
carcinogenesis such as proliferation, transformation, apoptosis, survival, amegiggand
metastasig2]. Additionally, inflammation contributes to the process of tumorigenesis through

the generation of reactive oxygen and nitrogen sp&diesh can damage DNA2]. To that end,
inflammation produces numerous grarcinogen products shh as TNFU, cytokine.
interleukins, INOS, COX, 5LOX, MMPs,andNF-a BJ[2].



1.3 Cancer chemoprevention

Cancer chemoprevention cabe defined as the inhibition, reversal or prevention of
carcinogenesip3]. This interventions achievedoy theintake of one or more netoxic chemical
entities such asynthetic agents anedicinal agentpresentn the human die{3]. There are no
accurateclassifications for chemopreventive agents due to the lagkemi' mechanisms by
which these agents alter tumorigene§d§. Furthermore,many chemopreventive molecules
interfere with numerous targetswulti-target)and exert more than one mechanism of adtépn
Nevertheless, chemopreventive agents can be classified into three catelgpeasiing on the
interference of tumor stage (initiatioprogressionand metastasis)These categories are [1]
inhibitors of carcinogen formation; [2] inhibitothat block tumor initiation; and [3] inhibitors

thatsuppressumor promotion/progressidf].
1.4 Phytochemicals in cancer treatment and prevention

According towww.clinicaltrials.gov(accessed Sept5™ 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 calgdsrestimated that about B0D%

of patients diagnosed thi cancer in théJS use drugsthat originate from plants or nutrients,
either exclusively or in addition t@another therapeutic regimesuch as radiation and/or
chemotherapy4]. Interestingly, itis estimated that about31% of worldwide cancers cate
potentially reducedy the intake of diets enriched with fruits and vegetab[6%. These active
dietary ingredients include barenot limited to curcumin from turmeric, tea polyphenols such

as epigallocatechin gallate (EGCG) from green tea, genisteindaybeasg 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 ojland rosmarinic acid from rosemary [4].
1.5 Targets for chemoprevention

Experimental studies of synthetic and natural molecules revealed numerous piwesre
considered potential targets for chemoprevenftigrese include buarenot limited to apoptotic
mediators (e.g. b€, bax, emyc, caspases, cytochrome C and TRAIL), cell cycle targets (e.g.
Cdk4, cyclins), inflammatory mediators (COXs, 6FB , cyt ok ilL®X¥sand NP)GE
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epigenetic enzymes (DNMTs, HDAC), metabolizing enzymes (CYPs, NQO1), alaidxi
proteins (GSH, SOD and N#), kinases (Akt, PKC, PI3k, MAPK, STAT, JNK)@and
migration/invasion targets (ICAM, VCAM, VEGF and MMHS$) 7].

1.6 Selected targets for chemoprevention

1.6.1 CYP1lAl

CYP1Al is a member othe CYP1 subfamily of CYP45@®nzymes (phasé metabolizing

enzymes) CYP1ALl ispredominantly expressed ihe extrahepatic tissuef8]. CYP1A1l plays a

cruci al role in the met-astradibl)ias well asfexogenodin(g.@ N 0 U S
environmental carcinogens) substrdi@ls The confirmed high expression of CYP1Al in some
cancers (compared to normtdsues)is linked to tumor resistances demonstrated byhe

CYP1Al rapid metabolism of certain chemotherapeutic di@js Additionally, CYP1Al
biotransformation of environmentglolyaromatic hydrocarbons (PAHsS) can generate reactive
intermediatesthat damage the DNA and may ultimately initiate tumd&. The -
administration of CYP1ALl inhibitors (either natural or synthetic) is capable of improving cancer
drugsd efficacy as wdl as interfering with tumorinitiation [8]. For that reason, CYP1Al is

considered a promising chemopreventive tajgjet

Mechanistically, CYP1ALl is transcriptionally regulated by the aryl hydrocarbon receptor (AhR)
[8]. During its inactive state, AhR exssin the cytosol where it associates withcemodimerof

heat shock protein 90 (HS), a p53 chaperone, and an immunophitilated protein XAR2

[8]. After substrate (e.gPAHS) binding, the coupled proteins dissociate and the remaining AhR
substrateeomplexis thentranslocatedo the nucleu$8]. In the nucleus, the complex bindsaio

AhR nuclear translocator (ARNT) which then bindgtie xenobiotic response element (XRE)

which subsequently initiatghe expression of the corresponding genes (such as CYIPdJAl)

Numerous plant extracts as well as isolated phytochemicals have been experimentally proven to
inhibit CYP1A1 [8]. T hahemwprofectands s howed di f f enrvirmdndirmec hani
vivo by using several models gbro-carcinogensand carcinogeng8]. Clinical studies (even

though limited)have alsdnvestigated the beneficial effects of natural agents to protect against
inducers (e.gsmoking) ofthe AhR signalingpathway[8, 9].



1.6.2 DNMT

AEpi geneti cs 0 rhertablensodificationdtolgene exprassion, wibhbut altering
the DNA nucleotide sequendé&0]. These modifications include DNA methylatjaiterations of
chromatin structure (by methylation or histoaeetylation) and the smallnon-coding micre
RNAs that can degrade mRNA and/or inhibit its translatidi]. Epigenetic regulations are
essential for normal biological functions and can be adjusted to adagitanges in the
environment (e.g. chemical eposure, radiation, smoking, diet)l1]. Unlike genetic
modifications that are challenging to reverse, epigenetic changesrewersible, and this

advanage opens an opportunityr interventiong10].

In addition to the physiological role of epigenetic im@easms,the aberrant methylation of

certain genes owso-called figene silencing is associad with multiple diseases such as

Al zhei mer s di sease, schi zophr eathemscler@sjgahdo i mmu n
cancers[12]. Silencing of genes (including tumor suppressor genes) caused by epigenetic
modifications is experimentally evident in all three stages of cancer (initigliomotionand
progression) This silencingof genesoccurs parallel to the overexpression of samethylation

enzymes such as DNA methyltransferase (DNMI8) 13] Consequently, targeting otherwise

overexpressed DNMTs is considered a potential strategy for cancer prevention.

DNMTs are a group of enzymdisat catalyzethe transfer othe methyl grogp from themethyl
donorS-adenosy Hmethionine (abbreviated as SAM or AdoMet) to the cytosipagicularly at
the5 osition[11]. This reaction mostly takes placetla¢ cytosine adjacent to a guanine (CpG
sites) and producesriethylcytosine and&G-adenosy’Fhomocysteine (SAH or AdoHcyjiL1].
Three active DNMTYDNMT1, DNMT3a, and DNMT3b)have beeridentified so far along
with one regulatory domain (DNMT3Lwhich lacksthe catalytic activity[14]. DNMTL1 is
considered a @ mai rstetatpresens methglatibnyphtternsadariang DNA a
replicationwhi | e DNMT 8eanoVv@b e a rztiyahe@talyzemethylation of previously
unmethylated DNA$§11].

1.6.3 COX

Cyclooxygenases (COXs) are a group of enzythes modulate inflammigon by catalyzing

prostaglandind(PGs) synthesis from the substraeachidonic acid15]. There are three COX



isoforms among which two enzymese extensively studiednd their roles are wedistablished
(COX-1 and COX2). Additionally, there is a third enzyme (CEB whichis expressed in only
specific tissues such dke brain and spinal cordts functionshave yetto be explored15].
Although both COX1 and COX2 produce the same PGs (sahPGE, PGF2, PGD, PGh

and thromboxane A(TxAy)), they control very distinct biological proces4és]. COX-1 is
constitutively expressed in numerous tissues to ensure normal physiological functions such as
hemostasis regulation, gastric mucosal gebon and renatwater balance[15]. COX-2 is
commonly silent but expressed in response to stimuli such as pathogens, cytokines, growth
factors, cellular mitogensand cellular stress[16], and is predominantly involved in

inflammation[15].

In addition to inflammatiormediated COX2 expression, COX induction may exceed
physiologicalcontrol resulting in pathological conditions such as autoimmune disorders (e.g.
systemic lupus erythematosus and rheumatoid arthritis), diakestdscancerd15]. In the
previous examples, the observed egrpression of COX has been associated with poor
prognosidn these diseasg$5]. Particularlyin cancer, a frequent incide@of chemotherapeutic
failure was associated with caset colon, breastand postate cancers in which elevated
expression of CO2 is reported15].

Experimental models for carcinogenesa/esuggestedhat COX2 plays acrucial role in early
tumor promotion, chemoresistance developmant metastasifl5]. Epidemiological stu@is
have shown avo- to 50fold increase in COX2 expression in about 40% of colorectal adenoma
patientsand 8690% of colorectal cancer patierii®]. Consequently, multiple efforts have been

madeto designnovel agentshatmodulate COX2 functiong[15].

1.6.4 NF-a B

The ruclear factor kapplght-chainrenhancer of activated B cells (NFB ) iI's a transc
factor that has conserveeery crucial roles in the immune syst¢hT]. Besideghese functions,

NF-a B i n f thagene exgression of modulators ofl&lrvival, cell differentiationand cell

proliferation [17, 18] Consequently,the dysregulation of Nfe B can keweaed t o
pathophysiological disordef$7]. As a universal regulator of essential elements of cell suyrvival

and by functioning through nitiple signaling NFa Bcan link physiology to pathologyl7].



Indeed, NFe B has been proven to f or maraimflarentaiion!l ogi c «

[19] and between inflammaticemdmalignancy{17, 20]

NF-a Boresents in numerous different cells and represents a group of structurally related proteins
(called Rel family)[18]. In mammals, there are five memberstlod Rel family: p65 (Rel A),

p50/p105 (NFe B1) , -Retdndp52/pd00 (N B2 ) , wh ihonmo oehgteradimera s
bound to the i nH8.INF& B r g c tpigocordrediédoyrseferabpBsjtive and

negative regulatory elements. In the inactive stieNF-ae B di mer i s hel d i n t
theassoci ati on tefoimla compld{18ph Uport semulat®na complex termed as

| @8 B ki nasliK) sacivatedevh i € h p h o s p,lafeerwhithahtd easBoteirs B

are ubiquitinaked and degraed [17, 18] Then, the released \dB di mer torttens | oc a

nucleus, binds to specificDNA sequencgand initiates the transcription of target gefie§.

NF-a B  dea activatedoy multiple agents (e.gcytokines,UV a n draditions, hypoxiaor

bacterial infections) This induced NFe B i s i mphe iregudatioa @dfmorenthan400
different geneq21]. Following the findings that many human disordare associateavith
abnormal NFe B expressi on, numer ouen thequestfarrNe~B B pr oj e
inhibitors. Itis estimatedhatmore than 700NF-a B i nhi bi t or s have been d

groups and pharmaceutical compani@i]. Among the Wited States Food and Drug
Administration (FDA) approved drugsspirin (NSAID), simvastatin (lipid lowering agent),
docetaxel (antmitotic agent) and mloxifene (estrogen receptor modulator) were shown to

inhibit the NF-a Bsignaling pathway[21]. To that end the proteasome inhibitor bortezomib

which is clinically approvedto treatmultiple myelomamodulatessheNF-e B pat hthhemy vi a

reversible regulation of 26S proteasome actifzty.

1.6.5 ROS/RNS

Reactive oxygen species (ROS) and reactive nitrogen species @rNiSyolvedn cellular
defense againgheinvasion by foreigrbodies They participate in crucial biological processes
suchas cell proliferation, ceitell adhesion, transcription, signal transduction, inflamma#od
apoptosig5]. However, their accumulation beyond physiological needs leads to damage to
macromoleculessavell as modifications in celignaling resultingin multiple disorder$22,

23].



ROS (e.g. superoxide anion, hydrogeperoxide and hydroxyl radicals) are considered
Aunavoi emroduttegéneratgd at low levels by normal cellular func{idhdJncontrolled
ROS production can trigger DNA damalgginitiating a series of metabolic reactions inside the
cell that can cleavéhe DNA backboneandcause DNA base modifications or replication errors
that may lead to tumor initiationf24, 25] Additionally, ROS production is a common
characteristic featurefdumor promoters (e.gTPA, TCDD, phenobarbitalnd UV) and itis
implicatedin the multistep processes of carcinogengsisFurthermore, ROS can contribute to
carcinogenesi®y modulatirg numeroussignalingpathwaysthat include butare not limited b
AP-1, MAPK cascades, PI3K /Akt pathway, NFB , p53, J a,kahdShea shoclp at h wa
proteins (HSP)[26]. To that end, the biological system counteracts the harmful effects of
ROS/NOS through a dynamic system of enzymatic antioxidants @eigeroxide gmutase
(SOD), catalase, glutathione reductase, glutathione peroxidasehorenzymatic antioxidants
(e.g. vitamins C and D, glutathion@g, 25]

1.7 Combination chemoprevention approach

In recent yearsiesearch has fosed orthe use of two more chemopreventive ageénteduce

cancer incidence/progressjoparticularly for colorectal cancers (CR@7]. This approach

seems attractive because it produces fewer side effedigch is especially useful as
chemoprevention is a lortgrm intervention [27].The anithine decarboxylase inhibitor
difluoromethylornithine (DFMO) in combination with sulindac (NSAID)has shownan

improved reduction in CRC occurrence compared to each agent [@he A clinical
combination of statins and aspirin reduced the risk of CRC by, 3igf&in, a percentagleatwas

higher than each agent alof7]. Recentl vy, t he wus-tarogettowon adru

chemopreventive agents to alleviate tusppoymoting inflammation has be highlighted?2].

In complex dsordes such as inflammation and cancer, iirisreasinglyevident thatwhen it
comes to efficacy and side effectsterfering with multiple targets isnore beneficial than
focusing on asingle target[28]. Additionally, these complexdisorders are regulated by
numerous signaling cascadésatrequireinteraction between wide range of cellular responses
[28]. Currently, combination therapy is emerging as one way to improve clinical efficacy in
inflammation and cancg28]. However, there are three main disadvantagethis approach
[28]. First, patient compliance is reduceggharticularly in the eldety population in which
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multiple disorders areften commorj28]. Second, combination therapy addressdsg a limited
numker of targets but not the overall diseassociated signatlg pathways[28]. Third,
clinicians may deal with complex pharmacokinetics in t@mbination therapy Such
pharmacokineticsrequire extensive trials to assess side effects and possibledrdigig

interactiong28].
1.8 Multi -target approach

The concept that one drug acts through a single receptor is not as effective as predidieel from
reductionism theory dhelock and key modg29]. There isincreasingevidence supporting the

move towards computational and experimental matget approachdf9]. Polypharmacology

is relatively a new ternthat emphasize designing a single moleculihat can interact with
multiple targets simultaneous[30]. Ideally, be multi-targetagent may enhance the efficacy
(either synergically or additively) while being less susceptible to drug resiggdjcélowadays,

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 targetsitscal and challengingand requires
takinginto consideration theomology of certain proteir{80].

1.9 What is resveratrol? A definition, and background onits natural occurrence

Polyphenols comprise a wide class of natural antioxidants which includednt limited to

flavonoids, phenolic acids, lignans, anthocyanarsd stilbene$31]. Resver arnso | ( 3,
trinydroxystilbene) is amonghe stilbenes produced by many plant species under stress
conditions such as UV radiation and fungi attafXs. It is classifiedas adeferse molecule

Aphyt gda ltehxa taplants bramensultg31]. In plants, resveratrol presents in forms of
conjugates (to mask phenol groups) such as glucosidéizhate,or methyl conjugate$31].

Plants synthesize resveratrol by the condensatiop-asfumaroylresidue with three units of
malonytCoA, with the aidof stilbene synthas@-igure 1-1) [31]. Resveratrois foundin many

edible natural products, mainly ag28b-D-glucosides (calle@iceid9, which include buarenot

limited to grapes, peanuts, berriesd rhubarl{Table 1-1) [31]. It is alsopresent in nowedible

plants such as wild berries, mulberry and red sandah&idd



CoAS

OH

Coumaroyl-CoA 3 Malonyl-CoA
3CO,+3 CoASH | STS

SCoA

CO,+ CoASH | STS

OH

WVl

OH
trans-resveratrol

Figure 1-1: P | a rbibsyrshesis of resveratrol Adapted from32], STS: stilbene synthase.
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Dietary sources trans-resveratrol concentrations
Grapes 0.163.54 ug/g
Red wine 0.1-14.3 mg/L
Peanut butter 0.3-0.4 ng/g
Cranberry 0.2 mg/L
Pistachio 0.091.67 pg/g
Blueberries 32 ng/g
Hops 0.51 ug/g

Table 1-1: Examplesof some dietary sourcesf resveratrol [33]

1.10 Resveratrol isolation and the firsttherapeutic evidence

Resveratrol was isolated for the first time frémallebore roots {eratrumgrandiflorum Loes.

fil.) in 1940, by Takaoka[34]. More than 20 yearkater, in 1963,it was isolatedfrom the
Japanese knotwedeblygonumcuspidatum[35]. In the1970s in what was calledhefi Fr e n ¢ h
Paradoyo epidemiological studies showedn inverse correlation between cardiovascular
disorders and red wine consumption in Fraj&¥. Later on, resveratraas identified among

the antioxidant constituents of red wiaad showed favorable cardioprotective actiofbese
activities demonstrated by thehibition of low-density lipoprotein (LDL) oxidation, platelet
aggregation inhibition, thrombogenic potential reduction, and thus resveratrol was thought to be
the missing Ik in the French paradox. In 1997ang et alreportedthe firstin vivo study
showing that resveratrol could redutemor massin rodents [31]. Authors showed that
resveratrol is effective in inhibiting tumor initiation, promoti@nd progressiofi31l]. Since

then, several studies have showed that resveratrol has a wide spectrum of biological activities
which include butarenot limited to antinflammatory[36], antidiabetid37], antibacteria[38],
antihypertensivg39], estrogen receptor modulatip#0], chemopreventivfd1] and antioxidant

[42] properties.
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1.11 Pharmacokineticsof resveratrol

Initial human pharmacokinetic studies of resveratrol aftengledose of 25 mg failed to detect
the parent polyphenol in plasnj3]. However,higher doses (25000 mg) revealed that the
maximum plasma concaation reached around 500 ng/mivhich clearly shows the limited
pharmacokinetic profile of this polyphend!3]. Furthermore, the chemopreventive properties of
resveratrol in experimentahenals were demonstrated affeng exposure to this stilbene (as
long as 1820 weeks of treatmenpi3]. Resveratrol has awowater solubility (< 0.05 mg/m)L.
which mayalter its tissue distributiofj44]. After resveratrols absobed it rapidly conjugtes
(particularly at position 3a n d-) té glucuronides as main conjugats]. The phase Il
metabolizing enzyme SULT1AAas shown dfates conjugates of resveratrphrticularly at4 6

position[43].

Resveratrol uptake into cells was demonstratdzetaccurrecdthrough a carriemediated process
and passive diffusion in HepG2 ce[¥4]. Additionally, studies have shown thagsveratrol
accumulatesignificanty in rat livers after beingadminisered orally, a phenomenahat was

thought tabe correléed with specifictoxicity in malignanthepatocyte§44].

Due to its low hydrophilic natureresveratrol bindsto serum proteinsand remairs at
considerabl high concentrations in the circulatipf4]. Indeed, resveratrol has demonstrated a
slower passivdransport in serungontaining culture compared tadts transport inserumfree

HepG2 cells[44]. Adding resveratrol to bovine serum albumin (BSA) decreased resveratrol
uptake by cellssuggesnhg that aloumin cafe considereia nat ur al pold4dlphenol
To this end, in addition to BSA, resveratrol has demonstrated binding properties to human serum
albumin (HSA) but only at high concentratigad].

Studies have shownthag s ver at r ol 0 $sintepeadenpfatheldase irrdtsi[46]yA
single oral dose (50 mg/kg) showed elimination halflife (t ., h) and bioavailability (F%) of
11.8 and 29.8% respectivelyhile a (150 mg/kg) dose exhibited 3.6 and 19, t ., and F%
respectively [45]. The same observatiowas found after continuous administration (14
consecutive days5]. In humans,a 25 mgoral resveratrol dose revealed rapid absorption

(about 70%) but with negligible oral bioavailability due to its extensive metabolismoft
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resveratrol metabolitesf 9-10 hours)[32]. Resveratrol bioavailability has showed high inter

individual variability, even though gender and age were found to hawrect effectd46].
1.12 Isomers of resveratrol and derivatives

In plants, resveratrol exists as bathns andcis- isomers However,the transone is the major
and most stableisomercompared to the corresponding-isomer([44]. A transisomer carbe
convertedo acis-isomer upon exposure to sunlight or UV radiafib#]. The majorityof studies
have usedransisomers of resveratrol and @saloguesiue to their enhanced stabilitpmpared
to their cis-counterparts However, recent reporteave showed thatcis-isomers for some
resveratrolanalogueslemonstrate enhanced anticancer effect®pared tahe corresponding
transisomers specificallywhen resveratrol derivativesetested against human B [47] and
mouse metastatic B16 F10 c4Us].

1.13 Recentcontroversy about resveratrol

After nearly two decades o vitro andin vivo research, manguestions and concerns have
emerged abat the efficacy of resveratroFor examplein vitro effects of free resveratrol might

be irrelevant as this polyphenial absorbedis conjugate§46]. Additionally, resveratrol doses

used in clinical trials as wedls in thein vitro studies were far higher than resveratrol amounts
consumed in dietf46]. There is one factothat might addcomplexity to these controversial

results of resveratrothe fihormeticlikeo pr operti es of thi s d&hyi | bene
scientists to describe a-¢haped doseesponseurve characterized by beneficial effects at low

doses andtoxic or inhibitory actionsat high dose$49]. Resveratrol at low concentratiohas
demonstrated aenhancemenbf tumor cell proliferation whileat high concentrationg has

showed annhibition of tumor growth[49]. This biphasiceffect has ledsome authors to call
resveratrol afit vea g e d swordo i ndicating t hat resver

determindts specificeffects[49].

1.13.1 Resveratrolis active over abroad range of doses

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

not e, resveratrol 6s ef f iwthabotlhlowi amd higlo doseg50]s h a s
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Human clinical trials conducted to determeeafdy tolerated dose lva used as low as 25 mg
and as high as 5 g in either capsule or caplet f@bils Resveratrol was reported to be safe due
to the absence of serious side effects detectduematological clinical, and biochemicatests
during the intervention antbllow-up periods [51]. Additionally, gastrointestinal side effects
(mainly diarrhea, naseaand abdominal pain) were observed with doses exugédy[51]. The
resveratrol content after moderate consumpoiored wine is estimated to be around 1.25 mg/kg
[50].

The humarequivalent corresponding dose used in preclinical carcinogenesidsniodedents
hasranged from 2.5 mg to 1520 mghe available literature reporisilized rodents suggest that

resveratrol is active over wide range of doses[50]. This suggests thathe inhibition of

carcinogenesis in different tissues could be influenced by the underlying mechanism of action as

well as concentrations of resveratrol in the given ofg&h

1.13.2 Low doseresveratrol is better than high dose for chemoprevention

A recent study found thaa low doseof resveratrol (represdang its dietary content) is more
efficacious thara high dosg52]. The chemopreventive effects of low doses were confirmed
vivo (using Ap¢"™ mice asa colorectal cancer model) as well@s vivo(usinghuman colorectal
tissues). Specifically, a 0.07 mg/kgy dosereducedthe tumor burdemmore significantly than
did a200-fold higher dose (14 mg/kg/day) [52h parallel with these findings, the same group
reported that colorectal patients undergoing surgéry took alow doseof resveratrol (5mg
daily for one weekhada greateincreasean ther cytoprotective enzyme NQQO#vels thandid
patientswho receieda lgdose[52]. The authorswart hat t he i dea f@Amor e

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

The evidence of resveratrol in cancer chemoprevention has been explicitly stugigd as
well asin vivo. In cultured cells, resveratrol inhibited the proliferation efide range of tumor
cell lines such as A549, SW480, HepG2, HelLa;64,. LNCaPHT-29 and MDA-MB-231[53],
to name a fewln vivo, oral resveratrol in ratand mice decreased DMBiAduced and 1-D-
tetradecanoylphorbel3-acetatg TPA)-promoted skin tumors, suppressed 1,2
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dimethylhydrazinenduced colon cancers, inhibited DMBAggered mammary carcinogengsis

and reduced Mitrosomethylbenzylaminenduced esphageal cancef54].
1.15 Aspirin and chemoprevention

Colorectal cancer (CRC) ,igperhapsthe most studied cancer in which aspirin has showed
positive chemoprevention actions. Epidemiological studres included both men and women

revealed that spirin reduced the incidence of CRC by about 7dQ¥is percentage increases

with prolonged duration of aspirin intakg5]. Additionally, clinical studie®iavedemonstrated a

decrease ithe mortality rate by up to 48% afteontinuousaspirin intake in akady diagnosed

CRC patients[55]. It is believed that aspirin, as well as other NSAIDsxerts its
anticancer/chemopreventive  actions through Gf@¥endent and COMKdependent
mechanisms. COxdependent mechanisms include bte not limited to apoptosighduction,
angiogenesis inhibiton, N6 B modul ati on and pol[5% mi ne synthe

1.16 Both aspirin and resveratrol eliminate tetraploid cells

Tetraploid cells represent genomically stable dlég areoften found in preneoplastic lesions
as aresult of the inactivatiomf tumor suppressol$6]. These typg of cells containtwice as
many chromosomess theimormal, diploid counterpar{§6]. Normally, once such variations in
diploid cells occur, apoptosis becasnactivated to eliminate these mormal cells[56].
Tetraploid cells havbeen detecteth early stages of multiple human canciatinclude butare
not limited to prostate, ovarian, colorectal, mammanyd gastric cancer®6]. In a recent
screening of potential compounds capablelohinating these tetraploid cells, both resveratrol
and aspirin (and its metabolitesalicylate) showed interesting resulfS6]. Specifically,
resveratrol and salicylateglectivdy kill ed tetraploid cells while sparintheir parental diploid
counterpart§56]. These chemopreventive actions of resveratrol and salicylates were confirmed
in vitro (in p53"HCT116 cells)ex vivo(primary cells from p53 mice), andin vivo usingan
Apd"™* mice modelo represenhuman familihadenomatous polyposis (FAP) patiefas].

1.17 Resveratrolanalogues

R e s v e rvdde narmé o therapeutic properties and its poor pharmacokinetic profile prompted

research for new resverat@aloguesvith improved pharmacokinetic and/or biological effects.
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Usinga simple search intheii Pu b Me d 0 , athclt tygpbh angge ir esver atr ol
between 2006and 2015 revealed 469 publications, whittanslates toan average of 47
publications annally. Theseanaloguesof resveratrol are varied in their chemical structure
nature as well as their targetxamples include methoxylated and hydroxylated resveratrol
analogueshatinhibited ribonucleotide activity in HR9 cells[57], resveratrol imin&lerivatives

as potential agents to alleviate Alzheihaetiseasd58], -methylthiocresveratrolanaloguess

CYP1 inhibitorg59], and fluorinated resveratrahaloguess antiproliferative agent§s0].

An interesting approachko desigring resveratrolanalogueswas to hybritze the resveratrol
structure (or stilbergin general) with another active moietly enhance the desired activity.
Examples of this hybridization strategy are resveratvolbenzong61], resveratrehitroxide
[62], resveratroliitamin E[26], resveratreliclofenac conjugatg®4], and resveratretoumarin

analogue$22] (Figure 1-2).

AT

0
N
HO Z \NJI\O\
H
OH

Figure 1-2 : Chemical structures of representative examples for the reported hybric
resveratrol analoguesA: resveratrelavobenzoneB: resveratrehitroxide, C:
resveratrolvitamin E,D: resveratrolcoumarin andE: resveratroldiclofenac derivatives
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1.18 Resveratrolaspirin prodrugs

The attractive cancer chemoprevention properties of aspirin and resviedtobl recent work
by Zhu,Yingdonget al. [63] in which novel resveratradspirin prodrugs have been synthesized
and evaluated as safe anticancer agents. Tdgsgtswere in vivo metabolized to release the
parent molecules, aspirin (or salicylic acid) ansvezatro] in addition to other metabolit¢63].
Some of these resverat@$pirin prodrugs showedn interesting chemopreventive profile
demonstrated by their inhibition of colony formation in HCI6 and HT29 cells and their

induction of cell cycle aest and apoptos|§3].

1.19 Molecular targets of resveratrol and aspirin

The broad spectrum of the biological activities of resveraguiresthis molecule to interact
with dozens of molecular targets. There are numerous validated targets foatressetions A
few examples of these target proteams illustratedn (Figure 1-3). Of note,Figure 1-3 shows
that resveratrol interferewith key biological processesuch as cell cycleapoptosisand cell
invasion.Aspirin exhibis cancer preventioby modulatirg certain proteins (via COXependent
and COXindependent mechanisin Table 1-2 shows proteins modulated by aspirin (or
salicylates). Interestingly, #ne are shared proteirtbat are targeted by both aspirin and

resveratrol, and hence some of thiesgetswere included in this study.
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Cell cycle
cyclin A, cyclin

B and Cdk2
Kinases AKT, Cytokines:
ERK, PI3K TGFb, TNF
and JNK Uand IL-2
N Y
Metastasis Resveratrol
/invasion: Transcription
factors: NF-aB, b-
coa>;-§ I\:géM 7 \J catenin and ARL
Others: Apoptosis
CYP1AL DNMT| |, Fr)], EOF
and DNA growth: EGF,
polymerase Bcl-2 and p53

Figure 1-3: Some ofthe important target proteins modulated byresveratrol.

Molecular targets Reference
COX-1 and COX-2 [64], [65]
NF-2 B [65-68]
c-Jun-N-terminal Kinase [69]
(INK)
P38 [70]
Wn t -Eakenin [71]
CYP1A1 [72]
DNA methylation [73]

Table 1-2: Molecular targets involved in carcinogenesithat are altered by aspirin and
salicylates.
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1.20 Drug design

Inspired by the mulitarget properties of resveratrol, and the shared chemoprevésmtgats

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 aci-d ngmresyemat rtohled s p ocshiet
(Figure 1-4).

Furthermore, we hypothesized that protecting phenol groups might enhance the biological
activities of these new derivativeaccording to recent observat®that methylated74] and
acetylated75] resveratrolnalogueslemonstrated improved anticancer potencies. Accordingly,
we designed and synthesized ten resverattitylate analoguesthat include hydroxylated,
methoxylatedand acetylatederivatives Additionally, we includedn this small library sebne
derivativethatis void of thecarboxylicg r o u p at -fq the purpdseoodtrucButeactivity
relationships.We predicted hat the newhybrid resveratrol derivativesvould demonstrate

improved biological activities compared to the paresgveratrol.
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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 R1 R> R3 R4 Rs
3 H OCH;s H CHs COOCH
4 H OCHs H Ac COOCH
5 OCH; H OCH; Ac OCH;
6 OCH; H OCH; Ac COOCH
7 OCH; H OCH; CHs COOCH
8 H OH H H COOH
9 OH H OH H COOH
10 OH H OH H COOCH
11 H OAc H Ac COOH
12 OAc H OAc Ac COOH

Figure 1-4: The design and chemical structures aesveratrol-salicylate derivatives.

20



1.21 Aims and objectives

This studyaimsto develop and evaluate a new group of resveratrol derivatitiesh possess
improved chemopreventive and astiflammatory propertiesThe new derivatives will be
evaluatedhgainstCYP1A1l and DNMTs enzymimhibition. Modulations of these analogues will

be assessed against selected inflammatory mediators (COXsBNFand ROS) .

Activities in this research project include desig) chemicadly syntheszing, and in vitrotesting
of these derivatives in cultured cells and experimental animals to evahmt@otential
therapeutic effectsf theseanalogues

1.21.1 Hypothesis

Addingthec ar boxy !l i ¢ g r-onuheresvaratrg stractuite with prod&é a series of
hybrid resveratl-salicylateanalogueswith enhancedantrinflammatory and chemopreventive
propertiescompared tothose of resveratrol. The main therapeutictarget of this study is
colorectal cancer chemoprevention howevee, current resveratralalicylate derivatives could

be also applicablm the chemoprevention of other carser

1.21.2 Research objectives

Objective one: to chemically synthesize resverataticylate analoguesby exploring
Wittig, HornerWadsworthREmmons (HWE), and Heck reactions.

Objective two: to test the potential of these resveraimalogueso modulae the enzyme
CYP1A1.

Objective three: to test the potential of these new derivaiMesibit DNMT enzymes.

Objective four: to test the arntiffammatory and antioxidant properties of these

analogues
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2.1 Introduction

Re s v er at qtran$trinydrdxystilldened-igure 2-1) is a natural polyphenolvhich has

showna plethora of biological activitieS.hese activities are attributed to its interference with

multiple signalling pathways which include barte not limited to inflammatory mediators (e.g.

COX-1/2, iINOS, TNF), transcription factors (e.g. M -caténin, STAT3,PPAR ) , cel | cy:
regulatory genes (e,gcyclins, CDKs, p53), angiogenic genes (eMEGF, MMPs, ICAM1),

apoptotic genes (e,gsurvivin, Bcl-2, BckX|), antioxidant enzymes (e,dSOD, CAT, HO1),

and protein kinases (e.gAKT, PI3K, JNK) [1]. Most of these targetare associatedavith

different stages of carcinogenesigdjich is whyresveratrol has beaecognized as amhibitor

of cancer initiationprogressionand metastasis.

In 1997, Jang et al. documented the first capceventiveproperties of resveratr¢R]. Since

then, a considerable amount of wdwks been conducted elucidate e s v e rmadhanienh aj s
action Thereare several reviews describitigein vivo andin vitro biological effects exerted by
resveratrol[3-6], but despiteabout 18 years of continuous research itdochemopreventive

effects there are stilmany questions and concerns abitaipotency, efftacy, and safet7-9].
Further mor e, despite the relatively high coml
containing resveratrol, its low chemical stability [10], low bioavailability [10], high metabolic
rate [10], and the lack of properly cooited clinical studies, make the use of this polyphenol
controversial, to say the least, as an effective chemopreventive, adjuvant, or chemotherapeutic
agent [7, 11]Moreover, questios have been raised aboumbether the dose of resveratrol that

has beerproven to be somewhat promising in animal models can be reliably extrapolated to
humang[7, 8]. All these issues have prompted seasdor improved resveratrahnaloguesn

addition to establishing efficient delivery systems for resveratrol [tk2JfL3].

3, 4téans3rimethoxystilbene (TMS)Kigure 2-1), is a naturahnalogueof resveratrowhich

has been found to exhibit antitumor activitisgperior to thosef resveratrol, on multiple targets

involved in carcinogenesis. TMS has been identified in the literature by different names,
including Aresver at [14, 115 MR-3 [i6e 17h M-b [18¢ BTVeOB21l ( RT E)
[19], trimethoxyresveatrol [20], trimethylated resveratr¢21], and asnotedat the beginning of

this paragraphTMS [22-24].
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Comparatively speaking, TMS has been under th
In this literature review, we report the findings ofanprehensive literature search in which we
compiled publicationfrom 20022015 Eigure 2-1) describing potential anticancer properties of

TMS. Thesepublicationswere considerablylower than those of M'S dyslroxylatedanalogue
resveratrol. Consequently, we consideitei essential to carry out a comprehensive literature
search to collect available (and applicable) information to address the question of whether or not
this methoxylatedderivative could constitute a suitableeshative to resveratrol. In the current
review, we discuss available reports in which TMS has been studied (screened) as an anticancer
or chemopreventive agent, regardlessvhetheror not t was comparedo resveratrol. At the

end of thisreview, we sulmit 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
ocaurring). Second, the potential anticancer profile of TMS is promising enough (despderthe
number of publications) to merit additional studies, opening the door for future research projects

in which this compound cdme usedaind compared to resveratrol.
2.2 Materials and methods

A literature searchwas conductedn PubMed and Web of Science databases by searching
keywordss uc h a ® triin@thdg resveratrgb and fitrimethoxy stilbened6 T h e n, resu
were filtered to make sutbey weres peci fi ¢ f or tthrestrimethoxpsolbemed 3, 4 6
and not for other related stilbenés.chemicalstructuralsearch was also performed using

ASci Finder 6 dat aHnglisheere rérieMedromall databaskese Bhe firsh study

to describe the anticancer effects of TM@&s publishedn 2002. For comparative purposes, we
searched for Aresveratrol ant i cTherseachrevealedn P u b N
445 papers. The total number of TMS anticancer publications in this rexaeve8 articles. The

individual number of publications per year da@ foundin Figure 2-1.
2.3 TMS sources

The first documented natural source of TM&s reportedn 1969 by Blair, G.Eandcoworkers
[25]. A petroleum ether extract of the plavirola cuspidate(species from this plamenus were
used by South American Indians to prepare narsotigfsand as an arrow pois¢g5, 26]), was
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used to isolate TM$5]. TMS was subsequently isolated from different plant gef&f3].
Recent analytical studies dfetarysources such as grape berfi@4], grapeving35], almonds

[36] and peanut$37, 38] have revealed thahey all containresveratrolbut not TMS. The
majority if not all of the TMS used in literature studiess chemically synthesizeth
laboratories. T common synthetic procedures employed to obtain TMS involve chemical
reactions such aa Wittig reaction[39], Heck coupling[40], a HornerWadsworthEmmons
(HWE) reactionf41] anda Perkin reaction4?2], all of which produced TMS in moderate good

yields.
OH OCH,

O X ‘ OH ‘ A ‘ OCH,
HO H;CO

34" 5-rrans-trihyvdroxystilbene 34" 5-trans-trimethoxystilbene
(Resveratrol) (TMS)

- 70

- a0

B Resveratrol - 50

m TMS | 40

- 30

- 20

=
Number of anticancer publications

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Figure 2-1: Comparison between anticancer publications of resveratrol and TMS.
The graph showthenumber of publications describing the potential anticancer
properties of both TM$black) and resveratrogi(ey), between 2002015.
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2.4 Invitro anti-proliferative effects

Even though resveratrol and TNW&vevery similarchemical structure§MS has showed a

higher cell proliferation inhibition than resveratrol against numerous cancer cell linesnusing
vitro cytotoxic assaysl@ble 2-1). As shownn Table 2-1, T M S pasency to inhibit cancer cell
proliferation varies according to the literature source, ranging from nearly equipffiesdy
compared to resveratr[f0], to up tosevenfold higher than resveratrfil8]. Perhaps the only
exceptions are the SW484B] and PC3 cells[44], in which resveratrol was more potent than
TMS. TMSS snhancedh vitro anticancer effeatanbe partially attributedo 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 =[@46)ncreasing its

cell membrane pereability, and ultimately its intracellular concentratjad, 20, 45] Second,

TMS hadbeen reported to destabilize microtubule formation in cancer cells when administered
at concentrations as low as 1.0 uM, whereas resveratrol did not exert this edfsgjndicant
extent[46].

In regardto the conformational structure of TMS, it is a fact that the correspoodimgpmer of
TMS has shown higher cancer cell proliferation inhibition than theansisomer. This is
particularly true for human colomancer cells (HR29 and Cace® [47, 48]) and mouse
melanoma B16 F10 cells [4%owever, it is important to point out that even thotightrans
resveratrol has been, by far, the preferred isomer cited in anticancer studigan&BEVIS
isomer has followd a similar pattern (mostudiesin the literature were carried out with the

transisomer of TMS).

An interestingobsevation related to the effects produced by resveratrol against cancer cell lines

in vitro is illustrated by a concentratiatependent iphasic effect This phenomenon hdseen

reportedin several tumor cell lines including breast, colon, lung, prostate, and3ijras well

as inleukemia[50]. Thi s bermetlelkedi) c a(cfi i on e x eis chaatterizegd r es v
by the inhibition of cancer cell proliferation at high concentrationghereas at low
concentrationsresveratrol seems tenhancecancer cell proliferatio50]. To the best of our
knowledge, this hermetic effect has not been reported for TMS, and it consatutehly

promising researclrea, considering that it could be oessentialarea in which TMS could

potentially have an advantage over resveratrol.
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Cell line Origin Species| Resveratrol ICso | TMS IC 59 Ref.
(UM) (uM)
DU-145 Prostate Human 42.3 9.7 [20]
LNCaP Prostate Human 12.7 2.5 [20]
PG3M Prostate Human 31.5 23.3 [20]
PG3 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.f 121+1.7 [53]
WI3BVA 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+ 4.4 16.1+5 [47]
Cace2 Colon Human 24.35+0.2 11.95+2.9 [47]
SwW480 Colon Human 20+ 3 54 +8 [43]
MCF-7 Breast Human 47.7 6.6 [18]
(RF.M
[erbB2])
MDA-MB- Breast Human 205+2.6 1.2+0.2 [57]
231
Hepalclc7 Liver Mouse >25 5.2 [58]
HepG2 Liver Human 38.9+6 11.99+1.9]| [59],[60]
Vero Kidney Monke 73.6 26.7 [33]
y
HelLa Cervical Human| No activity at 13.3 [33]
100 pM
SK-OV-3 Ovarian Human 113 55.5 [33]
BXPC-3 Pancreas Human 3.3°¢ 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 G4 (1UM). ° The 1Gowas reportd as(g/mL). ¢ Reported as G4 (ug/mL).

2.5

Thein vivoanticancer effects exerted by resveratrol have been studied in xenograft models using

In vivo anti-proliferative effects (xenograft models)

awiderange of cancer cells; a comprehensive summsaskiownin Table 2-2.
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Resveratrol Route of Cell line Tissue origin Ref.
(dose, mg/kg) | administration

100 V. SUM159 Breast [64]

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

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

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

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

30 Oral gavage PG3 Prostate [69]

20 Oral gavage PC-3M-MM2 Prostate [70]

50 Oral gavage LNCaPLuc Prostate [20]

40 Oral gavage MIA -PaCa2 Pancreas [71]

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

15, 30, 60 V. A549 Lung [73]

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

20 i.p. CNE-2Z Nasopharynx [75]

10, 50 Oral gavage FaDu Pharynx [76]

40 Oral gavage BGC-823 Stomach [77]

20, 40 Oral gavage HNC-TIC Headneck [78]

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

20 I.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 thein vivo anticancer properties of
resveratrol. In these studies, resveratrol significantly reduced tumor cell growth compadhed to
control.

Out of twentyin vivo studies, eight used injections (i.v. or.).mas 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 {édigb¥, 68, 7375, 79,

80]. However, when resveratrid adminsteredorally, it seems that the preferred method of
study is to prereat the animals with resveratrol (chemopreventive approach) before the
subcutaneous injection of cancer cgllg, 70, 72] Onestudy that followed this protocoised as

high as 150 mgh of resveratrol (oral dosdBl] 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 reparigtie literature on the efficacy and

potency of resveratrol in prostate cancer, since there is conflicting evidence showing that

35



resveratrol in some cases is an effective inhibitor of cancer cell proliferation [20, 69, 70],
whereas in other studies it st® negligible activity compared to the control group [83, 84].

These discrepancies coudé attributedo differences in cell type, dose, route of administration,

or the different treatment protocols (chemopreventsiehemotherapeutic). In addition tioetse

di screpanci es, resveratrol has al so been asso

rate of SCID mice in which prostate cancer cells (LABQvere injected85].

In agreement with the experiments conducted using prostate cancer oelt, fandings have

been reported for other cancer cells such as melanoma cells [D8A4386d DM44386]]. In

these studies, authors showiddt resveratrol hadveak anticancer activity compared to the
control group. Furthermore, resveratesihancedumor cell proliferation in xenograft models
using melanoma MDAVIB-435 cells,relative tothe effect observed in the contf@7]. This

lack of significant activity was also reported in xenograft models using acute lymphoblastic
leukemia (SEM cells), in whh detailed analysis showed no significant difference between
control and resveratreled mice[88]. Possible explanations for these variations amongdnthe
vivo anticancer effects of resveratratether e sver atr ol d o sv@mefjelikeon si der
characteristic mentioned earlier in this review), the integrity and identityesésveratroimixed

diet, or the sex ofthe experimental animals (takinopto consideration that resveratrol is a

phytoestrogen).

TMS hasbeen much less studiéa xenograft experimentSherefore, an objective comparison
between TMS and resveratrol is difficult at this point. Nevertheless, one of the few reports
describing than vivo anticancer profile of TMS involved prostate cancer cells (LNCa®
injectedinto nude micd20]. In this studytheauthors reporthatthe oral administration of TMS

(50 mg/kg)led toa significant decrease in tumor formation and tumor progression compared to
the control group[20]. In a different study, TMS (50 mg/kg, i.p.) promkd a significant
anticancer effect on colon cancer cells (COLO 205) when injected three times per week for 23
days into nude micg89]. TMS showed an evident reduction of tumor growth accompanied by a
significant inhibition of tumor/body weight ratif89]. 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-@97 in mice[47].
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These resultsuggest thaTMS has a higheanticancer profildhan 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 gIL6] proposed similar apoptotic effects exerted by resveratrol and
TMS. The aithors 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 ramgg from 10 to 100 uM16]. Using flow cytometry and staining (dexin \-

FITC and PI), TMS and resveratrol increased the number of cells undergoing apoptosis in a
dosedependent fashion. However, the increasing inhibition of cell proliferation exerted by TMS
in CH27 cells was not correlated with the extent of apoptd$i} Therefore the authors
suggested that additional mechanisms other than apoptosishmiuigolvedin the anticancer
effects exerted by TMS in these cdll$]. This study isone of the early distinguishing features

of TMS compared to resveratrol.

In another study, both TMS andsveratrol induceapoptosis in a clone of the MEFbreast
cancer cell linento which a mutant p53 gertead been insertefd8]. According to this report,

t heCsl |l val ues (expr esseda @mpouhdhnesedctom imhsbé cel r at i o |
proliferation by 50%), for TMS and resveratrol were 6.9 uM and 27 uM respecfd@]yThis
indicatesa four-fold enhanced activity of TMS compared to resveratrol. Howevehdnvild-

type MCF-7 cells TMS and resveratrol showed mareless the same potency wifiCio values

of 7.5 and 9.2 uM respectivelfhe aithors suggested that the increased antiproliferative effect
exerted by TMS might be p&8dependenfl18]. In the same repqrtthe 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 thed {@E-7 cell

line possessing the mutant p53 protéihose variats had beemmodified to be resistant to-2'
deoxy5-fluorouridine andarabinosylcytosineln this model, TMS showed a 2féld higher

potency than resveratrfd8].

The hypothesis that TMS could terminate cancer cell proliferation through-ag&3endent

mechanisms supportedy two studies of Hsieh et al. In the first papbe authorsexplained
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that TMS and resveratrol did not change p53 mRNA levels in LNCaP cells [90]. However, in the
secondstudy, in which the authorsused MCF7 cells, TMS decreasethe expression of a
downstream target of p53, namely the transcription factor p53R2, whereas resverdticd
opposite effect [91]Of note, resveratrol upregulation of p53 has been previously reported in
mouse skin exposed to the carcinogen DMBR] as well as in the MTA3silenced human
prostate cancer DU145 and LNCaP cf3]. These differences ip53regulationby resveratrol

and TMS further confirm the different mechanisms by which these natural agents alter tumor cell
proliferation.

Additional evidencesupporting a significant difference between TMS aggleratrolis seen in

the work published by Daniele et al., in which they testedntivéro apoptotic effects of several
stilbenes (including resveratrol and TMS) on myeloblaatiste leukemia cells (HBO0), using

the AnnexinV test and morphological examination. They observed that the apoptotic effect
(expressed as Ag) induced by TMS was found to be-1@ times higher than that of resveratrol
(4.0 £ 2.1 uM and 50 6 uM respetively) [63]. Additionally, TMS (atl0 uM) showed a higher

pro-apoptotic potential than resveratrol in human neutrophils stimulated witHZ2A

The human androgemsponsive prostate cancer cell (LNCaP) has been used to evaluate the
effects of severalasveratrobnalogue®n cell cycls and apoptosif94]. Using flow cytometry,
Wang et al. reported thaesveratrol inducedell cycle arrest (at G1/S) after 72 hours post
treatment, whereas TMS produced a significant effect at the G2/M phase much saoner t
resveratrol (as early as 24 hours pgosatment]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 upagigul of both cyclin inhibitors at 25

MM. Of note, TMS upregulated both CDKN1A and CDKN1B at much lower concentrations (1
UM and 5 uM respectively)[94]. Additionally, it was observed that resveratrol exhibited weak
apoptoticeffectswhile TMS showed a sigficant dosedependent action at concentrations as low
as5 uM [94]. Importantly, during the evaluation of apopteassociated caspase 3/7 activation,
TMS (but not resveratrol) led to abaoasix-fold induction in caspase activity comparecthe
control [94]. The aithors commented that despite the similarity in chemical structures between
resveratrol and TMS, each stilbene exerts different effects on LNCaH®4lISTMS did not

induce ceramide accumulation (as a-ppmptotic marker) in MDAVIB-231 celk, despite
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showing a high antiproliferative effef$7], whereas resveratrol showed a significant ceramide

accumulatiorf57].
2.7 TMS and angiogenesis

Alex D. et al.[95] studied the antangiogenic properties of TMS and resveratrol in two models:
an in vitro model using HUVEC cells, and an vivo model of blood vessel formation in
transgenic Zebrafish embry{@5]. The results of then vivo experiment showed that resveratrol
had a negligible effect on blood vessel formation at the highest tested concentration (100 uM)
[95]. In contrast, TMS exhibited a significant inhibition ahgiogenesis at 10 and 30 pM,
compared to the control (untreategtoup[95]. The aithors suggested that TMS might target
EGFR, which could explain the reduction in neovascularizg®&h. Indeed, they found that
TMS (at 100 uM) caused aboatfourfold downregulation of VEGFR mRNA compared tthe
control [95]. In asimilar study,Belleri M. et al.[46] studied the artangiogenic 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 tesstaygs
(type-l collagen gel invasion, morphogenesis on Matrigel, sprouting within fibrin gel, and
endothelial cell proliferationy6].

2.8 TMS and autophagy

Autophagy (seHeating) is aconserved cellulgprocessnitiated under certain conditions such as
stress and starvatio\s abiological processit results inthe sequestration of cellular organelles
such as proteins and membrar@6]. Autophagy plays a crucial role in cell differentiation,
growth and death The dysregulation of this process hbsenassociatedvith many disorders
such as cardiovascular diseases and carj6éis Resveratrol has been known to modulate
autophagy through multiple mechanisms such as mTOR,afkt AMPK [97, 98] Perhaps the
only study describ n g  Tpdt&ndiad to inducautophagy is the one recently published by Lu
et al. [96]. In this study, using HUVEC cells and in theesencef serum, TMS was observeéal
induce significantautophagy inan mTOR-dependentmechanism. Furthermorey transient
receptor potential canonicghannel 4 (TRPC4) was found to e importantgenethat is

upregulatedafter TMS treatmenf{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

propertes of this stilbene.
2.9 TMS and cancer metastasis

In a recent studyyang et alreported the amiinetastatic properties of TMS usiadghuman lung
cancer cell line (A549), by measuring the effects of this compound on MMP, MAP¥§, BIF:

and AR1 [17]. In this regard, TMS (&b uM) significantly decreased the migratory, adhesive
and invasive properties of the A549 cells by 3B4% and 22 % respectively. TM&lso
decreased both the activity and mRNA levels of the MMptotein in a timalependent marer

[17]. A possible mechanism f@r M S dasvnregulation of MMP2 was studiedy assessing the
phosphorylation pattern of JNK and p38 proteins; TMS reduced the phosphorylation levels in
both JNK and p3817]. In the same studyhe authors also reported tleffects of TMS on the
transcriptional factors NB B a n-8, whAcR are two of thenajor proteins associated with
multiple pathophysiological disorders such as inflammation, angiogenesis, cancer cell migration,
invasion and metastase3reaing human lug cancer cells (A549) with TMS led to a time
dependent reduction in the protein levels of&NB ( p65 s ub u n4lin}he nueesis we | |
[17].

Consistentvith theYang et. al studyT M S alslity to downregulate the AR protein in cancer
cells was d@irther confirmed by Deck et al. in a report using human embryonic kidney cells
(293T/AR1-luc) [99]. The ncubation of these cells with TMS (at 15 uM) resulted in a
significant reduction in ARL activation (calculated Kg= 3.8 uM)[99]. In contrast, resratrol

(at 15 pM) and under the same experimental conditions has showed mora ¢mafold
induction of AR1 compared to TPAreated cell$99].

In another study, Weng et al. investigated the-imvsive properties exerted by both TMS and
resveratrobn hepatocarcinoma HepG2 and Hep3B dal¥]. The aithors found that TMS and
resveratrol decreased the activities of MBIRNd MMR2 in Hep3B cells in a dosgependent
manner{100]. Also, incubatig HepG2 cells with TMS and resveratitetl toa marked decrease
in the invasion of these cells by about 60% and 80% respeciil@d]. Smilar resultswere

obtainedwith Hep3B cells[100]. It is noteworthy that the reported aimvasive potency
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determined for TMS in Hep3B cells @6= 1 uM) was sigificantly higher than that determined
in HepG2 cells (I6o =50 uM)[100].

The epitheliaimesenchymal transition (EMT) is an important mechanism by which primary
cancer cells can invade (metastasize) other tissues and ¢t@ahsE-Cadherin is a recepto
which plays a critical role in cell adhesiofhe decreased expression of this protein is a
characteristic feature of a tumor cell undergoing E]01]. In this regard, it has been observed
that EMT-associated transcriptional factors such as snail arglrsiduce the expression of E
cadherin Tsai et al. studied the modulations in ElvElated markers in MGF cells incubatd
with resveratrol and TM$101]. They observed that both stilbenes were atolesignificantly
increase the level of Ecadherin in MCF/ cells treated with these compoundBhe
concentrations used in this experiment were relatively not toxteeteells (20 uM)[101]. TMS

and resveratrol decreased the levels of the E&dted protein snafll01]. Interesingly, after

the MCF-7 cellsweretransfeced with an Ecadherin promoter gene, TM8ut not resveratrdl

showed a significant effect reinstating the epithelial markeadherin activityf101].

Another interesting example of how the naturally occurrifigestes resveratrol and TM&n

i nhi bit cancer me t a s-datersni psotein. §his tpiotein, aldng with- E o f t
cadherin, work to maintain proper cetio-cell adhesion and epithelial integrift01]. The

el evati onc atfenfirneei nb cyt opl| @watemnsignaling pathwag, andt he W
ultimately, initiates EMT in certain cancef&01]. Mor e o v e r-gatenin bignallingn t / b
pathway modulates several other genes includingycand cyclin D1[101]. In this regard, and

as a regulatory mechanism, the protein GSK i s one of t he mai n
proteolytically degrade$-catenin andhelps to maintain its normal level$101]. Tasi et al.

observed thatthe incubation of MCF7 cells with TMS signitantly decreased GSK b
phosphorylation, resulting in a significant accumulation of free (active)-&®KL01]. The
authorsalsoreported that TMS displayed thrkey changesn t h ecateéminsignallingpathway

in MCF-7 cells. First, TMS decreased thedel -cafeninbin a dosdependent manner, along

with a marked decrease in its nuclear translocaidm]. Second, T M&enin r i gge
ubiquitination, and c on s-eatpnirededgradatiopiOl]; and fhirdo mo t e d
TMS exerted asut ant i al reduct i on -cateninttanget genésiytantl e v el s
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cyclin D1[101]. Taken togetherthese results provide a strong case to suggest that TMS could

havean important function imestoring normal epithelial characteristics in caroesis[101].

Metastasisassociated protein 1 (MTA1) is one member of the nucleosome remodeling and
deacetylating ceoepressor complex (NuRD) whicis involved in protein deacetylation and
transcriptional regulationgl02]. Recently, MTA1 was found to bepregulated in numerous
cancers such as bredseadand neck, ovarian, gastrointestinahd lung[103]. Elevated MTA1
expressionis associatedwith angiogenesis, pooprognosis and high tumor gradg103].
Resveratrol has showed a daspendent reduction in MTA1 protein level in both DU145 and
LNCaP cells[93]. Perhaps the only repatd investigate the effects of TMS on MTAL is the
study by Kun Li and coworkerfl02]. In this report, TMS significantly denregulatedthe
MTAL protein level in PE3M cells (ERy= 55.1 uM) while TMS effects were less pronounced
in LNCaP cells (Ely >100 uM)[102]. Under the same experimental conditions, resveratrol was
active in reducing th#1TAL level in PG3M and LNCaP cellsvith EDsg of 74.5 and 35.1 uM
respectivelyj102].

2.10 TMS and radical scavenging/antioxidant findings

The anticancer/chemopreventive actions of natural antioxidaetgartially attributedo their

ability to scavenge reactive oxygen species (RQ®W]. This scavenging mechanisia
catalyzedby antioxidant proteins such as CAT, SOD, HCand peroxidase enzymes. In this
particular case, the evidence for a difference in the antioxidant mechanisms exerted by
resveratrol, and its methylatethalogue TMS, requiresdetailedanalysis.There are literature

reports describinghe 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 radi@al-scavenging enzymes peroxidase, catalase, or SOD in swine granulofh0&glImn

another study Li et al.reportedt hat TMS showed only Aweako ant
scavenging effects ahe superoxide anion (), and the hydroxyl radicdDH), as evaluated by

anethanolinduced gastric mucosal injury assay in fagj.

In accordance witlthe reports mentioned in the previous paragraph, &ial. reported a time
and concentratiocdependent increase in the expression of the antioxidaymee HQL, in
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murine neuronal HT22 cells, when incubated in the presence of resv¢2&froln contrast
TMS did not increase the expression (or the activity) oFHR3]. Son et alfound similar
results, and alsobserved a similar effect in a diffart setting, in this case using RAW264.7
cells; they reported that resveratrol increased the expression and the activitylofildOnot
TMS [106].

Another variable adding to the complexity of the role of antioxidant compounds on cancer
treatment/preventn, is the observation that resveratrol has been reported to exeskigent
effectswhich could lead to DNA damag@04, 107] In this regard, Rossi et al. found that TMS

exerted an improved protective profile compared to resveratrol, as determineel &lyility of

these compounds to preveni®4-induced DNA damage in CHO cells (comet asga@y]. 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 indedan the presence of Cu (ll),
whereas resveratrol eX4rted fAminoro DNA damag

In a study published in 2014, Liu and coworkers reported the effects of resveratrol and TMS on
the reduction of kD, levels in a hypoxianduced pulmonary artery hypentgon (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 hp#simaandin lung tissue.

Liu et al. suggested thal MS Gakility to decrease bD, levels confirms its antioxidant
properties, despite not having the characteristic free phenol groups of resveratrol and other
antioxidant phenolic compoundgR?2]. Studies have shownhat p o | y p h antiozidast 6
scavenging ability is assocgat with the presence of free hydroxyl groups in the aromatic rings

of stilbeneq107]. It hasalsobeen hypothesized that the hydroxyl groups present in resveratrol
are an essential structural feature to (1) inducelHSpressiof23, 106] and (2) scavege free

radicals through a hydrogen transfer mechari<d8].

This leads to questions abouhy and how TMS exestan antioxidant profile comparable to that

of resveratral The answer habeen partially describenh three different papers published by
Zherg et al.[104], Malgorzata et al[24] and Rossi et al[107]. In these paperdhe authors
proposed that TMS might scavenge hydroxyl radicals via an electron transfer process rather than
a hydrogen transfer mechanis®aenin resveratrol[104, 107] Furthermore, it was found that

TMS (at 100 uM) increased GSH les@h human TPAstimulated neutrophilR24]. However, at
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this point it is evident thal M S daslical scavenging/antioxidant profile needs the support of
complementary studiesspecifically a sideby-side comparison betweenTMS and its

hydroxylatedanalogueaesveratrol.

2.11 Pharmacokinetics of TMS

It hasbeen well establishetthat resveratrol undergoestensivephase Il metabolism after it is
absorbed, yielding both sulfate and glucuronide catpgyas major metabolitgkl]. In addition
to these conjugates, resveratrol is metaboligeghasd (CYP450 enzymes) as well, producing
piceatannol, which has an additional phenol group adjacent toliidrdxyl group of the parent
compound109, 110] It is noteworthy thapiceatannol is also produced by some plamone
study, Rivera et al. suggested that TMS could be a resveratrol prfgltfligHowever, this

assumption needs further testing and many more supporting studies.

There have been a fewomplementary pharmacokinetic studies, in which several research
groups have tried to correlate anticancer effects observed swtiienesand their plasma
concentrations. In one studye injection of resveratrol into nude mice using an osmtiici

pump (adjused to administer about 50 nayer 14 days), was followed by measurements of
resveratrol serum concentration in 10 different tumor saniBis In this study,the authors
found that only two out of 10 samples had

resveratrol sulfate and resveratrol glucuronide metaboliges detectedh all sample$84].

In another study, Dias et al. reported that oral administraif resveratrol or TMS into nude
mice (50 mg/kg dose, administered evetlgerday, for 52 days), resulted in an average serum
concentration of resveratrol and TMS around 0.02 + 0.01 pg/mLCa®d + 0.55 pg/mL
respectively [20].This dataclearly showsa greater extent of metabolic degradation experienced

by resveratrol, compared to TMS [20].

Finally, in a recent studyin et al. assessed the pharmacokinetic profile of TMS in rats. In this
report, it was found that after a single idose(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 veaght to ninefold higher (faster elimination) than that
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calculated for TMJ14]. In thisregard,the authors also made anterestingobservation; TMS

had a negligible bioavailability (<1.5%) when it was administered orally in a suitable vehicle,
whereas its bioavailabilityvas significantly increase@up to 46.5 + 4.8 %) wheit was
adminisered using a solution of methylateetyclodextrin[14].

These observationsuggestthat 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 ge of suitable excipients that modulate and increase the oral bioavailability of this

promising, and so far, understudied stilbene.

CDKNI1A,
c CDKNI1B
e E-cadherin

VEGFE-2

MMP-2,
MMP-9

MTAL V v NF.B

Figure 2-2: Summary of carcinogenesis targetthat are modulated by TMS

2.12 Conclusion

TMS, the naturally occurring methoxylatexhalogueof resveratrol, is a promising natural
candidate displaying enhanced anticancer properties. It inhibits cancer cell proliferation in
numerousn vitro assays to a greater extent compared to resveratrol. Furthermore, TMS showed
a unique and different an#incer profile distinguishing it from the parent polyphenat; 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 insaxfigne

carcinogenesiare summarizeoh (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 limitéelrealize that this is not

at dl a disadvantage, but a window of opportunity in whinlany potential research projects
could address the ultimate questiof whether or not TMS represents a better candidate than

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

The literature desgbes several synthetic pathways by which resveratrol derivatives are

synthesized and ultimately characterized. Examples of organic reactions used to prepare stilbenes
include butare not limited to Wittig [1], Heck [2], HornerWadsworthREmmons (HWE)[3],

Perkn [4], and McMurry [5] reactions. These chemical reactions produce either a single or

mixed ratio of isomerstrans andcis) depending on the type of reaction and/or conditions used.

We performed a simple seardbr the frequent and the most used pathwaysynthesize

resveratrolnaloguegFigure 3-1). We found that the most common synthetic approaches were

Wittig, Heck and HWE reactionsAdditionally, the Wittig reaction provides access to batls

andtrans isomers[6] while the HWE reaction [7] and Heck coupling [Z4re knownfor their

greateitransselectivity.
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Figure 3-1: Number of publications describing resveratrol derivatives and the utilized

synthetic approaches.The numberof studies was obtaingidom the fiScienc®irecto

dat abase

using keyword "resveratrol derivatives synthesis Wittigcthe same keywordsere usedor the

Heck andhe HWE searches

The Wittig reaction is the reaction between an aldehyde (or ketonefrighdnylphosphonium
ylide to producean alkene product and phosphioxide as a bgroduct Eigure 3-2) [8, 9]. The
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Wittig reactionylide is typically formedby havingphosphonium salteeactwith a suitablebase
[9]. The ylides can be classifiedinto three categoriesnonstabilized (orreactive), semi
stabilized and stabilized ylides[10]. Mechanistically, tB Wittig reaction involves two
intermediate speciebetaine an@xaphosphetan@=igure 3-2) [9], although recent observations

suggest thabxaphosphetans the only intermediate in certain Wittig reactigh®].

©

©) I@ base ©)
——> |PhP=—CH, <—> Ph,p=—CH,

phosphonium salt ylide

aldehyde R,

or 0:<

ketone R,

H Rl Ph3P— Ph3P(-D—
Ph,PO +  A—=( - | Ry =—> O Ry
H R2 R2 . l;{2
phosphine oxide alkene oxaphosphetane betaine

Figure 3-2: Wittig reaction. The schem&vas adapteffom [9].

The stereoselectivity ofthe Wittig reactionis controlledby various factorsparticularly the
intermediateoxaphosphetan@xists in cis andtrans configuration$ thatis eliminatel to produce
Z- andE-alkenes respectivel@]. The Z-alkene appears to predominate urklaetic conditions
while the E-alkene is produced under thermodynamic conditions in which the two
oxaphosphetaneonfigurations equilibratevith reactantdo generatdhe moststable E-alkene
[9]. Other factorghatinfluence theE/Z isomer ratioare thetype of ylide, lithium salts, reaction
temperature, substituents threaldehyde or ketone and aprotic conditif®is

The HornerWadsworthREmmons (HWE reaction is a modified version tie Wittig reaction in
which a phosphonatstabilized carbanion reacts witcarbonyl substrate to generate alkse[®¢
11]. The phosphonate used tine HWE reaction can be readily prepared usalylichaelis
Arbuzov reaction of the desirgahosphitecompaind with an organic halid®]. The mechanism

of the HWE reaction involves the formation @n oxyanion intermediate under reversible
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conditions The oxyaniorultimately decomposes througlfour-centred intermdiate to produce

alkenes Figure 3-3) [9, 11]

o S
rRo_ || H O H
0 LG RO | £ R, RI 0
ro__|| ROT Y P | [
RO/P\Q/Rl _— o | = |ro" | : — R2+ (RO),P—O
0" Z R, : R,
+ H H Z-alkene

H

S
T \\ RO\” (0]
0 P R, RO = Ry R1 (o)

. \L + (R0)21|>|—0@

H H R2
R, 2 E-alkene

Figure 3-3: HWE reaction. Scheme was adaptémm referencd9].

The stereoselectivity in the first carboarbonbondformationstep along with the reversibility
of the intermediatesdeterminegshe stereochemistry dhe HWE alkene producfll]. The last
step thatis intermediate decompositipis irreversibleandleads to eitheran E-alkenefrom a

threodiastereomecollapse ol Z alkene fromanerythrocounterpar{12].

The Heck reaction (also calledhe Mizoroki-Heck reaction) isa palladium (Pd)catalyzed

coupling between alkenes and halideattproduce substituted alkeneby forming a new

carboncarbon bond13].
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P
Figure 3-4: catalytic 7w

R—Pd—X
cycle for Heck reaction. oxidative insertion
The schemevas adapted addition
from [14].

L,Pd(0) R

H—Pd—X
| D-hydride
L elimination

TheHeckcoupling starts with thexidativeaddition of the halide to Pd(0) with the cleavaga of
halide covalent bond artie formation of two new bondg-{gure 3-4) [13, 14] The next step is
the insertion (also called carbometallation) of the alkenth&dPd-complex which requirescis
coordination[13, 14] This step is thought to be reversifl8, 14]. After insertion, there iafi b
hydri de el i mi mydragens relominaec fromv the aatbon athe b-position and
transferredo the Palladium inhe Pd-complex generang aPd hydride (HPd-X) and an alkene
[13]. Finally, HPd-X produces Pd)) and HX by reductive elimination with the aid of a suitable
base[13]. The E-isomer is predominant ithe Heck reaction which gives this reaction a

stereospecific advantage ovbke Wittig reaction[15].
3.2 Objectives

The aim of this study i synthesize resveratrol and its derivativ&4 %). Particular focus will
be to investigate the possibilities thfe Wittig reaction, HWE reaction and Heck coupling to

producereasonable yields ahe desiredransisomers of resveratredalicylatederivatives.
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3.3 Materials and methods

3.3.1 Chemistry

All melting points were determined with an Electrothermal-Wishg® melting point apparatus
(Dubuque, IA, USA), and are uncorrectét-NMR and **C-NMR spectra were recorded on
either a Bruker AVANCE 600, ora Bruker AM-300 NMR spectrophotometer; coupling
constantsJ) are reported in Hertz (Hz), and the corresponding chemical shifts are represented as
d units (ppm), usi ng artiernal stareldardE$FMS specaranweere ( T MS)
recorded usinga Wate r engromassZQ-4000 single quadruple mass spectrometer. Final
compounds 312) showed a single spot on Redi8egilica gel glass plates (U, 0.2 mm)

using high, medium, and low polarity solvent mixsiréb residue remained after combustion,
indicating a purity higher than 95%. Column chromatographyg performedn a CombiFlash
Retrievé, or CombiFlash Rf system using RediSep Rf silica §g#0-60 mm) cartridges, or
prepacked RediSep Gdldcolumns. Micrevaveassisted reactions were performed using
Biotage Initiator (Biotage, Charlotte, NC, USAith (0.52.0 mL) and (25.0 mL) reaction
vessels. All reagentsvere purchasedrom either SigmaAldrich (Milwaukee, IN) or TCI

America (Portland, OR) and wersead without further purification.

3.3.1.1General procedure for the synthesis of compounds 13a, and 2h

In a roundbottom flask equipped with a magnetic stirrer, benzoic acid derivativeglmbmol)
was dissolved in methanol (2000 mL) with a catalytic amount of sulfuric acid. Then, the
reactionflask was refluxed for 89 hours. After that, the reaction mixture was evaporated
undera vacuumto provide a solid residuethat was dissolvedn EtOAc (20 ml) and extracted
with a saturatedNaHCGO; aqueous solution (3 X 60 mLThen, the organic layer was dried over
NaSO; and evaporation of solvent furnished the ester productcalse of 2h, column
chromatography using hexane/EtOAc (95:5) was performed to isolagh finem the unreacted

starting material.

3.3.1.1.1 Methyl 3,5dihydroxybenzoate (1a)
3,5-Dihydroxybenzoic acid (1.0 g, 6.5 mmoNas usedas a starting materialfollowing the
procedure described abovia (1.05 g, 96%) was obtained as a white solid, m.p. -G8 C).
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'H-NMR (300 MHz, DMSOdg) : U 9. 34 ( s J=1283 Hz, DHHR & H6), 645 ( d ,
(t, J=1.83 Hz, 1H, H4), 3.81 (s, 3H, CH.

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

5-Formylsalicylic acid (0.50 g, 3.0 mmoWvas usedas a starting materialfollowing the
procedure described aboza (0.29 g, 54%)was obtaineds yellow crystals, m.p. (#79°C).

'H-NMR (300 MHz,CDC}) : 4 11.37 (s, 1H, CHI»183Hx.1B,9 ( s,
H-6), 8.01 (dd,J = 8.52 & 1.83 Hz, 1H, H1), 7.11 (d,J = 8.52 Hz, 1H, HB), 4.02 (s, 3H,

CH30).

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

5-lodosalicylic acid (3.2 g, 12 mmolyas usedas a starting materiafollowing the procedure

described aboveh (1.4 g, 42%) was obtained after chromatography @ale yellowsolid, m.p.
(69-72°C)."H-NMR (300 MHz,CDC}) : Ut 10. 72 ( sJ=24Hz 1HOH)7698. 13 |
(dd,J=8.5& 2.4 Hz, 1H, H4), 6.78 (dJ = 8.5 Hz, 1H, H3), 3.96 (s, 3H, C}.

3.3.1.2General procedure for the synthesis of compounds 1b, 1g, 1j, 21, and 2g

In a roundbottom flask equipped with a magnetic stirr@m,aromatic compound bearing either
free phenol group(s) and/or free carboxylic acid @17mmol) was stirred with potassium
carbonate (1.5 Eq.) at roomnmperature in acetone (200 mL) for 1 hour before¢he addition of
dimethylsulfate (1.5 Eq. per each ORhe reaction flask was then refluxed fo8 hours and
the reaction progress was monitored by TLC. Aftiee reactionwascompleg, the solvent was
evaporatedind the resulting djuid was mixed with water (60 mlLandextracted with EtOAc (3

X 20 mL). In thecaseof 1g, acidic water (pH = 3) was mixed with the residue after evaporation
followed by extraction with EtOAc. The combined organic layeese driedover NaSQO, and

theevaporéion of thesolvent afforded th&arget solidoroducts.

3.3.1.2.1 Methyl 3,5dimethoxybenzoate (1b)

la (5.2 g, 31 mmolwas usedsa starting materiafollowing the procedure described aboté.

(5.9 g, 98%) was obtained asvhite solid, m.p. (4@2°C). *H-NMR (300 MHz, CDC}) : U 7. 18
(d,J = 2.43 Hz, 2H, H2 & H-6), 6.64 (t,J = 2.43 Hz, 1H, H4), 3.91 (s, 3H, CEDCO), 3.82 (s,

6H, CHO).
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3.3.1.2.2 4-Methoxybenzyl alcohol (19)

4-Hydroxybenzylalcohol (1.0 8 mmol) was usedsa starting materiafollowing the procedure
described abové.g (1.05 g, 94%was obtaineas a golden liquidH-NMR (300 MHz, CDC}):
a 7. 3985Hd, 2H, H2 & H-6), 6.90 (dJ = 9.15 Hz, 2H, H3 & H-5), 4.62 (s, 2H, C}),
3.81 (s, 3H, Ch).

3.3.1.2.3 4-Methoxybenzaldehyde (1)):

4-Hydroxybenzaldehyde (0.30 g, 2.5 mmaoljas usedas a starting materialfollowing the
procedure described abovg.(0.32 g, 95%)was obtainedis a pale yellow oil. *H-NMR (300
MHz,CDCk) : 4 9.89 (s, J=9H5HzC2HOP & H-6),.78K4(d J(=&.55 Hz,
2H, H3 & H-5), 3.90 (s, 3H, Ck).

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

2a (0.31 g, 1.7 mmolyas usedsa starting materiafollowing the procedure described above.
2b (0.3 g, 90%) was obtained as a white solid, m.p-9@&). *H-NMR (300 MHz, CDC}) : a
9.93 (s, 1H, CHO), 8.34 (d,= 1.83 Hz, 1H, H6), 8.03 (ddJ = 9.15 Hz & 1.83 Hz, 1H, H),
7.12 (d,J=9.15 Hz, 1H, H3), 4.01 (s, 3H, OC¥), 3.93 (s, 3H, CECH3).

3.3.1.2.5 4-Methoxyiodobenzene (2f)

4-Hydroxyiodobenzene (0.6 g, 2.7 mmulas usedsa starting materiafollowing the procedure
described abovef (0.61, 95%) was obtained as a light brown solid, m.p:-5¢). 'H-NMR
(600 MHz, CDC}) : U0 J=8A5z, eH H2 & H-6), 6.68 (dJ = 9.0 Hz, 2H, H3 & H-5),
3.96 (s, 3H, Ch).

3.3.1.2.6 Methyl 5-iodo-2-methoxybenzoate (29)

5-lodosalicylic acid (1.56 g, 5.9 mmolas usedasa starting materiafollowing the procedure
described above2g (1.62 g, 94%)was obtaineds colorless needles, m.p. {82°C). 'H-NMR
(600 MHz, CDC}) : 0 8= 24Mz, (QH, H6), 7.73 (ddJ = 8.4 & 2.4 Hz, 1H, H4), 6.75
(d, J = 8.4 Hz, 1H, H3), 3.88 (s, 6H)*C-NMR (600 MHz, CDC}): 165.15, 158.97, 142.0,
140.02, 122.15, 114.33, 81.71, 56.15, 52.26.

3.3.1.3Procedure for the synthesis of 38limethoxybenzyl alcolol (1c)
In a roundbottom flask equipped with magnetic stirrerlb (0.7 g, 3.6 mmol) waadded 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 addefbllowed by addion of dry THF (10 mL) while keeping the
reaction flask under Ngas. After that, the reaction was stirred at room temperature for two hours
and the reaction progress was monitored by TLC. AftBe reactionwas compleg, it was
guenched bythe careful addion of water (60 mL). The reactionmixture was then acidified
(Conc. HCI) to pH=3. Then, the mixture was extracted with EtOAc (3 Xn2), and the
combined organic layewas driedover NaSQ,. The evaporation of EtOAc afforded the title
compound (0.54 g, 90%) adight brown solid, m.p. (487°C).*H-NMR (300 MHz, CDC}) : U
6.53 (d,J=1.83 Hz, 2H, FH2 & H-6), 6.39 (t,J = 2.43 Hz, 1H, H4), 4.64 (s, 2H, Ch), 3.79 (s,

6H, 2 X CHp).

3.3.1.4Procedure for the synthesis of 38limethoxybenzaldehyde (1d)

For the synthesis dfd, we reproduced the method reportedarssey G.N. [16]. Briefly, 1c
(0.46 g, 2.7 mmol) was dissolved in &b (8 mL) in aroundbottom flask equipped witha
magnetic stirrer. Then, pyridinium dichromate (1.2 g, 3.2 mmol) wasdaibdie reactioflask,
and the reaction was allowed to stir at room temperature for 18 hours.tdteractionwas
compleed (determined by TLC), the mixture was filtered out and the solid residisérapped
afterthefiltration was washeavith CH,Cl, (20 mLb). Then, this organic layer was washed three
times, firstwith 5% NaOH (10 m), thenwith 5% HCI (10 ml), and finally withan NaHCG;
saturated aqueous solution. After that, the organic layer was dried oy8ONand the
evaporation of solvenproduced1d (0.38 g, 84%) as a white solid, m.p. {88°C). 'H-NMR
(300MHz,CDC}) : U 9. 91 (s, J=12H3 HzQHOY & H-6), 6.011(tJ € 2143
Hz, 1H, H4), 3.85 (s, 6H, 2 X CH).

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

The benzylic alcohol derivativig or 1c (1.6-6.5 mmol)was placedn a dry rounebottom flask
equipped witha magnetic stirrer before the addition of dry £Hp (7-25 mL). Then, the reaction
flask was kept under Ngas and placed in ace-bath before theaddition of PBg (1.2 Eq.)
dropwise over 8 minutes. Aftethe complete addition of PBrthe reaction was allowed to stir
in the icebath for 2 hours and at room temperatéoe one hour.Meanwhile the reaction
progress was monitored by TL&fter thereactionwascomplet, it was quenched by cold water
(100 mD and extracted with Ci€l, (2 X 20 mL). The organic layer was then filtereff, and

the clear filtrate was evaporatedp@mducethe target compounds.
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3.3.1.5.1 4-Methoxybenzyl bromide (1h)

19(0.2 g, 1.6 mmolas usedsa starting materiafollowing the procedure described aboté.

(0.29 g, 90%)was obtaineds alight brown liquid.*H-NMR (300 MHz, CDC}) : a J= 32

8.52 Hz, 2H, H2 & H-6), 6.86 (dJ = 8.52 Hz, 2H, H3 & H-5), 4.50 &, 2H, CH), 3.80 (s, 3H,
CHs).

3.3.1.5.2 3,5Dimethoxybenzyl bromide (1e)

1c (1.1 g, 6.5 mmolwas usedsa starting materiafollowing the procedure described abote.
(1.27 g, 84%) was obtained asrown solid, m.p. (691°C).*H-NMR (300 MHz, CDC}) :
6.54 (d,J = 2.46 Hz, 2H, H2 & H-6), 6.39 (tJ = 2.43 Hz, 1H, H4), 4.42 (s, 2H, Cb), 3.79 (s,
6H, 2 X CH).

3.3.1.6General procedure for the synthesis of compounds 1i and 1f
The benzyl bromide derivativiéh or 1e was placedn a roundbottom flask equipped witha
magnetic stirrer beforthe addition of toluene (80 mL). Then, PPhiwas added (1.2 Eq.and

the reaction flaskvas refluxedfor 18 hours. Theompletion of theeactionwas confirmedoy

the disappearancef the starting materialsing TLC. After that, the white solid produced from

this reaction was filtered off and waeh with toluene two times (15 mLThe white solid
obtained was driedin a vacuumoven and the title compoundsvere later confirmed by

measuringheir melting point

3.3.1.6.1 4-Methoxybenzyltriphenylphosphonium bromide (1i)

1h (0.18 g, 0.9 mmolyvas usedsa starting materiafollowing the procedure described above.

1i (0.33 g, 80%) was obtained as anwffite solid, m.p. 22231°C (reported 23237°C[17]).

3.3.1.6.2 3,5Dimethoxybenzyltriphenylphosphonium bromide (1f)

le(1.13 g, 4.9 mmolas usedasa starting materiafollowing the procedure described above.

1f (2.18 g, 90%) was obtained as anwffite solid, m.p. 26272°C (reported 275°{17]).

3.3.1.7General procedure forthe synthesis of compounds 2@d and 2i
In a roundbottom flask equipped with magnetic stirrer, the compoustearingthe hydroxyl
group (0.93.3 mmol) and EN (1.2 Eq.) were mixed to dry THF (8-50 mL). Then, CHCOCI

(1.2 Eq.) was added dropwise to the reaction flask oventnutes. After that, the reaction was

allowed to stir at room temperature fo2hours. Upon reaction completion (by TLC), the solid
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produced from this reaction was filteredt, and the clar organic filtratevas driedover NaSO,
before evaporation of theolvent After the evaporation, we obtained tharget solidproducts
They showedhigh purity and weusedthem without further purificationn the subsequent

reactions.

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

2a(0.16 g, 0.90 mmolyvas usedasa starting materiafollowing the procedure described above.

2¢ (0.18 g, 93%) was produced as yellow crystals, m.gB3@4C). *H-NMR (300 MHz, CDC})

d 10.03 (s, 1J41.83H4,QM,,H6),B.0%(@J+£ 852 Hz &1.83, Hz, 1H, H

4), 7.29 (dJ = 8.55 Hz, 1H, H3), 3.92 (s, 3H, CEDCO), 2.38 (s, 3H, C¥O). *C-NMR (600
MHz,CDCk) O 190.09, 169.02, 163.80, 155.09, 134.
20.89. ESIMS 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 mmalxs usedasa starting material

using the procedure described abaze.(0.58 g, 91%) was produced as pale yellow crystals,
m.p.(77-79C). '"H-NMR (300 MHz,CDC}) & 9. 95 (s, J=H83HzZHBMH, 7. 50
2), 7.48 (ddJ = 7.32 Hz & 1.83 Hz, 1H, #), 7.22 (d,J = 7.32 Hz, 1H, HB), 3.91 (s, 3H,

CH30), 2.35 (s, 3H, CECO).

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

5-Formylsalicylicacid (0.5 g, 3.0 mmolvas usedsa starting materiafollowing the procedure

described abovei (0.52 g, 83%) was produced apale yellow liquid. The product is unstable

and decomposes at room temperature (as we observed impuritie®MR upon leaving it on

the bench)'H-NMR (300 MHz, DMSQdg) : U 9. 96 (s, JAMB3HZAHIOY , 8. 51
6), 8.01 (dd,J = 7.92 & 1.83 Hz, 1H, Ht), 7.19 (d,J = 7.95 Hz, 1H, H3), 2.29 (s, 3H, CH3CO).

3.3.1.8Wittig reaction for the synthesis ofcigtransisomers of TMS and resveratrol
derivatives 37
In a heatdried threeneck round bottom flask, the corresponding phosphonium brormide If,
1.1 Eq.) was added, and the flask was immediately flushed with nitrogen gas to remove oxygen
and moistureUsinga bath of dry ice and acetqribe flask was cooled down &bout-60 °C,at
which time (1550 mL) of dry THFwas addedAfter a few minute®f stirring, n-butyllithium
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(1.1 Eq.) was added. The resulting red suspengamstirredor 30-45 minutes before a solution

of the corresponding aldehydé&d( 1j or 2b-2d, 0.62.5 mmol)was addedn (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 rootemperature The mixturewas then stirred for about 158 hours
(until the aldehyde wasompletdy consuned, as monitored by TLC). Aftethe reactionwas
compleg, it was quenched by adding water (90)mit was therextraced with EtOAc (3 X 30

mL). The combined organic layers were dried using:®{@, and the solvent was evaporated
undera 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) td HféoE/Z

mixture of stilbenes as an oily liquid.

3.3.1.9 General procedure fortrans-isomerization

To obtain the purd-isomer from the purified isomeric mixtures obtained abdke stilbene
(0.2-6.3 mmol)was dissolvedn dry THF (50 mL/1.46 mmostilbene), and diphenyl disulfide
(0.2-0.7 Eq.) was added as previously descridd&]. This reaction mixture was stirred under a
nitrogen atmosphere until all th& stilbene reisomerized to thée isomer (on averagdhe Z
isomer R value was 0.64, whilghat of theE isomer was 0.51). Finally, the solvent was
evaporated undex vacuum,and the product was purified by column chromatography using a

mixture of petroleum ether/ethyl acetate (70:30) to afford the pisemer

3.3.1.9.1 (E)-3 , 4Taimedhoxystilbene (TMS)

This compoundvas obtainedrom the reaction between aldehyt (0.64 g, 3.9 mmol) and the

salt 1i (1.85 g, 4.0 mmol) using the procedure described abirams TMS (0.61 g, 61%) was
produced aftereactionwith Ph,S; as colorless needles, m3%-56 °C (reported 557 °C[19]).

'H-NMR (600 MHz, CDC}) 17.44 (dJ=8.4Hz, 2H, H2 6 & 6H , I=16.2Hz kH,

alkene), 6.90 (d) = 16.8 Hz, 1H, alkene), 6.89 (@=8.4Hz,2H, H3 6 & 6K, 6=2645 ( d,
Hz, 2H, H2 & H-6), 6.37 (t,J = 2.4 Hz, 1H, H4), 3.83 (s, 9H, 3 X CkD). *C-NMR (300

MHz, CDCk) 1 160.98, 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 , -Bidethoxy-3-(methoxycarbonyl)stilbene (3)
This compoundvas obtainedrom the reaction étween aldehyd@b (0.12 g, 0.64 mmol) and
the saltli (0.31 g, 0.65 mmol) using the procedure described ali®\@.68 g, 68%)was
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producedafterthe Ph,S, reaction as white solid, m.p133134 °C.*H-NMR (600 MHz, CDC})

793 (dJ=24Hz,1IHH6) , 7)J=8.824HzdlH K6 6) , JI=A0Hz eH H

2 and H6), 6.98 (dJ = 16.2 Hz, 1H, alkene), 6.97 (d=8.4 Hz, 1H, H5 0 ) , =B (d,
Hz, 1H, alkene), 6.89 (dJ = 9 Hz, 2H, H3 and H5), 3.92 (s, 3H,CH3;0), 3.92 (s, 3H,
CH30CO), 3.83 (s, 3HCH30). *C-NMR (300 MHz, CDC}) Ui 166.61, 159.20, 158.25, 131.03,
130.07, 130.04, 129.36, 129.20, 127.52, 127.38, 125.01, 120.1631142.30, 56.16, 55.32,
52.09.Exact mass (298.12), found massing ESFMS m/z= 321.0 [M+Na]. Anal. calcd for
CigH1804: C 72.47, H 6.08, found: C 72.49, H 6.19.

3.3.1.9.3 (E)-4-Acetoxy-4 inethoxy-3-(methoxycarbonyl)stilbene (4):

This compoundvas obtainedrom the reaction between aldehy2ie(0.42 g, 1.9 mmol) and the

salt 1i (1.02 g, 2.2mmol) using the procedure described abav@.59 g, 59%) was produced

after the PhyS; reaction asa white solid,m.p. 123125 °C.*"H-NMR (300 MHz, CDC}) li 8.11
(d,J=243Hz,1H,H2 6 ) , 7J=8.85 A48 Hz, 1H, 6 0 ) , 3= %18 Hz( 2H, 2

and H6), 7.07 (dJ=7.95Hz, 1H, -6 6 ) , 3= 156.87 Hz,d.H, alkene), 6.93 (@= 16.47

Hz, 1H, alkene), 6.90 (dl = 9.15 Hz, 2H, H3 and H5), 3.90 (s, 3HCH;OCO), 3.81 (s, 3H,

CHs;0), 2.36 (s, 3H, CECO). **C-NMR (300 MHz,CDCl): Ui 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 massngESFMS m/z= 348.9 [M+Na].

3.3.1.9.4 (E)-4 @\cetoxy-3 , 3tdmethoxystilbene (5)

This compoundvas obtainedrom the reaction between aldehy2i(0.48 g, 2.5 mmol) and the

salt 1f (1.28 g, 2.6 mmol) using the procedure described ali(@.76 g, 76%) was produced

after the Ph,S, reaction as white crystals).p. = 118120 °C (reported 12022 °C[20]). 'H-

NMR (300 MHz, CDC}) 17.09 (ddJ=9.15& 1.83 Hz, 1H, 6 6 ) , 3= 1584 Hz,dLH,
alkene), 7.03 (d)=1.83Hz, IH R 6 ), JI=&5BHZz H,H56), 6=1%H87Hzd,

1H, alkene), 6.67 (dl = 2.4 Hz, 2H, H2 & H-6), 6.41 (tJ = 2.4 Hz, 1H, H4), 3.89 (s, 6H, 2 X

CH;0), 3.83 (s, 3HCH:0), 2.32 (s, 3HCHsCO). *C-NMR (300 MHz, CDC}) U 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, 20.7Exact mass (328.12), found massngESFMS m/z= 351.0 [M+Nal].
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3.3.1.9.5 (E)-46Acetoxy-3,5-dimethoxy-3 -gmethoxycarbonyl)stilbene(6)

This compoundvas obtainedrom the reaction between aldehy2ie(0.39 g, 1.8 mmol) and the

salt 1f (0.94 g, 1.9 mmol) using the procedure described al®y@67 g, 67%) was produced
afterthe Ph,S;, reaction asolorless needles, m.p. 98 °C.*"H-NMR (300 MHz, CDC}) 11 8.12
(d,J=183Hz, 1H, -2 6 ) , 7J=88(0B5, {.88dHz, 1H, ¥ 6 ) , 0= 1697 Hzd1H,
alkene), 7.13 (dJ=855Hz, 1H, -6 6 ) , J=16.27 Hg,dH, alkene), 6.73 (@l= 2.46 Hz,

2H, H-2 and H6), 6.41 (t,J = 2.40 Hz, 1H, H4), 3.87 (s, 3HCH;0CO), 3.80 (s, 6H, 2 X
CH50), 2.30 (s, 3H,CEC0O0).*C-NMR (300 MHz, CDC}) Ui 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 nass (356.13), found mass usiB§-MS m/z= 378.9 [M+Na].

3.3.1.9.6 (E)-3 , 4Taimethoxy-3 -dmethoxycarbonyl)stilbene (7)

This compound was obtained from the reaction between alde&fe33 g, 1.7 mmol) and the

salt 1f (0.88 g, 1.8 mmglusing the procedure described aboX€0.59 g, 59%) was produced

after the Ph'S, reaction as a white solign.p. = 102103 °C.'H-NMR (300 MHz, CROD) U
792(dJ=183Hz,1H, -2 6 ) , 7J=B.835 2464z, 1H, ¥ 6 ) , J=918 Hz( 1H,
H506) , 3 = 1629 Hzd1H, alkene), 7.00 (@= 16.47 Hz, 1H, alkene), 6.70 (@ = 2.43

Hz, 2H, H2 and H6), 6.38 (t,J = 2.46 Hz, 1H, H4), 3.89 (s, 3HCH;OCO), 3.87 (s, 3H,
CH30), 3.80 (s, 6H, 2 X CD). **C-NMR (300MHz, CDC}) 11 166.32, 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, 29.57Exact mass (328.13), found massngESFMS m/z= 351.0 [M+Nal].

3.3.1.10 Procedure for the synthesisof diethyl (3,5-dimethoxybenzyl) phosphonate

(1K)
le (0.5 g, 2.2 mmol) and triethyl phosphite (2.0 Eg@re mixedin a roundbottom flask
equipped with magnetic stirrer before heating the reaction flask a€1f80 2 hours. Then, the
reaction mixture underwent columhromatography using hexane/EtOAc (30:70) to remove the
unreacted triethyl phosphiték (0.44 g, 70%)wvas obtainedsa colorlessliquid. *H-NMR (300
MHz, CDCbk) : i &= 248 H4, 2H, 2 & H-6), 6.35 (d,J = 2.43 Hz, 1H, H4), 4.03
(quint, J= 7.32 Hz, 4H, @H,CHj3), 3.77 (s, 6H, OCBJ, 3.09 (d,J = 21.99 Hz, 2H, CkP), 1.26
(t,J=7.32 Hz, 6H, OCHKCH>).
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3.3.1.11 Wittig reaction for the synthesis of intermediates 1l and 1m tde usedin the
Heck coupling
1d or 4-hydroxybenzaldehydemethyltriphenylphosphoniunbromide (4.0 Eq,)and sodium
hydride (4.5 Eq.jvere addedo a dry rounebottom flask equipped with magnetic stirrer. Then,
the flask was flushed with Nyas and kept undaninert atmosphee. After that, dry THF (85
mL) was addedand the flaskwas stirredat room temperature for 17 hours. Upon reaction
completion (mortored by TLC), cold water (50 mlwas addedfollowed by extraction with
EtOAc 3 X 15 mb). In the caseof 1m, mixture acidification (pH = 3) was performed before
extraction. Then,the combined organic layer was dried over,8@, When the solvent
evaporated, it produced liquid mixture which was purified by silica gel column

chromatography usingneluent mixtue of hexane/EtOAc (80:20).

3.3.1.11.1 3,5Dimethoxystyrene (1)

1d (0.8 g, 4.8 mmol) was used to prepdteusing the procedure described abolle(0.73 g,
93%) was obtained as colorless 81-NMR (600 MHz, CDC}) : U 6J= 674 & 0B Hz,
1H, alkene), 6.56 (dl = 1.8 Hz, 2H, H2 & H-6), 6.38 (t,J=1.8 Hz, 1H, H4), 5.73 (dJ=17.4
Hz, 1H, alkene), 5.25 (d,= 10.8 Hz, 1H, alkene), 3.80 (s, 6H, 2 X §H

3.3.1.11.2 4-Hydroxystyrene (1m):

4-Hydroxybenzaldehyde (1.0 g, 8.2 mmol) was usedpreparelm using the procedure
described abovelm (0.77 g, 78%) was obtained aslorless oil.'H-NMR (300 MHz, CDC}):

a 7. 298.56 dz, 2H, H2 & H-6), 6.80 (dJ = 8.52 Hz, 2H, H3 & H-5), 6.65 (dd,J=17.70
& 10.98 Hz, 1H, alkene), 5.73 (broad s, 1H, OH), 5.59 &6d17.70 Hz, 1H, alkene), 5.11 (@=
10.38 Hz, 1H, alkene).

3.3.1.12 General procedure forthe HWE reaction

In a roundbottom flask equipped with magnetic stirrera phosphonate derivativék) (1.0 Eq.)

was added to the aldehydlg or 2b) or aldehydedevoid @e) (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 allowetrtatsoom temperature whiléne

reaction process wasonitored by TLC. Using sodium methoxide as a bask was firstadded
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with the base in DMF, after which the aldehydas gradually adde@nd the reaction was then
heated at refludVhen thereactionwascompleed (or as per the specified timé)was quenched
by the addition ofanaqueous mmonium chloride solution (60 mLfollowed byextraction with
EtOAc (3 X 20 mb. The combined organic layavas driedover NaSQO, When the solvent
evaporaed, it produceda liquid that was purified by silica gel chromatography using
hexane/EtOAc (80:20).

3.3.1.13 General procedure forthe Heck coupling

Styrenelm or 1l (0.1-4.5 mmol), iodederivative2f, 2g or 2h(0.1-4.5 mmol), palladium acetate

(1% nmmol), triethyl amineg(0.2-1.5 mL), and triphenyl phosphine (4.5% mmol) were added in
either a dry microwave vial or in a roubottom flask equipped with magnetic stirrer (to be

used for traditional reflux)Then, acetonitrile (0:6.0 mL) wasadded,and the reaction vessel

was sealed and was either refluxed or heated in the microwave for the specified temperatures and
time. Afterthe reaction wasompleed, (TLC monitored),it was quenched bthe addition of

cold water (70 m) andextracted with EtOAc (3 X 20 n)L The comhned organic layer was

dried over NagSQ,. When the solventvaporaed, it producedx solid mixturethatwas purified

by silica gel chromatography using petroleether:EtOAc(80:20). After chromatography, the

transisomer was recrystallized from a mixture of hexane and EtOAc.

3.3.1.13.1 3, -@icarbomethoxy-4 , -dirbethoxybiphenyl (13)

This compound was identified as a-poduct during Heck coupling to produce resveratrol
derivative 7. Compoundl3 was obtained asotorless cystals, m.p. 114112°C (reported 115

117°C[21]). *H-NMR (600 MHz, CDC}): 1i7.99 (dJ=2.4Hz,2H, H2 & H-26) , 7J=66 ( dd
84Hz & 24 Hz, 2H, 6 & H-6 6) , V=84Hz(2H,H5&H-58), 3.94 (s, ¢
OCH), 3.92 (s, 6H, 2 X COOCH **C-NMR (600 MHz, CDC}): 50.26, 54.31, 54.42, 110.62,

118.43, 127.93, 129.61, 130.00, 156.50, 164.73:-NESM/z 331.0 [M+H] (reportedm/z= 330

by EFMS [21]).

3.3.1.14 General procedure for the synthesis of resveratrol, 8,,4nd 10
The corresponding-stilbene(TMS, 3 or 7) was dissolved in dry dichloromethane using a-heat

dried threeneck rounebottom flask equipped with a magnetic stiridsing dry ice and acetone,
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the solution was cooletio about-60°C. Then a solution of boron tribromide (1 M in £CHp)

was added dropwise over3lminutes. After adding BBrthe ice bath was removed to allow the
reaction mixture to warm up to root@mperatureand itwas stirredor 1- 4 hours. The reaction
was quencheldy adding water (60 mL; very slowly), and th@guct mixture was extracted with
dichloromethane (3 X 20 mL). The combined organic phases were dried usiB@uNand the
solventwas evaporatednder vacuum. Finally, the product was purified by silica gel column
chromatography using a mixture of EtOAwthanol (80:20) to afford the corresponding
hydroxylated stilbenes.

3.3.1.14.1 (E)-34 o6-Trihydroxystilbene (resveratrol)

TransTMS (0.053 g, 0.19 mmplwas used to prepare resveratrol using the procedure described
above. Resveratrol (0.03 g, 67%) was obtained kght red solid, m.p. 16871°C (reported
172-174°C[17]). *"H-NMR (300 MHz, CROD): t17.34 (d,J=855Hz, 2H,H2 6 & 6K, 6. 95
(d,J = 1587 Hz, 1H, alkene), 6.79 (d,= 16.47 Hz, 1H, alkene), 6.76 (@= 8.55 Hz, 2H, H3 &
&H-506) , 8=2438Hz(2#H,H & H-6), 6.15 (tJ=2.43 Hz, 1H, H4).

3.3.1.14.2 (E)-4 , -Bildydroxy -3 -ghydroxycarbonyl)stilbene (8)

3 (0.26 g, 0.87 mmol) was used toepare derivative utilizing 6.0 Eq. of BBg and following
the procedure described abo8g0.13 g, 60%) was obtained as anwfiite solid, mp. = 237
240 °C (reported 24243 °C[22]). *H-NMR (300 MHz, CQOD) 11 7.94 (d,J = 2.46 Hz, 1H, H
206), 7J=6B5H¢&243Hz,1H,#6 6 ) , J=855Hz(2H,H & H-6), 6.96 (dJ

= 16.4 Hz, 1H, alkene), 6.90 (@=8.52 Hz, 1H, -6 6 ) , 6= 1%.87 Hz,dH, alkene), 6.75
(d,J=8.55 Hz, 2H, H3 & H-5). Exact mass (256.07), found massngESI-MS m/z= 256.8
[M+H] ™.

3.3.1.14.3 (E)-3 , 4Taihy&roxy -3 -§hydroxycarbonyl)stilbene (9)

7 (0.61 g, 1.9 mmol) was used to prepare derivaiuélizing 8.0 Eqg. of BBg and following the

procedure described abowe(0.25 g, 50%) was obtained as a pale yellow solid, m.p. =2253

°C. 'H-NMR (300 MHz, CROD) 1i 7.95 (d,J = 2.46 Hz, 1H, H2 6 ) , 7J =68%5 Hz&d ,

243 Hz,1H,H6 6 ) , 6=1%.87 Hz,dH, alkene), 6.91 @=852Hz, IH,H66), 6. 86 (
J = 16.47 Hz, 1H, alkene), 6.46 (d= 1.83 Hz, 2H, H2 & H-6), 6.16 (tJ = 2.46 Hz, 1H, H4).
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C-NMR (300 MHz, CROD) @i 173.34, 162.65, 159.69, 140.78, 134.07, 130.24, 129.60,
128.62, 128.17, 118.62, 113.96, 105.93, 103D@ct mass (272.07), found massngESFMS
m/z=271.2 [MH]".

3.3.1.14.4 (E)-3 , 4Taihyéroxy -3 -Gnethoxycarbonylstilbene (10)

7 (0.50 g, 1.5 mmol) was used to prepare derivatetilizing 4.50 Eq. of BBf and following

the procedure described abo%6.(0.33 g, 76%) was obtained as agpatllow solid, mp = 8@4

°C. H-NMR (300 MHz, CQOD) 1i7.93 (d,J=2.43 Hz, 1H, 2 6 ) , 71 =785 Hzd&kd ,
243 Hz,1H,H6 6 ) , 6= 1%.47 Hz,dH, alkene), 6.94 @=855Hz, 1H, H56) , 6. 86
J=15.84 Hz, 1H, alkene), 6.46 (@= 1.83 Hz, 2H, H2 & H-6), 6.17 (tJ = 1.83 Hz, 1H, H4),

3.97 (s, 3HCH;0CO).”*C-NMR (300 MHz, CROD) {i171.60, 162.08, 159.69, 140.69, 134.29,
130.50, 129.05, 128.89, 127.98, 118.83, 113.63, 105.96, 103.09, EX&S. mass (286.08),
found massising ESFMS m/z=285.3 [M-H]".

3.3.1.15 General procedure for the synthesis odnaloguesll1 and 12

In a roundbottom flask, compound or 9 was dissolved at room temperature in pyridine-Q0®

mL). Acetic anhydride (13 Eqwas then addedropwise to the reaction flask. The reaction
mixture was stirred until the stilbene starting matesiasconsumeds tested by TLC (about8

h). Then, the reaction was quenched by adding water (25 mL) and the mixture was acidified to
pH =3 usingconc. HCI. After that, the product was extracted by adding EtOAc (8 mL) two
times; then the combined organic layer was dried wits5Ra Evaporation of the solvent under
vacuumprovidedthe crude product, whictvas purifiedby crystallization from a mixture of

petroleum ether/EtOAcC.

3.3.1.15.1 (E)-4,46Diacetoxy-3 -ghydroxycarbonyl)stilbene (11)

8 (0.061 g, 0.24 mmoNvas used to prepare derivati¥& using the procedure described above.
11 (0.062 g, 76%) was obtained as a white solid, m.p. =1883C.*H NMR (600 MHz,
CD;OD) 1i8.16 (dJ=2.4Hz, 1H,H2 6 ) , 7J=B.@Hz(&Rd Hz,1H, 6 6) , 3I= 61
8.4 Hz, 2H, H2 & H-6), 7.22 (d,J = 16.2 Hz, 1H, alkene), 7.19 (d,= 16.2 Hz, 1H, alkene),
712 (dJ=84Hz, 1H, H5 6 ) , 3= 840Hz, (2K, H3 & H-5), 2.28 (s, 3H, CHCO), 2.27

(s, 3H, CHCO)**C-NMR (600 MHz, DMSQdg) U 169.72, 169.66, 166.06, 150.56, 149.77,
135.52, 134.95, 131.44, 129.73, 129.10, 128.10, 128.03, 122289, 122.62, 21.36, 21.34.
Exact mass (340.09), found massngESFMS m/z=363.1 [M+Na].
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3.3.1.15.2 (E)-3 , 4Taiacétoxy-3 -ghydroxycarbonyl)stilbene (12)

9 (0.166 g, 0.61 mmoNvas used to prepare derivati¥2 using the procedure described above.

12 (0.075 g, 31%}was obtaineds a pale yellow solid, m.p. = 1865 °C.*H-NMR (600MHz,
CDsOD)1u8.16 (dJ=18Hz,1H, H2 6) , 7J=80Hz(&RdHz, IH, F66) , 3I=25 (d,
17.4 Hz, 1H, alkene), 7.24 (d,= 1.8 Hz, 2H, H2 & H-6), 7.19 (d,J = 16.8 Hz, 1H, alkene),
7.13(dJ=8.4Hz,1H,H5 6 ) , B=18#Hz, 1H H4), 2.29 (s, 3H, CkCO), 2.28 (s, 6H, 2

X CH3CO). ®*C-NMR (600 MHz, DMSQd) U 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, 21.33ER4a29.

mass (398.10), found masgsingESFMS m/z=421.1 [M+Na]J.
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3.4 Results and discussion

3.4.1 Wittig reaction

3411Pr epar at i transtonfethdxystdbéne GTMS)

At the beginning of théWittig reaction, we tried to reprode the reported procedute
synthesizethe resveratrolanalogue3 , 4t@ans&imethoxystilbene (TMS)17]. This reaction
utilizes the two Wittig starting materials 3,5dimethoxybenzaldehyde and - 4
methoxybenzyltriphenylphosphonium bromid&ccordingly, weinitiated the synthesis of 3;5
dimethoxybenzaldehyde from the commallyi available 3,&dihydroxybenzoic acid
(Figure 3-5). First, we esterified the carboxylic acid group using Fischer esterification by
methanol anatonc sulphuricacid. Then, we wanted to mask the two phenol groups before the
following step (reduction). We tried iodomethane and sodium hydroxide in W28y
iodomethane and potassium carbonate in acetorj2dle iodomethane and sodium hydroxiade i
DMSO [24], iodomethane and cesium carbonate in acetoniddlg and finally, dimethylsulfate
and potassium carbonate in acet{f]. We found that the last two reactions were efficient to
produce our desired methgtotected product in good yields iéhthe first reactions produced
by-products. In an attempt to do esterification amethyl protection ofthe phenol group in one
reaction (i.e. obtaining 1b directly from 3,5dihydroxybenzoic acid), weset up areacton
between3,5dihydroxybenzoic acidand potassium carbonate and dimethylsulfate in acetone
according to previous methoflss, 26} We noticed that #se concentratedolutiors (0.65 mmol
reactant/mLacetone) produced mixture of spots onTLC, which correspond to partially
protected products. In contrast, as reported by otf@&s} diluted solutios (0.07 mmol
reactant/mLacetone) produced only one spbat corresponds to the desired product, methyl
3,5-dimethoxybenzoatelp).

The next stepinvolved the reduction oflb to form a 3,5dimethoxybenzylalcohol (Lc)

(Figure 3-5). For that purpose, we used lithium aluminum hydride (LAH) in dry THF as
previously reporte§R7]. This reaction produced the desired product in a good yield (90%). After
that, 1¢c was successfully oxidized to 3¢hmethoxybenzaldehydeld) using pyridinium
dichromate according t@revious work [16]. It was reportedthat in a onepot reaction,
carboxylic acids can be reduced and subsequently oxidized to the corresponding aldehyde

derivative using LAH and pyridinium chlorochromd&8]. We tried this appro&cby reacting
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3,5-dimethoxybenzoic acid with LAH and pyridiniuchlorochromate However,this reaction

did notproceedand we only obtained unreacted starting material (tested by TLC).

(0] OH

OCH;,4 OCH;
CH3OH H,S0, (CH3)ZSO4, K,CO;
reflux mermght Acetone, reflux 3h
96% 98%
HO OH H5;CO OCH;

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

\

/
O, H OH

/

Pyridinum

dlchromate

(,Hzclz, r.t.,
Co OCH; overnight. 84% H;CO OCH,
1d

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

3,5-dihydroxybenzoic acid.

The other substrate farWittig reaction is the phosphonium sdh the cas®f TMS synthesis
the salt $ 4-methoxybenzyltriphenylphosphonium bromide) ( The synthesis of this salt started
from the commercially available-Hydroxybenzyl alcohothatwas protected using (GHSO,
and KCO; in acetone to produce-methoxybenzyl alcoholl@), which was then bminated
using phosphorus tribromide in GEl, to afford 4methoxybenzylbromidelf) (Figure 3-6)
[23]. The later was refluxed in toluene with triphenylphosphine to produoean80% 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-methoxybenzyltriphenylphosphoniun bromide from 4-
hydroxybenzyl alcohol.
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Int he first at t-¢anptimethoaystibbéne @WMS), wa reattdd with 1i using
n-butyllithium in dry THF Eigure 3-7) [17]. This reaction producecis/trans mixtures of TMS

in abouta (40:60) ratio (determined by NMR of the crude product). As a general trend in the
literature, usuallycis isomers of stilbenes elute first from column chromatografdippwed by
transisomers[17]. We tried to purify theéransisomer usingiica gel chromatography but these
attempts wereinsuccessful becausiee cis isomer impurity ceeluted with thetransisomer We

varied column sizes, decreagbdflow rate and/or reduced the polarity of solvebistthe issue

persisted.
OCH;,

Id + 1i _ H;CO NN ‘

n-BulLi, THF PhZSZ, THF pure

or .

'::yt}(f: ]ﬂSIEIHSh reflux 2h, 70% 20 T050, S shier

1If + 1j o i
! 69%

OCH;

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

In addition to obtaininga mixture ofisomersof TMS by reactingld and 1i using theWittig
reaction, we also changed the substitution on both substraties \0fittig so thatthe aldehyde
was monemethoxylated and phosphonium salis dimethoxylated Accordingly, we prepared
4-methoxybenzaldehydelj) from the commercially available -lydroxybenzaldehyde by
protecting the phenol group using (450, and K.COsin acetone Kigure 3-8). Furthermore,
3,5-dimethoxybenzyltriphenylphosphonium bromidif)(was prepared by brominagnlc to
produce 3,5imethoxybenzyl bromide 1€), which was subsequently refluxed with

triphenylphosphine in toluene producelf in 90% yield Figure 3-8).
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1c

(CH3);504, K,CO;
%

Acetone, reflux 1h
95%

OH OCH;
1j
& —
Br PPh;Br
PBr; PPh;
ﬁ.
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 dhe

isomer mixture of TMS.

We looked inthe literature for possible reactions by which weld react the mixture of isomers

(cis andtrans) so that wewould end up with onlythe trans isomer. We found that iodine in
hexang[29], All; in acetonitrile[30], and diphenyl disulfide in dry THFL8] were documented
methods. First, we tried iodine in hexd@6] to transisomerize TMS However when we used

this approachthe isomer ratio did not changeven after72 hours ofrefluxing. Next, we tried
All ;3 in acetonitrileand this reaction producedamy products (observed by TLCBut none
correspondd to the trans isomer of TMS.We decided to move tthe diphenyl disulfide

approach[18]. When we performed thiseaction we were successfully able to convére

cig'trans mixture of TMS to onlya transisomerwith abouta 70% yield Figure 3-7). It should

be notedhat this reaction has two main limitations. Fiisthas been reported to proceed under
diluted conditions (e.g.50 mL THF per 1.46 mmol stilbend)l8] and consequentla large
quantity ofstilbenes would requirea high THF volume while maintaining inert/dry conditions.

The secondimitation is the reflux timethis reaction can take as long as 22 hours under reflux

[31]. To that end, we tried to conductetheaction usinga smallervolume of THF for large

quantities of stilbene mixtureslowever these isomerizatioattempts were unsuccessful.
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3.4.1.2 Preparation of hybrid salicylate-resveratrol derivatives

After we investigatedthe Wittig reaction for the synthesis afansTMS, we moved to the
synthesis of salicylateesveratrobnaloguesTo synthesze the compounds3-7), we utilized the
previous two phosphonium salts @nd1f) described in TMS synthesis as one substratéhfor
Wittig reaction. In thecaseof compounds 3, 4, 6, 7), the aldehyde substrates were either
methyt5-formyl-2-methoxybenzoate 2p) or methyls-formyl-2-acetoxybenzoate 2¢)
(Figure 3-9). The gnthesis of2b and 2c started from theb-formylsalicylic acid that was
esterified to produce methgformyl-2-hydroxybenzoate 2@). Then, 2a was either
methoxylated using (CHLSO, and KCO; in acetone tqroduce2b or acetylated using acetyl
chloride in thepresencef triethylamine tgoroduce2c (Figure 3-9).

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

_——
HO reflux 15h, 54% H;CO H;CO
o 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 4ydroxy-3-methoxybenzaldehyde (vanillin) as a starting aldehyde to synthesize the
aldehyde substrate for the synthesis of compdoir{d compoundthat lacks carboxylic acid
group at position 36). Vanillin was acetyl ate

produce 4acetoxy3-methoxybenzaldehyd@d) (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 inhetrans TMS synthesisthe Wittig reactionsusedto produce compound$-{7)
yielded isomer mixtures of the corresponding hybrididatives of resveratrolHigure 3-11).
Our observatiorthat a mixture o£/Z isomerswasproduced after using the phosphonium shlts
and1f is in agreement with reported observatiomswhich semistabilizedylides producedow
selectivity forE isomers[10]. Likewise with TMS, we had to isomerize every Wittig reaction

product to generate onbnE isomer of the corresponding stilbenes.

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

R,
1i + 2¢ R; pure
—»
1f + 2d ;i:yfl(f: ;lsleils . reﬂux 2-6h, frans isomer
1f + 2¢ o 66-81% 5 59-76%
1f +2b R
3

1i +2b — Z/E (3), R;=R;=H, R,=0OCH;, R,=CH;, R=CO,CH;,
1i + 2¢ —3 Z/E (4), R;=R;=H, R,=OCH;, R,=Ac, Rs=CO,CH;,
1f + 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 compounds3

Among our proposed list of salicylatesveratrol derivativeare compoundghat possesa free
carboxylic acid group§ 9, 11 and 12). We thought of performing Wittig reaction witha
standardohosphonium bromideHowever instead of using ester aldehyde@b or 2¢), we used
aldehyde bearin@ free carboxylic acid (Acetoxy5-formyl benzoic acid2i) (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 documeiatkxv yield (17%) of
stilbenes with free carboxylic acid aftarWittig reactionwas performedoetween aldehyde

bearinga free carboxylic acid and a phosphonium 2.
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n-BuLi, THF

dry ice then

The reaction is not
selective for the target

r.t. for 15-18 h molecule

HOOC
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 fiee carboxylic acid usingthe
Wittig reaction.

3.4.2 Horner-Wadsworth-Emmons (HWE) reaction

As the HWE reaction is knowifor its trans selectivity[7], we tried this reaction for TMS as well
as for salicylateesveratrolnaloguesFirst, weaimedto reproduce the reported wdi¥ 33] to
syntheste a transTMS using the HWE approach. We usede to prepare diethyl [3;5
di(methoxy)benzyl]phosphonat&k) according td=igure 3-13. Then,1k and1j werereactedn
the presenceof tert-BuOK and THF at room temperatur&iqure 3-13). We successfully

obtainedatransisomer of TMS ina 75% yield.
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OCH,

H;CO OCH,
tert-BuOK  H3CO N
+ 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 goodtrans selectivity of TMS usingthe HWE reaction prompted us to use this reaction for
the synthesis ofesveratrbderivatives. Consequentlthe phosphonaték was reactedvith the
aldehyde2b. However,this reactionyielded many products (tested by TLC) in atilch to the
desired stilbengroduct compound7. We were able to obtai@ in only a 25% yieldby

crystallization from hexane/petroleuether Figure 3-14).

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

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

Figure 3-14: An attempt to synthesize compound 7 using HWE reaction.
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Thelow yield of 7 usingthe HWE reactionin addition to the formation of oth@npurities led

us to search for underlying explanatiottswas observedhat phosphonates can reactt only
with aldehydes and ketondsut also withcarbonyl groups such as est{84]. The fact thathe
aldehydethat weused inthe HWE (2b in Figure 3-14) containsan ester group led us to suspect
that the phosphonaték may react at the ester group i2b in addition to the aldehyde
functionality. To address this concern, in afatiént reactin, 1k was reactedvith methy}2-
methoxybenoate?2¢in Figure 3-14) (a moleculevhich mimic 2b but lacks the aldehyde group).
When weperformed his reaction we found that the phosphonate did not react R2é&lf2e was
intact as observed by TLC) even afteingstirredfor 16 hours at room temperature. Next, we
changed the base frorBuOK to a milder base (sodium methoxide) according to the method of
Roman, Bl et al. [35], which involved refluxing the reaction mixturélsing this modified

approachthe sane issue persistibecause we obtaingdn aneven lower yield (20%).

Finally, we went back to our initial reaction (usitBuOK) and reinvestigated the progress of
the reaction (by TLC) while adding the base gradually. The reference we fol[8Medd used
2.5 Eq. of the base for the synthesistibenesand we successfully reproduced this reaction to
synthesizerans TMS (Figure 3-13). We repeated thesactionin Figure 3-13 but by slowly
adding the basd-BuOK) to monitor the changes in product formation (by TLC). We started by
adding only one equivalent of thasethat produceda minor product of outransisomer while

we noticeda major unreacted starting material (tested by TIAg)ding 0.5 Eq. also increasl

the intensity of our product while the starting matenakgetting consumed. Up to 1.5 Eq., we
observed that this reactiamas clean and produced only awansisomer of7. After we added
another 0.25 Eq. of tHeasewe started to see nhew unknown impurig@®n thougtihe starting
material (aldehydeyas still not fully consumedThis observatiorsuggest that 7 was being
degradedand othernew productswere formed. As a result we decided to stop using this

approactand moved to the Heck coupling.
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3.4.3 Heck coupling

3.4.3.1Synthesis oftrans- TMS

Organic chemists are increasingly lookingHeck coupling especiallyto prepae resveratrol

derivatives[2, 36-38]. Recent applicatiominvolved performinga Heck reactionn microwave

vesseld39, 40] We tried to explore obtaining resveratrol derivatives using this approach. First,

we aimed to reproduce the reported synthesistrafsTMS using Heck coupling2].

Accordingly, we synthesized the substratesHeck coupling 3,5-diemthoxystyrenel() and 4

methoxyiodobenzenef), as illustratedn Figure 3-15.

=z

® O
o 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 1l and 2f for the synthesis ofrans-TMS using Heck coupling.

When we used the reportedagents (PRh Pd(OAc) and EtN in acetonitrile) of this Heck

coupling[2], we wereable to producéransTMS in a 48% yeld aftercolumnchromatography

(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.

3.4.3.2Synthesis of resveratrol derivative 7

In light of the reportedengthytime foraHeck reaction (it took 34 hours under traditional reflux
to produce theransTMS [17]), and the advantage @& microwave instrument to proceed
reactions at high temperaturésnd in less tim@, we decided to explore the possibility of
attaining resveratretlerivative 7 using this technigueWe prepared the methgliodo-2-

methoxybenzoate2€) from the commercially availableibdosalicylaicacid (Figure 3-17).

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

Figure 3-17: Preparation of 2g from 5-iodosalicylic acid for use in Heck coupling t
produce 7.

Then, weconductedpilot experiments to optimize the microwave conditions to be used
synthesze 7. As a general trend, we observed tadbng reaction time a& lower temperature

improves product formation (tested by TL&Ye alsofound that acetonitrile is better than THF
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in terms ofreactanthomogeneity in the reaction vessel. Based on that, we perforrmetba
microwave reactions based on decreasivgreaction temperature and increasthg reaction

time using acetonitrilestartingat 150°C foronehour Figure 3-18).

Pd(OA PPh
u o+ 2 (OAc),, 3

Et;N, CH;CN
microwave
OCH; Y
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 ND3

105 20 50 ND?

90 24 55 71:29

Figure 3-18 Synthesis of compound 7 using Heck couplindgThe yield ofthe E isome
after chromatography and crystallization from petroleum ether/ethyl acdatermined b

'H-NMR of the crude productNot determined

For the synthesis of usinga Heck reactiorunder microwave heating, we coweée that the
isomer ratio did not change significantly at high, medium or low temperatures because the
selectivity forthe E isomer remains favorable ovénat of theZ isomer (about 70:30). This
finding is in agreement with the stereoselectivityttef Heck reaction [15]However,regarding

the trans isomer yield at thesgarioustemperatures/times we noticed that lower yields were
obtained at high temperatures while tield increasd when the temperatudecreasd andthe
reaction timencreasedFigure 3-18). We tried to find anxplanaion, and we noticethatalong

with stilbene7, a byproductwas formedthat wasenhanced at high temperatures (TLC tested).
After comparinghe melting point,"H NMR, mass spectrand'*C NMR with a referencg1],

we identified tlatby-producta s -8ical®ddimethoxyd , -dibethoxybiphenyl 13).
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Our Heck reactions in thmicrowaveto obtain7 revealed that the maximum yield veeuld
obtainwas about 55% when weonducted the redaon at 90°C for 24 hourd={gure 3-18). We
decided to repeat the reaction again but using traditional reflux instead of the microwave system
(so the reaction temperature@wd decrease and hence the yield milgatincreased Similarly,

when we performee Heck coupling under regular reflux for 24 hours, we producedth a

54% yield. Additionally, the byproduct (3) was produced by Heck coupling using conventional
reflux. Syntheszing 7 usinga Heck couplingimprovedtheyield in only aonestep reactionThis
contrasted witithe Wittig reaction which generatech 41 % yieldfor 7 in a two-stepreaction

(Wittig followed bytrans-isomerization).

3.4.3.3Attempts to produce resveratrol derivative 8 usinga Heck reaction

Resveratrokalicylate analogue8 contains free phenajroups Snce the Heck coupling was
previously utilized to produce stilbenes with free phef@jlven at low yields, we investigated

using this reaction tgenera¢ our resveratroanaloguegpossessig free phenols. Consequently,

we prepared 4hydroxystyrene Im) and methy2-hydroxy-5-iodobenzoate 2h) according to

Figure 3-19. We thenconducteda Heck reaction as wkad for compound/. We obtained=/Z

isomer mixtures o8 in an18 % yield. We tried to purify thzansisomer from thecis isomer

but our attempt was unsuccessful. Next, we ttradsisomerization using BB, as wehadin

the caseof the Wittig reaction products. Howeverwe were unablgo convert the isomer
mixtures completelyo onlytransisomers. We observed a slight changethe isomer ratio upon
refluxing with PhS, (tested by TLC), but no completeansisomerizationoccurred It was
proposedhat electron withdrawing groups on stilbenes redbedransisomerization process

using PhS, and often need prolonged heatingr(éxample 10 hourg}1]. I n such case:s
dimethoxydiphenyldisulfidehas beemproven toaccelerateand favorstransisomerization in a

shorter time (for example 4 houfg)]. Conseque nt-tdimethoxydehenyklisutfide4 , 4 6
instead of P55, for the transisomerization of£/Z mixtures of stilbend. However, we noted a
minimal change inthe E/Z isomerratio after this reactionbut no completéransisomerization

occurred
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OH
OH Pd(OAc), , PPh;,
_— N OH
+
ocn, EtN CHiCN
1 microwave 90°C, o
o,
OH aw 24h, 18% HO 8
1m
Ph,S
. CH30M, | reflux 16h, 42% o 200 dry THF,
CH.PPh ]-3r dry THF, rt H,S0, 4,4'-dimethoxydiphenyldisulfide| {_¢
3 305 5 ety
NaH 17h, 78%
OH
H (0
Minor change in E/Z ratio. No complete
OH trans-isomerization occured.
1

(0]

OH

Figure 3-19: An attempt to synthesize8 using Heck coupling.

3.4.4 Demethylation reactions to produce resveratrol and derivatives-80

After we obtainedcompounds3-7 (which are protectedby either methyl or acetyl groups), we

moved to the deprotection step to produce stilbenes with free phenol .ghoyasticulay the

Heck reaction to produce putensstilbenes with free phenols did not work according to our
settings. We looked into the literature for methyl deprotectoategiesand found thaboron

tribromide (BBr3) is a common reageit7-19]. We started the demethylation reaction by trying

to reproduce the reported deprotection reactiongraisTMS to produce resveratr¢l7, 19]

Using a BBr3 solution in CHCI,, the demethylation of TMS afforded 67% vyield of trans
resveratrol(Figure 3-20). We noticed that resveratrol is very unstaldescoloration of this

product appears instantlgvenwhen it isstored at -20°C covered with folRe s verlasm r ol 6 s
stability has alreadybeenreported[42-44]. For that reason, we purchased resveratrol from

commerciakourcesand used it in the biological studies discussed in this project.
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Demethylation reactions to obtain resveratrol derivat86 were conducted using compounds

3 and 7 as starting materials. We used the reported standard conditions for performing such
reactiong17, 19] which involved cooling theeactiondown to about60°C while adding BBy

to the reaction flask, followed by warming the reaction to room temper@tigere 3-20). We

used around 2.0 Eq. of BBper each OCElgroup and we obtained compourtiand9 from 3

and7 respectively. Our lab and others have found that masking carboxylic acid functionality in
some NSAIDs decreases ulcer side effects while maintaihinge  dantdinglasnénatory
propertied45, 46] Accordingly, we aimed teeducethe equivalence of BBduring derivativer
demethylationso that the carboxylate methyl ester group would be intact in the produced free
phenolcontaining stilbene. Indeed, using about 4.5 Eq. of;Byducedderivative 10, which
retained the methyl ester moietyuring the demethylation reaction using BBrwe did not

observe any transformation in the startilgnsisomer (i.e. notransY cis isomerization

observed by TLC).
OR,
S
R

BBrj3, dry CH,Cl,
_—

) O
50-76% R;

-60°C, then r.t., 2-5h

R;

R
R, 3

(TMS), Rl,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;,R;=OH, R,=H, R,=H, Rs=COOCH;,

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

3.4.5 Acetylation reactions to produce derivatives 11 and 12

The final reaction pathway involved the acetylation of derivai8/asd9 to produce compounds
11 and 12 respectively These acetylated derivatives dtoughtto possessan aspirinlike
scaffold, as they both hawam acetylsalicylicacid struatire on one stilbene ringrigure 1-4). To

prepare these acetylated derivatjwee initially triedthe acetylation of8 usingacetyl chloride
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and triethylaminein dry THF. In addition tosomeimpurities, thisreactionproduced major
product(s) whichshowedisomers trend (two closely separated spots on TLC wherevibesy

not wellseparated using low, medium or high polar solvent systems). After we thetsel
products we predicted that this reaction likely afighe trans-isomer configuration of the
products and/or the starting materials. Then, we tried the acetylation using the reported method
for resveratrol acetylatiofd7] which utilized acetic anhydride and pyridine. We used this

approach for acetylatingand9 to produce compoundtl and12 respectively [Figure 3-21).

OR, OR,
R, e O R, AN ‘
Rs (Ac),0, pyridine Rs
—_—
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 newclass of resveratrol derivatives possessicgrboxylic acid group assynthesized based
on Wittig, HWE and Heck reactions. For methoxylated stilbetiesHeck andWittig reactiors
produced the desirednaloguesbut in differenttrangcis isomer ratios the Wittig produced
mixtures of isomers antthe Heck produced mainliransisomers Diphenyl disulfideemerged as
an efficient catalyst to transform isomer mixtures to dfigomes, a phenomenothatwas true
for methoxylatedanaloguesbut not for their hydroxylated counterpartdhe Heck coupling
under microwave irradiation apped to be not theideal choice for the synthesis of these
resveratrofsalicylate derivativesbecauseit produced byproducts at high temperatures.
However,the Heck couplingusing microwaves at low temperaturesas well as under regular
reflux, produced both methoxylated and hydroxylated isomers of target stilbEmesdieck

reactionalso produced aenhanced yield comparedttoe Wittig for the synthesis of derivativé
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(55% versus 41% respectively). Despite being effecavsyntheszing transTMS, the HWE
reaction appeared problematic andresulted inlow yields for the synthesis of methoxylated
resveratrol derivatives possessiagarboxylate function group. Further mbdations to this
synthetic approach mayovide a greatemnderstandingndhelp tosolve the selectivity making

it possible to produc¢arget molecules. Of note, demethylation (using $8Bind acetylation
(using (AcYO) reactions appeared to produce the lowest yield (average of 58%) among all the
reactions for the synthesis of resverasalicylate analogues Further developmentf these
reaction pathways may improve the overall yield of treesdogues
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Chapter 4: Inhibition of CYP1Al enzyme

This chapters publishecasFahad S. Aldawsari Osama H. Elshenawy, Mohamed A. M. El
Gendy, Rodrigo Aguay@rtiz, ShairazBaksh Ayman O. S. EKadi, and Carlos A. Velazquez
Ma r t 2Design and Synthesis of Resveratgallicylate Hybrid Derivatives as CYP1Al
Inhibitorsd J. Enzyme Inhib. Med. Che015, 30(6): 884895 | performed the cell culture
treatment and | wrote thmanuscript. Elshenawy, OH performed the mRNA experiment, El
Gendy, MA conducted the EROD assay, and Age@ytiz, R conducted the docking study
inside the CYP1AL1 active site. All of the-amithors contributed to manuscript editslazquez
Martinez CA was the supervisory author and was involved imtaeuscripbrganization.
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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, h&svexternal xenobiotic substrates

[1]. CYP450 plays a significant role in carrying out phase | metabolism reactions, which include
(but are not limited to) oxidative dehalogenation, oxidative cleavage, hydroxylation, epoxidation,
dealkylation, and alcalValdehyde oxidation[2]. However, aside from the physiological
detoxification mechanism assisted by CYP enzymes, CYPs are also involved in agtivatin
procarcinogenicompounds into carcinogenic agefity. The overexpression of different CYP

enzymes in ancer tissues has been found to be a cruciairstegncer progressida].

The CYP1Al enzyme is a member of the CYP1 family, whclmainly expresseth extra
hepatictissues such ahe lung, skeletal muscleand thyroid gland4]. CYP1Al is one of the

main CYP enzymes involved in the metabolic activation of several environmental contaminants,
such as polycyclic aromatic hydrocarbons (PAB]) CYP1Alis primarily regulatedy the aryl
hydrocarbon receptor (AhR) pathways carcimgenic potential involving the biactivation of
severalpolyaromatic hydrocarbon®AH) has been well documentgs]. Furthermore, CYP1Al
expression (transcriptiondével) is significantly higher in cancer tham normal tissueg3],

which makes the CYRAL isozyme a potential drug target. In this regard, numerous efforts have
been made to develop novel CYP1ALl inhibitofs

There is a significant body of evidence supporting the potential chemopreventive properties of
natural polyphenols and NSAIDs, boith vitro and in vivo. This favorable chemopreventive
profile is attributedo 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, NFa B, i NLO)X§ VEGB, and CYP450 enzymes, among many oth&fsSome

of these proteinsare targetedby 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 mdil@spirin and

resveratrd is promising It I's cl ear t h arthydroxgstlbere) ia & natutally ( 3, 4

occurring polyphenol capable of exerting significamvitro inhibition of the CYP1Al enzyme
[9, 10], but the data on aspirin (and salicylates in general) is stittmarsial. For example,
salicylic acid only shows CYP1A1l inhibition
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tested in MCF7 cells[11], while other reports have shown that neither aspirin nor salicylic acid
significantly inhibit CYP1A1 activity12]. Adding a salicylate moiety to e s v e rclzemicab | 6 s
structure would suggest a signific&@wWtPldhddseas
enzymatic activity. Neverthelesgreliminaryresultsthat our groupgenerated with a molecular

modeling (docking) study using the recently reported crystal structure of human CYP1Al
(described in the experimental section), seem to suggest that it might be possible for the new
hybrid molecules to inhibit this enzyme. Encaged by thesa silico (preliminary) results, we

decidel to assess the ability bfybrid resveratrolsalicylatederivatives(synthesized irChapter

3) to inhibit CYP1A1 catalytic activity.

As part of interdisciplinary research work aimed at developing ar@wancer/chemopreventive
agentswe reportin this chaptethe effects of adding a salicylate (or an acetylsalicylate) moiety
on resveratr ol 60sCY&HiAlactvugy and expressm d\e | testedaybrid
resveratrol derivatives usirtge 7ethoxyresorufinO-deethylation (EROD) assay to measure the
catalytic activity of CYP1A1l in the presence of each test drug. The results obtained in this
experiment showed different degrees iof vitro modulation of enzyme activitysome
compounds inhibitedCYP1A1, while others increased it. Among the group of inhibitors, we
identified compound3 as the most promising resveratahalogue as it showed a suitable
inhibitory profile by reducing 2,3,7-&trachlorodibenzg@-dioxin (TCDD)}mediated induction

of CYP1ALl catalytic activity in HepG2 cells. We also observed that this eff@stassociated
with a reduction of TCDBmediated induction of CYRIL mRNA levels. We submit that
compound3 is a novel hybrid resveratraalicylate derivative with promising modulatory effects

on CYP1Al,and that ittould protect against CYP1AL1 activation of environmental carcinogens.

4.2 Materials and methods

4.2.1 Cell culture

Human hepatoma HepGzells (ATCC HB-8065, Manassas, VA) and human colon
adenocarcinom&lT-29 cells (ATCC HTB-38, Manassas, VA) were maintained in Dulbecco's

modified Eagle's medium, supplemented with 10%-ivestdtivated fetal bovine serur@,mM |-
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glutamine 100 IU/mL penicilinand 100 eg/ mL streptomyann.

tissue culture flasks at 37°C in a 5% @midified incubator.

4.2.2 Determination of CYP1Al enzymatic activity (24 h incubation)

The CYP1Aldependent -thoxyresorufin @ledhylase (EROD) activity was performed on
intact living cells, using -ethoxyresorufin (7ER) as a substrate, following a previously reported
procedurd13]. Briefly, cells (10 cells per well) were seeded onto-@8ll microtiter cell culture
plates until tey reached 780% confluency. Resveratrr its analoguegdissolved inDMSO

was added to the cells (5 uM final concentration) before TCDD addition (1 nM final
concentration) and the cellgere incubatedor 24 h.After that the cells were washed with PBS,
and 200 eL of 7 ERadded foegach welh Thé @mownt\d) reserufin formed in
each well at each tiragoint (every 5 min) was detected by fluorescence spectroscopy for each
treatment per minute by comparison witktandard curve of known concentrations (excitation,
545nm; emission, 578m; Baxter 96well fluorometer)[14]. The CYP1Al enzymatic activity
was normalized to cellular protein content using a modified fluorescence njéBjodResults

are presenteds tle mean® SEM, and statistical differences between treatment groups were
determined usingneway ANOVA followed by a StudeniNewmanKeuls posthoc 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 andaitaloguesn the CYP1Al enzyme, a
method similar toan EROD assay was performed, withslight modificationas described
previously[16, 17] Briefly, HepG2 cells were incubated with TCDD (1 nM) for 2& hemedia
wasthenremoved, and the cells were washieee timesvith PBS OnemM of resveratrol or its
analogues irmnassay buffer [Tris (0.081), NaCl (0.1M), pH 7.8] wasadded to the d¢is for 60
minbefore7 ER (2 € M f i nwads addeshs asabsttate ®@rtthe EROD measurement.
The CYP1A1l enzymatic activity was normalized to cellular protein content using a modified
fluorescence methdd5]. Resultsare presenteds mear? SEM. Statistical differences between
treatment groups were determined usormgeway ANOVA, followed by a StudentNewman
Keuls posthoc test usinghe SigmaStat 3.5 program for Windows, Systat Software Inc. (San
Jose, CA).
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4.2.4 CYP1A1 mRNA expressions

4.2.4.1RNA extraction and cDNA synthesis

Six hours aftebeingincubaedwith the test compounds, cells wa@lectedand total RNA was
isolated usinga TRIzol reagent (Invitrogen) according to the manufacturer's instructaoms
guantified by measuring the absorbance at 260%iter that first-strand cDNA synthesis was

performed using the Hig@apacity cDNA reverse transcription kit (Applied Biosystems)

according to the manufacturer's instructidds. i ef | vy, 1 NAfrorm gachsdmple et a | R
addedtoamixoad2 . 0 ¢ | of 10 x reverse transcription
(100mM™m) , 2.0 ¢l of 10 x RT random pri mers, 1.
el of -imee wdteeThesfimal reation 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.

4.2.4.2Quantification by real-time PCR

Quantitative analysis of CYP1A1 mRNA expression was performed by real time B§CR
subjecting the redting cDNA to PCR amplification using 9&ell optical reaction plates in the

ABI Prism 7500 system (Applied Biosystems). Twefitae-microliter reactions contained Cell

of10 €M forward pri mer primer(4@M final cdncerarétiont éache M r e v
primer),12 . 5 ¢ | of SYBR Greaéamh. O0Bi ¥ bk rfrechnatardadsl2® 58 € mi X

e | aoONA sample (equivalent to 0.28g/mL). The primers used in the current studgre

chosen from a previous study [18]; human CYP1Al forward - pri me
CTATCTGGGCTGTGGGCAA3 06 , r ev e r-BTEGQICAABBGACAAREDIGG3 6 and
human b-actin: forwar d-CTEGOAGECAGCACAATG3 0 , rever se pri

GCCGATCCACACGGAGTACT3 6 . A s s a werecircorponatedints the same plate
namely, netemplate controls to test for the contamination of any assay reagents. After the plate
was sealedavith 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 smmehling/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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4.2.4.3Reakttime PCR data analysis

The realtime PCR datawr e anal yzed wusing r el atmethed @asene e
described in Applied Biosystemdser Bulletin No.2and explained further by Livak and
Schmittger{19]. In brief, the primers used in this study were tested to avoid primer dimers, self
priming formation, ormonspecific amplification.To ensure the quality of the measurements

each plate included, for each gene, a negativeroland a positive controkor 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 tapéicmeasurements for each sample were
averaged to give an average @lue for each group, after removing the outlig8]. The
samplesvere dilutedn such a manner that the Galue was observed betwegs and 30 cycles.

Results were expressed using twmmparative € method as described ldser Bulletin No.2

(Appl i ed Bi osys trealuss)were &ilculated ih gvery saniple forge&ch gene of
interest as € gene of interest Ct reporter gene W i-attin asfthe reporter genehe @lculation of
relative <changes I n the expr epwas parfornieddy e | of
subtractigt hetogdC t he contr ol ( u nrtofrthe adrrespbndm@ ttedtreent f r o n
groups. The values and ranges given inRiueire 4-3 were determineas follows: 2®%< With

ppe+t SE apndbEpop@here SE is the stanaue@seer ror
BulletinNo.2 Applied Biosystems).

Dataare presenteds themeant SEM. Control and treatment measurements were compared

using aoneway ANOVA followed bya StudentNewmanKeuls posthoc test, usinghe

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

4.2.5 Molecular Modeling

Protein.The crystal structure of the human CYP1A1l (PDB ID: 41@41)] was downloadeftom

the Protein Data Bank (PDE}2]. The chains B and C, crystallographic water moleculas2a
phenyt4H-benzoH]chromen4-one (inhibitor cecrystalized with the proteinjvere removed
manually. Subsequently, all hydrogens and electrostatic chargesagdded, and protonation
sites were corrected. Tregomic partialchargesof the heme group were computed using the

Gasteiger charge meth¢a3]. Finally, the structure was submitted to a geometry optimization
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with 500 steepest descent steps, and 100 gatgwradient steps, using the AMBER99SB force
field implemented in UCSF Chimera 124].

Ligands. The compounds3 to 12, TMS and resveratrolwere constructed and submitted to a
geometry optimizatiomsingthe AMBER99SB force field in UCSF Chimera 1.9.

Docking Docking calculations were carried out using AutoDock 4.2 softy2&le A grid box

of 70 x 70 x 70 pints with a grid spacing of 0.375 A, and centesedhe hemegroup was used

to calculate the atom types needed for the calculation. The Lamwargknetic algorithmvas
usedas 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 lowedirgrireeenergy,and the largest cluster size.

4.3 Results and discussion

4.3.1 Determination of CYP1A1l enzymatic activity

We measured the induction of the CYP1Al enzyme by TCDD using HepG2 a2 lddlls;

this model has been extensivebed to study the effects of resveratrol on CYP1ALl activity and
expressiorf26]. In this regard, Beedanagari et al. reported that TCDD induced the expression of
CYP1A1 mRNA in HepG2 cells, but not CYP1BA6]. We selected the EROD assay to test the
ability of compounds3-12 to inhibit the catalytic activity of the CYP1Al enzyme, but first, we
conducted a concentratimlependent cell viability assay (MTT assay) to determine the
maximum concentration at which enzymatic inhibition occurred without causingisagitell

death. Based on this assay, we determined that the final concentration for subsequent screening
assays with compoun@s12 was5 pM, 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 TCDDBmediated induction of CYP1AL1 catalytic
activity in HepG2 cells. (A) Cells were prancubated with 5¢ Mof resveratrol (Res) or
analogues for 30 min before TCDD (1nMas addd for an additional 24. The CYP1ALl activit
level was determined usirggCYP1Al-dependent EROD assay. abk represent mean activit
SBEM. (n = 8). (+)P < 0.05 comparetb the control (C), (*)P< 0.05 comparetb TCDD. (B) The
direct inhibitory effects of resveratrol and its analoguetheitCYP1A1 enzyme. HepG2 cells w
pretreated with TCDD (1nM) for 24 h, thereafter, media were removed, wdkhes timeswith
PBS, and 5 &M of tdnassatpeffert[Teisd(0.05M)nNa®l (0OriM)spH i7.8
were added for 60 mibeforeo f 7TER (2 &M f iwasaaddedorothe the EROL
measurement. Results are expressetjpascentage aheremaining ERODactivity (mean + SHI,
n = 8). (*) P< 0.05 compeed withthecontrol (C). ND: not detected.
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4.3.2 CYP1ALl catalytic inhibition (24 h incubation) in HepG2 cells

As expected, we did not observe any CYP1A1 activity in DM&@ted cells (negative control),

whereas cells treated with TCDD (positive control) vead a significantly higher enzyme
activity, which was about 700 pmol / min/ mg pr.
expression and activity of thenzyme in HepG2 celld={gure 4-1, A). In the same experiment,
resveratrol and its methylated derivatisemethoxystilbengTMS), inhibited TCDD-mediated

induction of CYP1Alby 15% and 98%respectively.This dramatic difference between the
hydroxylated and methoxylated stilbenes is likely dueTkdS6 €nhanced lipophilicity and

improved cell membrane permeabilityhis is consistentwith previous reportsvhich have
demonstrated that replacing hydroxylogpswith met hoxy groups i n resve
increased inhibitory potency on CYP1A1 catalytic activity, as well as on other CYP450 enzymes

[27, 28]

Figure 4-1, A also shows thathere are four hybrid resveratisdlicylate compounds that
significantly decreasedCDD-induced CYP1A1l activity, namely, compoun8s4, 6, and 7
which inhibited CYP1A1 aovity by 84%, 29%, 20%and 43% respectivelyrhese derivatives
share two common structural featurfist, they possess a methyl ester at the carboxyl group at
position3 -0; second, they have either a methoxy group at positipor two methoxygroups at
positions 3 and 5. These observations aoengstent with previous reports in which was
observedhat methoxylation of the stilbene scaffold resulted in an enhanced CYP1A1 inhibition
[27, 29] Additional structureactivity relationship (SARanalysis shows that hybrid compounds
withan acet oxy g r-dconpouads! ama@),sre iveakenCYRI1AL inhibitothan
thosewith methoxy groups (compoundsand 7) at the same position. Apparently, the acetyl
group decreases the abilityotts e st i | benes to inhibit CYP1A106:

Additional data about the effect of acetylation on the inhibitory activity exerted by stilisenes
provided by the results obtained with derivatig¢ whi ch is structwurally
tetramethoxystilbene, a synthetamalogueof piceatannol (CYP1Al I = 750 nM [30]).
Compound5 showed about 60% inhibition of CYP1A1 Figure 4-1, A). The structural

di fference bet we e n 4-iebamsthoxystilbene (not tested) s dhe Fesenhce

of an acetoxy Jginstead pf aanethopy gmuphis sopportghé observation

that acetoxy groups decrease the CYP1AL1 inhibitory activity exertetebyoxystilbenes
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Compoundswith afree carboxylic acidg, 9, 11 and12) did not inhibit CYP1AL1 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 compou@dmd 9 produced a slight increase in
CYP1A1l activity as measured by the EROD assay. These findings seentaods¢éant with
previous reports showing that both aspirin and salicylic acid failed to decrease EROD levels even
when tested at concentrations as lagih mM in HepG2 cell§31]. Consequently, we observed

that stilbenes acted as modulators of CYP1Al activity; in other words, depending on the
chemical structuresomeof the stilbenesnhibited CYP1A1 activity while others increased it.
From atherapeuticpoint of view, an increased CYP1Al activity in cells with significantly
increased metabolic rates (such as cancer cells) might be regarded as an unwaeféetside
because an increased CYP1Al activity would potentially increase the rate and theaextent
which some pracarcinogens cabe convertedo carcinogens.

When weanalysedhe structureactivity relationship for derivative3, 4, 6, and7, we observed
that compoundswith a single methoxy group at position dre better CYP1A1l inhibitors than
thoe with a 3,5dimethoxy moiety. This observation is novnsgstent with the findings of
Mikstacka et al. who reported the synthesis and biological evaluation of a series of
methylthiostilbenesas CYP1A1,CYP1A2 and CYP1B1 inhibitorg[32]. Mikstacka et al.
observedhat 3,5disubstituted compounds were more potent than thatbeonly a 4methoxy
group[32]. Nevertheless, we realize th@air observation requires further validation by testing a

more expanded library of compounds using the same assay coaditio

4.3.3 CYP1AL1 catalytic inhibition after (1 h incubation) in HepG2 cells

The main mechanism of TCDBmediated carcinogenicity involves activatilPAhR and
subsequehy inducing CYP1A1 through transcriptional and translational mechanif3Bs.
Resveratrol is a reported AhR antagoft], which has the ability tanhibit CYP1A1 activity

by directy inhibiting CYP1A1 activity [7]. To investigate whether our hybrid resveratrol
salicylateanaloguese x hi bi t Adirect o CY Fhé iAhbitory effectsbof thei o n
most active compoundsT (1S, 3 and 5) by incubating HepG2 cells in the presence of these
compounds for 1h. Briefly, first we treated cells with TCDD for 24 hours to induce the
expression of the CYP1Al enzyme (as describednaterials and methods). Then, after

changing the medium, we incubated the cells with the corresponding test compound for
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(before addirg the substrate for CYP1Al)Fnally, we measured the catalytic activity of

CYP1ALl as described in the experimental secti

Our results(Figure 4-1, B) demonstrate that, unlike the 24 h incubation experiment described
previously, resveratrol did not significantly inhibit CYP1A1 activigesveratrol concentrations
previously used to illstrate resveratrol antagonism on AhR were higher thapM.(Q35-37].

This may explain why we did not observe any significant effect of resvedausing this
experiment (ab UM resveratrol). Similarly, compoun® had no direct inhibitory effect oneh
CYP1A1l enzymeeven though this compound exerted about 60% enzyme inhibition when tested
over a 2 hincubation period Kigure 4-1, A). In contrast the new compoun® showed a
moderate inhibitory effect on CYP1Al enzyme activity (about 38% inhibition), which was very
similar to that obtained withiMS (42%, Figure 4-1, B). We also observed that compoudidias

a more potent CYP1A1 inhibitor than the parent compound resveratrol, which suggests that the
hybrid resveratrebalicylate derivative3 can significantly inhibit the carcinogesactivating
enzyme CYP1AL1 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 forshdwshow the drugaffectedCYP1A1 at the
posttranslational level (direct inhibition), rather than (or in additionsiedwing thepotential

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

4.3.4 CYP1ALl catalytic inhibition after (24 h incubation) in HT-29 cells

To further confirm our finding in cultured HepG2 cells, we repetie@ROD experiment using
HT-29 cells The resuliof this exgeriment is presented ifrigure 4-2). We used the most potent
compounds observed in HepG2 cell@MS, 3 and the parent molecyleesveratrol).In the
absence of TCDD, none of the compounds (including resveratrol) significétetigdthe EROD
activity compared to DMSé@reatedcells (data not shown}igure 4-2 shows that ERODvas
detectedin these cells without TCDD inductiomn observationwhich is congstent with the
literature showing that HPR9 cells constitutively expreSSYP1A that can be detected ban
EROD assay38]. The main finding in HT29 cells is that instead of decreasing EROD activity,
resveratrolenhancedhe toxcity of TCDD as it caused aboat twofold induction in EROD
activity compared to TCD#Hreated cells(Figure 4-2). The elevation in EROD activity
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attenuated ashe resveratrol concentration increds@ata not shown)This finding can be
explained by threeecent literature observatiankhe first is that resveratrol was observed to be a
partial agonist of AhRas it induced CYP1A1 and CYP1A2 mRNA in HepG2 c@88, 40] The
second is that resveratrol stimulated CYP1A1 activity (by EROD assay) inZeelts after 24
hours incubatiof41]. The thrd is that resveratrol increasthe CYP1ALl activity in HaCaT cells
along with reducing the clearance of the endogenous AhR ligkd, kvhich prolongedhe
activation of CYP1A142]. Unlike resveratrolTMS and compoun@ 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 TCDDmediated CYP1Al
catalytic activity in HT -29 cells.Cells were prencubated with & Mof resveratrol (Re
or its analogues for 30 min before TCDD (1nMas addedor an adlitional 24h. The
CYP1AL1l activity level was determined usiagCYP1Al-dependent EROD assay. al
represent mean activity + € (n = 8). (*) P< 0.05 compared with TCDD.
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4.3.5 Effects on the expression of CYP1AINRNA

To investigate if the decrease in enzyme activity exerted by the test compounds was due to a
classical inhibition of the CYP1ALl active site, or to a decrease in CYP1AL1 transcription, we also
measured CYP1A1 mRNA levels in HepG2 cells inphesence of the test compounds (5 pM),

for six hours as described previously [18]e selected compouri(the most promising hybrid
stilbenesalicylateanalogug and compared it tdMS under the same experimental conditions.

The results of thigxperimem are shown irFigure 4-3. DMSO+treated cells (control) showed
negligible induction of CYP1A1 mRNA, whereas TCRBiRated cells exhibited a significant
increase in CYP1A1 mRNA levels (aboat295fold increase compared the control cells).

Cells cotreated with both TCDD an@MS showed a dramatic decrease of CYP1ARNWA
expression compared to those treated with TCDD alone, whicbnisistentwith the results
observedafter both (1 and 24 h incubation) EROD assays in HepG2 cells. Similarly, cells co
incubated with TCDD andompound3 also showed a significant decreaseghe expression of
CYP1A1 mRNA levels, although this effect was not as strong as that obtainedM&hThis
suggests that compoutexerts its modulatory effect on CYP1Al bybotm hi bi t i ng CYP1
catalytic activity and decreasing its mMRNA levels.
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Figure 4-3: Effects of stilbenes on CYP1A1 mRNA level in HepGZ2Cells were cetreatet
with 1 nM TCDD plus compound 3 or TMS at 5 pM for 6 hours. Fatsand cDNA wa
synthesized from total RNA (1.5 ¢€g9) e
amplified and quantitated using the ABI 7500 rii@le PCR system as describedhe materia
and nethodssection.Duplicate reactions were performed for each experiment, andatbe:
presented as the mean +NbE(n= 6). (*) P < 0.05 compared to DMS@ontrol (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
CYP1A1l, we carried out a molecular modeling (docking) experiment, in which we assessed the
ability of all compounds to exert binding interactiowgh key amino acidresidues in the
CYP1Al active siteSimilar studies havebeen reportegreviously, but these had used the
CYP1A2 template (PDB code: 2HI4) instead, and from these predidtersuthors assumed
potential binding interactions between experimental druggl the CYP1Al active site
(homology models)7]. Nevertheless, considering that the crystal structure of human CYP1Al
was recently reporte(PDB code: 4I18V[21]), we decided to use this template in our docking

study. To the best of our knowledge, our wirkhe firstto correlae in vitro CYP1A1 activity

data with docking studies using trexentcrystal structure of human CYP1A1.
- .

Phe123A —Qq
Leu312A k

‘\
[} “ “\
(i Y
Ala317A Asn255A 1 %\
Phe258A PR
\ Y
} H,

H \D

/
R/N:/) Phe224A
RN

N

Q
Ser116A

Figure 4-4: Binding mode for TMS in the active site of CYP1Al1.The 3D figure wa
generated using PyMOL Molecular Graphics System (DelLano Scientific LLalo Alto
CA, 2007); the 2D figure wagenerated according a procedure described in the litera
[43].
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Figure 4-4 shows the binding mode farMS within the active site of human CYP1ALl. This
molecule exerts p-p interaction with Phe224, which has been reported by others in iéo
studies with resveratr@nalogueg44]. Figure 4-5 shows the binding modes calculated for all
the test compound$8-12); it is interesting to note that compour®|4, 5, and6 exert a similar
binding profile Figure 4-5) to that observed fof MS, which may account for thein vitro
inhibitory activity. On the other hand, compounghowed a slight shifvithin the active site of
CYP1A1,which allows its carbonyl group to interact with the iron atom withinlteenegroup,

and at the same time, pooduce g-p interaction with both Phe224 and Phe258.

Compounds3-7 showed low free energy values and at the same time, shugkedluster size
values(Table 4-1). Thesedata suggesa high probability of exerting binding interactions with

the CYP1ALl active site, having the actual conformation calculated and reported for these drugs.
However, compounds8 and 9 showed a significant binding interaction between their
corresponding carbglate groups and the iron atom present in ke group of human
CYP1A1, which resuéidin aloss of the binding intaction with Phe224Figure 4-5).

Despite the low free binding energy values calculated for compdiadd 9, their low cluster
size values suggest that these two hybrid salicykeeratrol derivatives would likely apiba
slightly different conformation than that determined hy onolecular modeling protocoln
other words, there is a significant probabilityat these compoundsill bind with the CYP1Al
active site by a different conformation than that predicted theoretically. Compd@usttbwed
the highest free binding energy and the lowest cluster size among the tested comploends
predicted binding mode for this particular moliecaoes not show thp-p interaction with
Phe224 observed for some ofatsaloguegFigure 4-6). This wouldexplain why this compound
was practically inactivén vitro. Finally, compound41 and 12 showed the lowest free binding
energies and the highest cluster size values, which wamddunt for their inabilityto in vitro
inhibit the CYP1A1 enzyme. However, the observed interaction of the carboxylic aoupgr
present in these moleculesth the iron atom in th@emegroup 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 couldogdmkedto the increased

enzymatic activity of CYP1ALl in the case of compou@asd9 (Figure 4-1).
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P Gindin Cluster P Gindin Cluster
Compound (kcal/mc?l) size Compound (kcal/mogl) size
T™MS -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: Calculated binding energies for resveratrol derivatives insid€YP1A1 active
site.
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Figure 4-5: Comparison of different binding modes inside human CYP1Alexerted by
resveratrol derivatives. TMS (shown in grey)s compared to that @lompoundgA) 3 (cyan)
4 (purple),5 (orange)6 (yellow); (B) 7; (C) 8 (purple),9 (orange);(D) 10 (purple),11 (blue]
and12 (yellow) in the active site of human CYP1Alhe 3D figures were generated usis

PyMOL Molecular Graphics System (DeLano Scientific LLC, Palo Alto, CA, 2007).
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Figure 4-6: 2-D representation ofbinding interactions inside CYP1A1. Compound
(A) 3; (B) 7, (C) 8and(D) 12are displayedThe 2D figures were generated accordin

a procedure described in the literat[48].

It is noteworthy that the vast majority of previous literature reports have desaiipedhe
inhibitory profile of trans-stilbenes on CYP1A1, and not much attention be@snpaid tothe
correspondingcis-isomers. One of the future directions in this regard kbunvolve the
biological evaluation of hybrid resveratredlicylate derivatives possessing tieconfiguration,
especially becauseis-isomers have been shown to exert significant anticancer adi\bly
even though thigherapeuticprofile has notbeen correlateavith in vitro CYP1A1 inhibition
studies.We have identified (by molecular modeling) at least one hybrid derivative that could
exert potent CYP1ALl inhibition (results not shown), atdch constitutes thdéocus of one of

our future researcprojects.
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4.4 Conclusion

The addition of a c a r-hnahe yesverdtrel strygatuce yipldedhd newp o s i t

series of aspirimesveratrolanalogueswhich modulatd the in vitro activity of the carcinogen
activating CYP1Al1l enzyme. Compoungsth methyl estersshowed a moderate inhibitory
profile of CYP1AL1 activity, compared to the parent resveratrol; however, compuaithds free
carboxylic acid group (including thoseith an acetylsalicylic acid group) increased the

e n z y roagadytic actity. The potential chemopreventive effect exerted by compadu(itie

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 ablpM.as
Importantly,3 (in addition to TMS) did not potentiate TCBediated CYP1A in HR29 cells.

The implications of these results are significant, considering the potential synergistic profile of
the new hybrid resveratrshlicylate analogués) on many otér targets relevant to
chemopreventionThis study also showed that differences in the chemical structuldfefent
stilbene derivatives may potentially switch CYP1A1 inhibition to CYP1A1l induction, which
may not be useful in l@ang-termchemopreventiveetting, but it might find potential applications

in shortterm states where CYP1AL1 activig/requiredout compromised.

The resultof this study provide preliminary evidence supporting the desidnylofid molecules
combining the chemical features ava wellFknown chemopreventive agentgsveratrol and
aspirin (salicylates). According to our findings, the previously repartédvorableeffects of a
salicylate moiety did not void the ability of some hybrid resverar@loguesso inhibit the
catalyic activity of CYP1AL, or its effects on CYP1A1 mRN#An vitro. Finally, compound3
represents a new potential hybrid chemopreventive ageich combines the structural features

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

This chapter is published &ahad S. Aldawsari Rodrigo AguayeOrtiz, Kanishk
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Ma r t 2Resveratrokélicylate derivativeas selective DNMT3 inhibitors and anticancer
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proliferation inhibition experiment (MT&ssayygnd | wrote the manuscript. AQua@rtiz, R
conducted the DNMT docking sty and Kapilashrami, K performed the in vitro DNMT enzyme
inhibition. All of the ceauthors participated in manuscript edits and provided feedback on
manuscript structurd/elazquezMartinez, CA was the supervisory author and was involved in
themanuscripbrganization.
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5.1 Introduction

ResveratrolFigure 5-1) is a naturally occurring polyphenulith a wide variety ofiological
properties.It has been regardeéds a phytoalexin (plant antibiotic), amsl produced at low
concentrations by several [ant species [1] The biological effects of resveratrol have been
extensively studiedn vitro andin vivo [2-6]; some ofits reported effects includbut are not

limited to antrinflammatory [7], anticancer [8], antioxidant [9], cargimotective [10],
modulation of the estrogen receptor [11], and chemopreventive activity Ifl2his regard,
resveratrol possesses an attractilemopreventive profile, because it inhibte tproliferation

of cancer cellsn vitro without exerting significant cytotoxicity to normal cells [13]; it induces
cancer cell apoptosis in several cell lines from different tissue typebsgJl4nd it significantly
decreases tumor size vivo using dfferent cancer cells in xenograft models of rodents [17, 18].
The mechanisms of action associated with the chemopreventive profile of resveratrol are varied
and rather complexn accordance with he cur r ent paradigm i-nvol vi
t ar dregs, and the relatively new concept knowmpalypharmacologyl9], there isevidence
supporting the mukltarget profile of resveratroln this regard, resveratrol downregulates the
expression and/or inhibits the activity of key enzymes and tranecrifactors involved in
carcinogenesis, including (batre not limited to) cyclooxygenase (COX) enzymes, inducible
nitric oxide synthaseiNOS), lipoxygenase (LOX), PiBinases, NFB, PPARy Sirtl, and
DNA-methyltransferases (DNMTSs) [20].

DNMTs are agroup of enzymes expressed by mammals in three active isSofQINMET1,

DNMT3A, and DNMT3B (and one more regulatory enzyme identified as DNMTZAL]) Under

normal physiological conditions, DNMTs are crucial for DNA methylation at cytosine residues

[21]; specifically, DNMT3 functions asan initial (de novy methylator, while DNMT1 is
responsible for fAmaintenanceo o Howevareabemant hy !l at
met hyl ation patterns (ref e ganes@andaoeexpressiongopknet i ¢
DNMTs have been associated with many cancer tydsding lung colorectal, prostate, breast,

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

Experimentally, the selective inhibition of different DNMT enzymes has provichgabrtant

clues todeterminetheir role in physiology and pathophysiologyor example, it has been
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observed that DNMT inhibition r eas¢parlticulartyes s

tumor suppressor genes (genes associated with the expression of proteins that prevent tumor
formation) [24, 25]Another important observation is that the concomitant incubafi@NMT

inhibitors with chemotherapeutic agen#s, 27] as vell as radiotherapy28], have showed
significant synergistic effects of both of these therapeutic strategies. Finally, the inhibition of
DNMT1 and DNMT3B has been shown to abrogate hepatitis C infection in hepatocellular
carcinoma cell§29]. Consequentlyit 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 clemical structurefeatures requiredor a given moleculéo display DNMT inhibitionare
describedin the literature. According to the chemical structure, DNMT inhibitors can be
classifiedinto two main groupsthe nucleogt)ide and thenon-nucleogt)ide DNMT inhibitors
[32-34]. Azacitidine (Vidaza®, Celgene) and Decitabine (Dacogeh®ex) are two US FDA
clinically-approved nucleosidBNMT inhibitors [34], whereas the compound MG98 represents
an oligonucleotideRepresentative examples of the marcleos(t)ide class of DNMT inhibitors

are a tryptophan derivative (RG108), quinoline derivatives (8G27), alkyne derivatives,
cyclopenta and cyclohexathiophene derivatives, procainamide derivatives, genistein (natural
flavonoid), curcumin, PsammaplidA (a marine natural compoundand hydralazine (see
Figure 5-2 for chemical structures) [34].

Based onthe observation that DNA methylation cée reversedoy 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 placelomgr
period of time after administering either syhetic [35] or naturallyoccuring chemopreventive
drugs [36]. Computational approaches have demonstrated the ability to identify DNMT
inhibitors or compounds with demethylating properties that have novel scaf8dd87] A

recent work published by Kuaodt al. [38] reportedhe dockingbased, virtual screening, aimd

vitro evaluation of more than 26,000 compounds from the National Cancer Institute (NCI)
database on DNMT enzymds. that paper, authors reported a series of small molecules with

relatively high biochemical selectivity towards individual human DNMT enzymésing a
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multistep docking approach of ledike compounds with a homology model of the catalytic site
of DNMT1, followed by experimental testinguck et al.identified seven new molecules with
detectable DNMT1 inhibitory activityThe molecules identified in ¢éhstudy had diverse
scaffolds, somavere not previously reported as DNMT inhibitor§hese include@ series of
methylenedisalicyli@cids, among whicthe compound NSC 14778i¢ure 5-1) was one of the
most potent compounds tested on DNMT1 and DNMT3B enzymes Y88]analyed the
chemical structure of the new scaffold present in methylenedisalicylic acids, and edipar
that of our recently reported resveratsalicylate analogue¢Table 5-1). After addng a
carboxylic acid group to one of the aromatic rings present in the polyphenol [39], we
hypothesized that, in addition to the CYP1A1l inhibitory activity reported previoustge th
hybrid drugs could also inhibit the enzymatic activity of DNEzymes.

To the best of our knowledge, there are no reports in the literature describing the direct inhibitory
effect of resveratrol on DNMT enzyme$he onlypaperwe could findwith a similar focusby

Qin et al.,looked atthe effects of resveratrol on the expression of DNMT enzymes AdOpart

of ongoing research aimed at developing new aacltemopreventive agents, we aeporing

in this dapterthe in vitro biological ewaluation and moleculamodeling (docking) studies of

new resver&rol-salicylate derivatives against DNMT enzym@&r hypothesiss basedon the

idea that addig a carboxylic acid or its methyl estattaché ortho to one of the phenol groups
present inhydroxystilbenesmight confer resveratrol with a novel DNMT inhibitory profile,
similar to that exerted bynethylenedisalicylicacids described abovén this chapter we
identified compoundl0 as the most active analogwehich showed greater than fotwld
potency compared to resveratrol in inhibiting the DNMT3A enzykaglitionally, compoundLO
exerted cell proliferation inhibition on three different human cancer cell line2@iHepG2,

and SKBR-3), suggesting that this amécal compoundis more effective than the parent
resveratrol under the same experimental conditions. Finally, stability studies of this molecule
showed that this stilbene leinghydrolyzedin plasmato producecompoundd, a moleculehat

also exhibitedignificant DNMT3 inhibitory activities.
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HOOH [ :[ OH
HO OH o)
Resveratrol NCS 14778

Aspirin

(methylenedisalicylic acid) (acetylsalicylic acid)

(3,4',5- trihydroxystilbene)
' |
& oo
R g

R2

R3
Hybrid resveratrol-salicylate derivatives
Figure 5-1: Chemical structures of resveratrol, NSC 14778 and aspirin. The hybrid

resveratrolsalicylate derivativehiavethe combined chemical features of these three different
types of agents

R R> Rs R4 Rs
Resveratrol OH H OH H H
TMS OCHs H OCHs CHs H
3 H OCHs H CHs COOCH;
4 H OCHs H Ac COOCH;
5 OCHs H OCHs Ac OCH;
6 OCHs H OCH;s Ac COOCH;
7 OCH; H OCH; CHs COOCH;
8 H OH H H COOH
9 OH H OH H COOH
10 OH H OH H COOCH;
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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(A) Nucleoside DNMT inhibitors
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(B) Non-nucleoside DNMT inhibitors
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Figure 5-2: Chemical structures of representative examples ofA) nucleoside andB)
non-nucleoside DNMT inhibitors.
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5.2 Materials and methods

5.2.1 Chemistry

We carried out the synthesis of hybrid resveragedicylate derivative$-12 as described in
Chapter3.

5.2.2 Inhibition of DNMT enzymes

The catalytic domains of DNMT3A/3B arfdll-length DNMT 3L were purifiedas previously
described[41]. Full-length DNMT1 was purified as previously describefd2]. The dose
responsexperiments were performed against DNMT1 and DNMT3A/3B using the radiometric
assay described by Hemeon et[4l]. Briefly, the assay was conducted in the buffer containing

50 mM HEPES, 50 mM K 5% glycerol andl mM DTT, pH = 8.0.The inhibitors were
preincubated in the buffer containikg M of t he corresponding enzym
30 min, and the reactionas initiatedoy t he addi ti on of the substr
and 1.8 ¢*WS-adenosylL-methionine).The methylation reactions were allowed to proceed
atanambient room temperature of 22 °C #bh (DNMT3B/3L) and overnight (DNMT3A/3L).
Subsequentlyp e L o f t h eerespettadcon il.® em xwl.2 cm DE81 Anion Exchemng
exchange filter paper squares. Each reactias spottedthree 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 veas ght in scintillation

vials, to which was adde@®.5 mL of deionized double distilled watdollowed by 5 mL of

scintillation fluid. The signal was monitored using a Liquid Scintillation Analyzer (Perkin Elmer

Tri-Carb 2910TR) andthe percentof inhibition was calculateds previously describdd3].

5.2.3 Molecular Modeling

Proteins The crystal structures of human DNMT1 (PDB ID: 3SW4RH DNMT3A (PDB ID:
2QRV) were retrievedrom the Protein Data Bank (PDBor the DNMT3B structurewe used
the homology moddhatwe hadpreviously published for this isozyme [38]he structures were
prepared and submitted to a geometry optimization protocol (OPLS force field) usohefaloé
settings on th@rotein Preparation Wizard protocol affféédinger softwargd4].
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Ligands Compounds3 to 12, 3 -trahstrintethoxystilbbene TMS) as well as resveratralere

built and submitted to a geometry optimization protacsihgthe AMBER99SB force field in
UCSF Chimera 1.$45].

Docking Moleculardocking studies were performed using AutoDock gbftwarg/46]. In these
studies we evaluated the compounds in the DNMT catalytic site in the presence and absence of
the cofactor. We used a grid box of 80 x 80 x 80 points with a grid spacing of 0.3RatA
covers the catalytic pocket and thefaotor binding site. The Lamarckian genetic algoritivas
usedas a search method@wenty runs were carried out with a maximal number of 5,000,000
energy evaluations arahinitial population of 150 conformers. The best binding modes for each
moleculewere selectedor the analysis. Wéad previously used AutoDock to model DNMT
inhibitors[38].

5.2.4 Cell proliferation inhibition (MTT assay)

Human colorectal adenocarcinoma 9 cells (ATCC HTB-38, Manassas, VA), human
hepatoma HepG2 cells (ATCC HB65, Manassas, VA), and human mammary gland/breast
SK-BR-3 cells (ATCC HTB30, Manassas, VA) were maintained in Dulbecco's modified Eagle's
medium, supplemented with 10% h&sdctivaed fetal bovine serum, 2 mM-glutamine, 100
IU/mL penicillin, and 100pug/mL streptomycin.Human mammary gland MCF 10A (ATCC
CRL-10317) and human umbilical vein endothelial HUVEEIls (kindly provided bythe
Davidge Lab., Department of Obstetrics/Gynecology and Physiology, University of Alberta
were usedis norcancerous cell line models. MCF 10A cells were maintained in MEGM media
(Lonza, MD, USA) while HUVEC cellsvere maintainedn EGM media (Lonza, MD, USA).
Cels were grown in 7&n7 tissue culture flasks at 37°C in a 5% Q@midified incubator. To
evaluate the antiproliferative effects of resveratrol analogues, wiecaut a series of MTT
assaysusing a published procedufé7] with minor modifications.All test compoundsvere
dissolvedin DMSO andtested at a final concentration range of 0.03 to 125 uM, overho@#d
incubation period. The final concentration of DMSO in culture media fixedat 0.5% (v/v).

The corresponding Kg values were calculated from thell proliferationinhibition curves using
GraphPad Prism software @&values represent the mean + S.D. of three different experiments,

in triplicate).
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5.2.5 Stability study

5.2.5.1Mass spectroscopy

Electrospray ionisation (ESI) masgectroscopy (negative mode) was usedualitatively study
the stability of compoundO in the same media used in the above cell proliferation inhibition
studies.A stock solution of10 in DMSO (100 mM)was dilutedinto culture media to a final
concentration of 500uM and was incubated in the dark at 37°C. Samgtegakemat O, 1, 6

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

5.2.5.2.1 Sample preparation

Stock solutions of compouriD were preparedt 15 mM in DMSO and diluted in either culture
media or raplasma (Innovative Research Inc., MI, USA) to a final concentration of 125 pM.
Samples were incubated the dark at 37°C for 0, 1, 3, 6, 1and 24 hours. Samples d0 in
culture media were diluted in HPLQrade acetonitrile/water (50:50) in a ratio of .1The
volume ofthe sample injected into the HPLC column was 10@dr compoundl0 samples in
plasma, three volumes of acetonitrile were added to one volume of the plasma. Sdraple
mixture wasthenvortexed and centrifuged at 5000 x g for 5 min at 4°C. Finally, 200ul of the

supernatant was added to theéosamplewial, and only 100uivas injectednto the column.

5.2.5.2.2 HPLC conditions

An HPLC system (ShimadzBrominence Mandel Scientific, Guelph, ON, Canadejs usedn

this study. The system consistsasfLC-20AT dual pump, SIE20A autesampler, DGLR20AS
degasser, CTQO0AC column oven, UWis dual wavelength detectand a system controller.
The systemwas controlledby a personalcomputer using Shimadzu Class VP 7.4 version

software.

Method A: We used the chromatographic conditions reported by L édal. [48], butwith a

minor modification. Briefly, the separation was performed using a rewvpisese HPLC column
(Agilent Zorbax Eclipse Plus C18: 250 x 4.6 mm i.d., 5uM), protected by a guard column
(Agilent Zorbax Eclipse Plus C18: 12.5 x 4.6 mm i.d., 5uM). Separation time was 12.5 min
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using a gradientsolvent mixture of acetonitefwater at a flow rate of 1.5 nfrhin with the

column temperaturgetat 50 °C. The gradient schedule was as faldiy 0-4.5 min, acetonitrile

65%; (i) 4.65. 5 mi n, acet oni t9r0imingacefobitie W, (iv) @-12i5i ) 5. 6
acetonitrile 65%. Ultraviolet (UV) absorbanogas recordedat 305 nm (maximum UV

absorption for compountl0).

Method B: We usedthe HPLC method reported by Omar J.M. at [49] with some
modifications.We used he same C18 and guard columns describddethodA. The column
temperaturavas setat 35°C The chromatographic run time was 22 min wélilow rate of 1.0
mL/min. The mobile phase consisted of HRgade water (containing 0.1% formic acid) and
HPLC-grade methanol (containing 0.1% formic acid) as fo#fo@) 0-10.0 min startingwith
water/methanol (50:50), linearly changed to 100% methanol; (ii)}-1®.0 min held at 100%
methanol; (iii) 15.122.0 min water/methanol (50:50). UV absorban@es recordect 305nm,
and the aut@ampler was operated at room temperature.

5.3 Results and disassion

During the last decade, the evolution of epigenetics indalidated association with many
disorders such as cancer [50], Alzheithar d i[5l]e eadievascular diseases [52], and
diabetes [53] have been the subject of scientific resediltbse epigenetic mechanisrase
regulatedby multiple proteins including DNA methyltransferase enzymes (DNMb4]).
DNMTs catalye thetransfer ofa methyl group from the substratea8enosylmethionin€SAM)

to DNA cytosine r esi[2lu BNMMTY specifichlly dhethiila@e®ems i t e s 0)
methylatedDNA, while DNMT3A and DNMT3B bind to unmethylated DNA to carry alé
novo methylation[21]. It hasbeen proposethat small molecule inhibitors of DNMT enzymes
can bind either at the catalytic bindingcget binding site of (DNADr atthe binding site of the
cofactor Sadenosylhomocysteine (SAH)5], or both, depending on then h i bstructare. 6 s
The latter is particularly applicable if then h i bsiructore hasBongo scaffold as doeSGH
1027 [56].

Compound NSC14778, methylenedisalicylicacid was reported byKuck et al, who had

implemened a virtual screening protocol on more than 26,000 compounds fhenNCI

131



databaseand found thaNSC14778provided a useful lead scaffold to design newlecules

with potential DNMT inhibitory activity [38].Along the same linesye recently reported the
chemical synthesis and CYP1ALl inhibitory profile of a new series of hybrid resveratrol
salicylate analogues with promiginchemopreventive activity [39]We identified some
structural similarities between NSC1477&8nd our recently reported salicylagsveratrol
analoguesso it was reasonable to prediotertaindegree of DNMT inhibition by our molecules
(however, pleaseate that we did not start the design of our salicytesveratrol derivatives
based onthe docking pose of NSC14778Ve recognizd a potentially useful patterby
replacing the central methylene group in NSC14778 for the ethylene (CH=CH) moiety pnesent i
stilbenesConsequentlye hypothesized that these compounds could exert significant inhibition

of DNMT enzymes, for two reasons.

First, the new salicylate moiety on resverawolld resemble the salicylate group in NSC14778,
which has been reported as fess talteratmre ba f or
showed that resveratrol is capable of reducing the expression of DNMT enzymes, reactivating

previously hypermethylatedmor-suppressor geng¢24, 25, 35]
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|C50 (HM)
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 NIt
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. Resultsareexpresseas IG
values using a cefree biochemical assayo generate the enzyme inhibition curves
duplicate reactionwere performedor each concentration; kgvalues were calculated using
the GraphPad Prism v6 softwareN| = no inhibition at the maximum test compound

concentration (300 pMY.ND = not determined Taken from referenci88].

5.3.1 In vitro DNMT inhibition

To study then vitro DNMT inhibition exerted by the salicylatesveratrol analogues reported
previously[39], we used a filtepaperbased Scintillation Proximity Assay (SPA) [4B]th the
well-known DNMT inhibitor (alhough structurally unrelated-adenosyl-homocysteine
(SAH) [57, 58] as the standard which showedspI€ 2 UM on DNMTL1. For comparison
purposes, we also used the parent stilbene resveratrol, which showed inhibition on DNMT3B
(IC50 = 65 uM) and DNMT3A (IGo = 105 uM), but no activity on DNMTL1 (l§ higher than

300 uM, Table 5-2). These results suggest that the parent polyphenol shows selective inhibition
of the DNMT3B isozymeThis observations somewhat relatetb a recent study reported by

Qin et al. [40] in whib his group reported a significant reduction in the expression of DNMT3B

after a 2iweek treatment periodith resveratrol into ratdnterestingly, this treatment did not
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significantly reduce the expression of the DNMT1 enzy#®. It is important to distinguish

that our study measured enzyme activity, whereas that of Qinne¢asuregbrotein expression.

Another compound that could be a potential DNMT inhibitor is the methylated version of
resveratrol, o r Stradsdriméthoxystibene TMS), which has displayed an enhanced
anticancer profile compared to resverafr, 591 We observed no significant inhibition of
DNMT enzymes at the highest test compound concentration (300 TiN.suggestshat the

free hydroxyl groups presenh resveratrol are essential to examhibition of the DNMT
enzymatic activityAs far as we are concerned, our stislyhe firstto report TMSO apparent

lack of activity on DNMT1, DNMT3A, and DNMT3B enzymeA 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 higiroughput screenin@0, 61]

Once we analyzed the inhibitory profile tfe compounds described above, we started the
screening evaluation of the new hybrid salicagsveratrol derivativesAccording to our
results, derivatives possessing methoxy gro@psg) (@t any position on the stilbene structure
were practically inacte at the highestest compound concentration (300 pM), which is
congstent with the results obtained forMS. However, we also observed that derivatives
possessing free hydroxyl grou@X0) were significantly more potent than their methoxylated
counterparts, but their inhibitory profile was significant onlytbe DNMT3A and DNMT3B
enzymes, not on DNMTIThe most active compounds in the series were compduadd 10,
which significanly inhibited both DNMT3A (IG, = 40 uM and 25 pM respectivély and
DNMT3B (ICsp values= 52 uM and 62 uM respectivelyJ &ble 5-2).

Compoundgpossessing an acetyl group (mimicking an acetylsalicylic acid moiety), either on a
4 9or a 3,5 pattern, are not as potent as thegth free hydroxyl groupsinterestingly, the
negative effect of adding acetyl groups on DNMT3 inhibition is milder than that of adding
methoxy groups, given that compouridsand12 still showed some degree of inhibition on both
DNMT3A and DNMT3B enzymesICs,0 s$n the 100215 pM rangg. The observation that
methoxy groups reduce DNMT inhibition seems tocbasstent with a recent report bRilova

et al., which reported thalimethoxytriazinegroups decreased the DNMT3A inhibitory activity

of quinolonebased DNMT inhibitor$62].
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A detailed comparisoaf molecules8 and9, both possessing free hydroxyl groups, suggests that
two phenol groups at positions@&d 5 (compound® ICs values = 40 uM on DNMT3AT, and

52 uM Ton DNMT3Bi) exert a better enzyme inhibitory profile than having only one at-the 4
position (compoun@® ICsp values = 281 uM on DNMT3AI, and 156 uM on DNMT3B/).

To complement the structural analysis of compouBids?, we studied the effects of the
carboxylic acid group on the stilbene scaffold whigtcording to previous reports, seems to be
an essential requirement for DNMT1 inhibition. Thesjuiremenhasbeen describeih different
molecules. Analogue series of druggh a carboxyl groure in generalmore potent DNMT1
inhibitors than thos@ot having it[35, 63] This observation has been studied using molecular
modeling (docking) studiedt hasbeen predictedha carboxylate anionsan form hydrogen
bondswith importantamino acid residues in the active site of DNMT1 [35, &8}vertheless,
according to our results and experimental conditions we used for DNMT3A and DNMT3B, the
presence of the carboxylic acid gpoan the stilbene scaffold seems to be significant only when
the phenol groups are freAs can be observed with our small library of hybrid salicylate
resveratrol derivatives, compounddh a free carboxylic acidg( 9, 11 and12), a carboxylate
methyl ester 8, 4, 6, 7 and 10), or no carboxylic acid at all (compou®l did not show any
inhibition on DNMT1, even at concentrations as high as 1 mM (results not shawegent
study by Asgatay et al. showed that N-phthaloytL-tryptophan derivative, in whicha
carboxylate group was replaced by an amide functiould still display some activity towards
DNMT1. Thereforethe authors proposed that the essential role of the carboxyl gsosigl

Ai nconclusiveo [64].

As far as DNMT3A/3B mhibition is concernedit is still not clear if the presence of a carboxyl
group is requiredor a drugto exert binding interactions in the active site of DNMT3 enzymes.
Nevertheless, recent developments with small molecule inhibitors have showed tiiab
DNMT3A inhibition is possible without the presence of carboxylate gr¢é®is Results of this
studyshowed thatagainst both DNMT3 enzymespmpoundsearing either a free carboxylic
acid (9) or a carboxylate methyl estet() exerted a betteinhibitory profile than resveratrol
(Table 5-2).
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5.3.2 Molecular Modeling

To testin silico the ability of the test compounds to interact with the catalytic site of DNMT
enzymes, we carried out molecular modeling (docking) simulations, in wechssessed the
ability of hybrid salicylateresveratrol derivatives to exert binding interactiongh key amino
acid residues i n Weéddthese expenreeditsthegpredencandabsence e .

of the cefactor SAH according to a previously reported protof&3].

Figure 5-3 shows the binding mode for the parent compound (resveratrol), and the active
compounds9 and 10 within the human DNMT enzyme binding sitas, the presenceind
absence of the efactor. The table belowFigure 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 compoundse reportedin Table 5-3 and Figure 5-4,
respectively.According to our molecular modeling results, the docking scores calculated for
resveratrol, compound, and compoundO in the active sites of both DNMT3A and DNMT3B

(in the pesence and absence of thefactor) are, overall, more favorable (more negative), than
those values obtained with DNMT{Figure 5-3). Despite thewell-known number of
approximations considered in calculating docking scdf&g, this is in good qualitative
agreementwith the trend observed experimentally. In the dockitgdy performed in the
absence oftheebact or, t he  pirrtsemacet iodn awi' t lobsdrvegp 8 8 9
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 DNMT1 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 DNMT1,
DNMT3A, and DNMT3B enzymes.Compound (blue), 10 (purple), and resveratrol (orange)
in the DNMTs active sitdn the presenceind absence of the efactor SAH (yellow) as
predicted by AutoDock 4.2.
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In the study carriedut in the presence of the-gactor, we observed interactions of the ligands
with the catalytic cysteine, glutamic acahd arginine in both DNMT3A (Cys706, Glu75hd
Arg788) and DNMT3B (Cys651, Glu69and Arg733) active sitesyhich in previousstudies
have been proven to be a primary interaction for enzyme inhiblhathis regardCys651 has
previously show to bea keysite for binding interactions between the antibiotic Nanaomycin
and the DNMT3B enzymfs6]. These docking results allowed tshypothesize that regardless
of the operating inhibition mechanism (with or without thefactor), these binding interactions
may offer a plausible explanation for the observed selectioityard DNMT3 enzymes by the
test compounds, including the pareasveratrollt is noteworthy that the presence of the-3,5
dihydroxyphenyl group (also called resorcinol)rigportantfor the interaction of the ligands in
both studies, suggesting that the test compounds should have thistgrimipgbit DNMT3

isoforms

DNMT3A DNMT3B

Without co-factor

With co-factor

Figure 5-4: Comparison of thedifferent binding modes in the presence and absence af
factor SAH of DNMT1, DNMT3A, and DNMT3B. Compounds (magenta)4 (yellow), 5
(pink), 6 (gray), 7 (violet), 8 (green),9 (blue),10 (purple),11 (pink), 12 (cyan), TMS (brown),
and resveratrol (orangagpredicted 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 -71.54

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

11 -8.94 -7.21 -7.65 -71.72 -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 -7.74 -5.83 -9.03 -6.57 -7.95 -6.22

Table 5-3: Calculated free binding energies ofesveratrol-salicylate analogues in human
DNMTs.

In a previous stud{B88], NSC14778 was predicted to form multiple hydrogen bovittskey

amino acidsparticularly Argl74 and Cys8side the active site of DNMTIhese residues
haveplayedan essential role in explaining the mechanism of DNA methyl§3i8h

Additionally, NSC14778 was thought to block the active site of DNMT1 byaumalent
interactiongd38]. The fact that our resveratrshlicylate analogues showed less favorable binding
energies on DNMT{Table 5-3) and inactivity against DNMTin vitro (Table 5-2) might

suggest that the mechanism of action of resveratiidylate derivatives idifferentfrom that of
methylenedisalicyliacid NSC14778.
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IC 50 (UM) *
Compounds [ HT-29 HepG2 SK-BR-3 | MCF 10A | HUVEC
3 33.1+40.3 >100 6.4+21 | 1.6+0.46 | 30.3+9.2
4 40.1+24.0] 52.2+11.9( 64.3+35.1 ND* ND*
5 28.9 + 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
T™S 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 % (IC s0) using the MTT assayEach IG value represents the mean
S.D. of three different experiments in triplicate. To generate the cell proliferation inhik
curves, six concentrations (in the 0.03 to 125 uM ramge® usedor each compound. kg

values were generated usiBgaphPad v6 Prism softwaf®D = not cetermined.

5.3.3 Cell proliferation inhibition in culture cells

The promising DNMT inhibitory profile observed for these resveraatitylate analogues,
along with our previous finding on their abilities to inhithe CYP1Al enzymd39], and the
observatiorthat epigenetic modifications in cancer cells are essential for cell prolifetatiars

to evaluate the effects of these compoundsnovitro cell proliferation.We used three different
human cancer cell linedHT-29 cells (colorectal), HepG2 cells @), and SKBR-3 cells
(breast). DNMTmediated epigenetic regulations have been recently confimtbdse cell lines

[26, 67, 68] the resultsare summarizeth (Table 5-4). Interestingly, compoundO exerted a
stronger cell priiferation inhibition than that demonstratbg the parent resveratrol in all three
cancer cells, and it was more active ti@iS on HepG2 and SHBR-3 cells.In this regard, it

has been reported thaMS, 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 ancer cells [47, 59]. Imoncarcerouscultured cells,10 showed considerable
toxicity in MCF 10A (IGo = 27.5 uM, which isconsidereda side effegtand showedan ICs
higher than 100 pM in HUVEC cells. Thasfferencein the way in which compoungO affects
primary cells might indicaténhat it exerts aertain tissuespecifictoxicity. However additional

studies are needéd further establiskts safety profile.

R e s v e r ability (aslwéllsaghe ability ofcompoundl0) to inhibit DNMT3 activity does not
exclude other mechanisms by whighcould decrease cell proliferatioin fact, there isa
considerable evidence backing up the raialtget profile exerted by resveratrdlhis may be
applicable tats salicylate hyld 10; neverthelessfurther studies are required to illustratber

potentialanti-proliferativemechanismsnodulatedoy this compound.

In Chapter Four, we discussedhe CYP1A1l inhibitory profile of compound$-12, and
elaborated on the chemical features required for hybrid molecules to exert inhibitory activity on
CYP1Al. Compound 0 was not as effective as other molecutesmhibiting the CYP isoform;
however, the binding interactions make this moleeuie=ffectiveDNMT3 inhibitor, despite its

lack of activity on CYP enzymes. These observations suggest that the overall design of hybrid
salicylateresveratrol analogues is flexible enough to offer preferential inhibition against at least
these two proteins (CYP1Al amNMT3).

5.3.4 Stability studies

5.3.4.1Mass analysis

After we hadobservedhe significant cancer cell proliferation inhibition exerted by the DNMT3
inhibitor (compoundl10), we aimedto qualitatively studythe stability of this stilbene in the
culture media with the aid of mass spectroscopy. Initially, the same maximum concentration
used in the cell proliferatiorsssays (125 uM) asusedin this stability studyHowever using

this concentrationand after 24 hours incubatiome observed that only media massesre
detectedwith no signs of stilbene mass (data not shown)s Tould be attributedto the

t e ¢ h n segsitiaty marticularly sincethe sample is routinely diluted before mass detection
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(so that the final concentran before detection would be less than the typicabsnsample
concentration (1ug/m)). After this observationwe increased the concentration in the media to
500 pM instead of 125 puMThe results fromhis assay caie seenin (Figure 5-5). At time
zero, a mass ah/z= 284.9 was detectahleshich corresponds to compoud® [M-H]". After
one hourof incubation in the media, another signal was observednaissof m/z= 270.8 in
addition to the initial mass of stilbed®. After four hours (the spectrum aftierur hoursis not
showrn), we observed thahe compoundl0 mass wasindetectableHowever the mass atn/z=
270.8 wagletectedand it was visibleevenafter 24 hours incubation (see spadifter 6 and 24
hours inFigure 5-5). It shouldbe notedthat the masses oin/z = 284.9 and 270.8 [NMH]
correspond to compound® and9 respectivelywhich we identified previouslj39]. After this
stability assay, we suspected that compod@dwas likely unstable ands probably being
hydrolyzedto produce compoun@ However, the extent of hydrolysis and the exact hydrolyzed
products were not preciselgentified and this is thereasm for moving to the guantitative
technique, HPLC.

142



Figure 5-5: Mass spectra of compound.O incubated in culture media at 37°C aftertime
zero(A), 1 hour(B), 6 hours(C) and 24 hourg¢D). Compoundl0 (dissolved in DMSQO) we
added intahe culturemedia at a final concentration of 500 uM. Mass (1) is for compound
m/z = 284.9 [MH]" and mass (2) is for compound 9maz = 270.8 [MH]". The masses for t

two molecules were identified gviously.

5.3.4.2HPLC analysis
To quantitatively evaluate the stability of compouriiwe initially used the reported HPLC
method for TMJ48, 69] We reproduced these chromatographic conditions (method A) to study

143



the stability of compoundOin culture mediaTo make sur¢hat this method iseproducible we
first usedit for TMS. Using method A, we found th&iMS hada retention time of 7.4 mjn

similar towhathad dread/ beenreported (7.0 mif48]) (data not shown)After that, we tested
the stability of compoundOin culture media using the same conditiofise results are shown

in Figure 5-6. This methodvas developed for relatively lipophilic molecules such as TMS [48,
69], and for polar molecutesuch adl0, we suspected that this stilbenght elute sooner than
TMS under thesconditions.Indeed,compoundlO (dissolvedn acetonitril¢ showed a retention
time of 2.3 min when itvas injectednto the HPLC column

After we hadidentifiedthe compoundLO peak we incubated0in a culture media at 37°C and
tested the remainingercentagafter 0, 1, 3, fand 12 hours. We observed th@tseems to
decomposefter as sooras one hour because the percentage of the stilbene remainirapafter
hourof incubation was 73%These results areconsstent with theabove mass analysis diu
After six hours, only 11% of this compound remeain By 12 hours, the peakadcompletely
disappeared. We tried to investigate the product($pdfdecompositionBy analying the
chromatogram after 12 hours, wautd seeonly the signals of the meadivith no additional

peaks.

We suspected that the prodig3pf 10 degradatiorcould be hidden under the media pedks
that reason we decreased the polaritthesolvent mixture and increased the separation time.
Unfortunately, these changes in chromatographic conditimhsotsufficiently separatéhe
media peaks or even delay molecil® setention time (data not showiW)e concludedhat this
method is likelynot ideal to anale such molecuke Ourreasonsre as followsFirst, our
ultimate goal is to investigate the stabilityldfin plasmaHowever,plasmapeaks have been
reported to be around 1.8 to 2.5 min using this mef8H which would likely interfere with
106 peak and/or its degradation products. Sec@fids arelatively polar and fromastructural
perspective it is similar to resveratrolBased on thahformation we knew that thélPLC
methods described the literaurefor resveratrol could be applied 10. Thereforewe moved
to method B.
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(A) (B)

(€) o (D)

(E)

Figure 5-6: chromatograms of compound10 (125 uM) after incubation in culture media at
37°C. (A)is blank media with only the vehicle (DMSdR), (C), (D), (E)are compound0
samples at 0, 1,,@&nd 12 hours respectively. Peak (1) is compditnd
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Method B has been recently developed and iagplor resveratrol analysis in commercial
sourceg49]. It uses methanol and water (containing 0.1% formic aci@)rasbile phaseand the
chromatography is performed at 35°C (see method Enaterial and methods)Using this
method, we obtained resveratrol peak at 5.3 min (reported 5.8 1j#8]) (data not shown).
Next, we injected a pure sampled, which showeda retention time of 10.8 minKigure 5-7).

After that, we incubatedO in rat plasma at 37°C and measured the percentage of compound
remaining after 0, 1, 3, 6, 1and 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 mimyvhich was detectablafter one hourof incubation Figure 5-7). This

peak increased in intensity withiime, and was visible even after 24 howts incubation.
Compound10 is a methyl ester andecause obur previous results using mass spectroscopy
suggested the hydrolysis of compoutfiito produced, we suspected that this new peaigmh
correspondto the stilbene bearing free carboxylic acid (compd@ndndeed, when we injected

an authentic samplef stilbene9 in acetonitrile (as well as in rglasma), it showed the same
retention time observed for the new peak (8.1 min). This suggests that conidined a
relatively low stability profile inplasma However despite its low stability, it still produced
compound (which also exhibited DNMT3 inhibitory actividyafter hydrolysis in rat plasma
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Figure 5-7: chromatograms of compound10 (125 uM) after incubation in rat plasma
at 37°C. (A)Blank plasma sample spiked with only the vehicle (DMSO) w(i)e (C),
(D), (E), (F), and(G) are plasma samples dd after 0, 1, 3, 6, ,2and 24 hours
respectively(H) Fresh plasma sample spikediwb0 uM of pure compoun® Peak (1) is
compoundlOand peak (2) is the degradation product whafter beingcompaed toa pure

sample of compoun@in plasma (chromatogra(i), is identifiedascompound.
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5.4 Conclusion

We showed that the hybrid salicylatesveratrol scaffoldés a promising alternative to the parent
stilbene resveratrol and its methylated analobus as a DNMT inhibitor. Derivative8 and10
showed a significant and selective inhibitory profile DNMT3A and DNMT3B enzymes,
which is 24 times more potent than that exerted by resveratrol under the same experimental
conditions. Structuractivity relationships showed that free hydroxyl groups are required to
exert DNMT3 inhibition This pattern is bettenianaloguesvith phenols in positions-3and 5

of a stilbene. The salicylate group i n resve
profile only when free phenol groupgere on the stilbeneThe gability of 10 in rat plasma
seems tde limited butthis stilbene idydrolyzedto compound, which hasDNMT inhibitory
propertiesCompoundl0 showed an improvenh vitro cell proliferation inhibition compared to
resveratrol andTMS on at least two human cancer cells, suggesting that comptnand
possibly compound®, are promising candidates worth evaluatingvivo, to furthereluddate

their potential anticancer/chemopreventive properties.
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Chapter 6: Anti-inflammatory and antioxidant properties.
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6.1 Introduction

Chronic inflammation and etegulated cellular oxidative stresse two of theconditions
commonly associatedith the pathophysiology of cancer, atherosclerosis, diabetes, Alzitesner
diseaseobesity, pulmonary disease, amény others[1]. Additionally, prolongedexposure to
reactive oxygen species (ROS) can trigger the overexpression of numerous transcription factors
thatin turn activate many genes involved in cell cycle regulation, inflammation, and chemotaxis
[1]. Polyphenolsand other naturagentscancouneractstressinduced tissue injury by acting as

antioxidantand antiinflammatory agentg2].

Resveratrol is a natural phytoalexin produced by many plant speciaetefenaiveagent against

insults such as fungi and UV radiatidrhe effects of resveratrsmn mammalian cells also exeat

protective role. Resveratrol exerts its pharmacological actions through several mechanisms
regulating many biological processes, including égnot limited to hemostasis [3], glucose
metabolism [4], cell division [5], europrotection [6], free radical scavenging ,[&nd
inflammation[2.The scienti fic | iterat utraer ghepand8].bes r e
There is a significant amount of research establishing theinflatnmatory activity of
resveratrol, bothn vitro and in vivo [2]. Moreover, resveratrotan modulate inflammatory

mediators sucasNF-a B, TNF U, nitric ox-+L2d.el, PGB, O®PO,ROSH duct i
andHO-1[9].

Nevertheless, despite tlensiderablenumber of research studies published over the last two
decades, the therapeutic potential of resveratrol remains elusive, at least in parttsllmamto

oral bioavailability and signiéant metabolic decompositighQ]. In recent years there has been
adebate about the efficacy of resveraftdl, 12] limiting its clinical application. Consequently,
most of the medicinal chemistry projects in this field have concentratedeveloping
resveratrol derivatives with better pharmacokinetic profiles and enhanced potencies. In this
regard, cancer is eommontarget for these newly designed resveratrol derivatives. There are
only a few reports describing concerted efforts in medicinal chemasimgd at improving

r e s v e raatHinflamnaiosy profile.However due to the proven association between cancer
and inflammation[1], the development of new resveratrol derivatives could very well have
implicationsfor both areas of researchomerepresentative resveratrol derivatives with potential

antrinflammatory activity are tripkbond resveratrol derivatives [13], the resveratethted
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stilbenes piceatannol anidacetoxystilbend14], synthetic analogues RSVA405 and RSVA314
[15], and the e s v e r a t Vioiferin [18].i mer U

Another important group of drugs thatshbeen used to target the inflammatimrcancer

processs nonsteroidal antinflammatorydrugs(NSAIDs) [17]. Because of the observation that

key inflammatory mediatorare oveexpressedn cancer tissuegl8], the use of NSAIDs was a

logical step forwardThe prototypical example that illustrates this approach isisleeof aspirin

to prevent or delay the prevalence and severity of colorectal cdideAspirin targets simila

pathways to those modulated by resverafayl example, the inhibition of the cyclooxygendse

(COX-1) and COX2 enzymes, and modulation of the dFB pat hway. Neverthel
be noted that those targets modulated by both aspirin and resveegpmnd to the

pharmacological effesof 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 salicylateesveratrol derivatives, designed to combine the chemical and
phar macol ogi cal featur es ofargdthe egpemesanidedic ount e
the literature [8] and is based on the premise that modglagweral pathways underlying a

disease state is better than targeting a single receptor or enzyme. In one of our previous
publications we described the inhibitory profilef tendifferent salicylateresveratrol derivatives

on the enzymatic activity of two distinct proteins, CYP1A1 [19] and DNMT [20]. As part of
interdisciplinary research aimed to develop miatget agents with potentiaanti-cance

activity, we reportin this chapterthe antiinflammatory and antioxidant properties of these

salicylateresveratrol hybrids.

In this chapterwe evaluated whether these compounds can reduce the concentration of free
radicals (using the DPPHissay)and intracellular reactive oxygen species (ROBurthermore,

we assessed thie vitro inhibitory profile of hybrid molecules on both CGXand COX2

enzymes, as well as their ability to downregulateadNB act i vi t y. Then, we s
of these compounds to reduce the carrageerduced inflammatory response in two mouse
models.The most active compoundpmpoundl0, was comparetb resveratrol and the methyl

anal og u-tansBimedhdxysblbene (MS) that previousely demonstratemnproved
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anticancer potency compared to resveratrol [@Li:results demonstrated thadmpoundlOis a
promising analogue of resveratrblat possesses significant antflammatory and antioxidant

properties.

6.2 Materials and methods

6.2.1 Chemistry

The chemical synthesis of resveratsalicylate analoguesas conducteds described in
Chapter3.

6.2.2 Cell culture

HepG2 (Human hepatomeells ATCC HB-8065), VA, USA), HCF116 (human colorectal
carcinomacells (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% hemiactivated fetal bovine serum, 100 IU/mL penicillin
and 100 ¢ g/ mUurkatt cellswere &imdly providedby K Schmetterer(Medical
University, Vienna, Austria) and were culturedaRPMI-1640 medium supplemented with 10%
fetal bovine seruml 00 U/mLpenicillin, and 100 mg/mistreptomycin (LifeTechnologiesMA,
USA). Cellswere grownin 75-cn?¥ tissue culture flasks at 37°C and under 5%, Q0 a

humidified incubator.

6.2.3 Radical scavenging using DPPH method

We used theatorimetric method of DPPH (2-@iphenytl-picrylhydrazyl) as this technique is

routinely usedto study radical scavenging properties of potential moled@2s DPPH isa

mixture ofcommerciallystable nitrogen radicgiwhich haveJV-vis absorption at 517 nnpon

reduction, the solution color fade$his change can be monitored using a spectimpheter

[22]. Twentye | of resveratrol owere adtded oa nlaBl0o geul e so fi nD Pn®
e M) iiwedl 9@i crotitre plate (final concentrat.i
was then incubated ithe dark at 37 °C for 30ninutes and the absorbance change at 517 nm

was measured. Methanelas usedas a negativeontrol and the percent of radical scavenging

was calculated as follasv
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Percent of radical scavenging activity (%)Asi{nic Asampid/Ablank X 100

WhereApiank and Asampieare theabsorbanceof the reaction mixture without and with resveratrol
analogues respectively. The percent of scavengingxpresseds the mean + S.D. of three

different experiments, in triplicate.

6.2.4 Measurement of intracellular ROS

The ntracellular ROSscavenging properties of resveratrol analogues was evaluated using the

oxidants ensi ti ve f | u o-diehleroflaanesein piacetdiee (DCEA), THNg a
recently reported methof®3] with minor modifications. Briefly, HepG2 cells (about 4 x*10
cdls/well) were seeded into a 96ell plate and allowed to attach overnight. Then, resveratrol
analogus dissolved in DMSQ@vere addedo thecells at final concentrations of 2.5, 5 dtftie M
and incubatedior 20 hours (DMSO concentrations were adjustedec< 0.5% v:v)After that,

cells were washed with PBS befostimulation with HO, (1 mM final concentratin) and

incubated for 30 minutes at 37 °C. Then, cells were washed two times with PBS followed by

treatment with DCHDA (20 ¢ Mfinal 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 treatmerd

followed by direct DCFDA (20 ¢ M) treat ment . Then, fluoresce

minutesof incubation. Thedataare expresseds the percentagef the ROS levelrelative to
H.O,- and vehicletreated cells for the first and second experiment respectively. The rasults

expressed ahemean £ SEM (n = 8)

6.2.5 COX screening assay

Resveratrokalicylate derivatives were evaluated for their ability to inhibit COROX-2
enzyme in vitro using the COX Inhibitor Screening Kit provided by Cayman Chemicals
(Catalog N0.560131) according tiee manufactured sstructionsBr i ef | vy, 10 e¢L
derivatives dissolved in DMSO (final concentrations range of 0.02 to 100 uM)in@reated
with 10 eL of -leor Humam recombinamt EOX@ @ Xeaction buffer (0.1 M
TrisiHCI pH = 8.0) and 10 &L Thdreabtionmas iritiated byl O
the addition of 10 eL of awutasadproducenPGErhen, the d
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reaction was quenchedbhyeyaddi ti on of 10 ¢L thedddi tMi (HCl o ff 02 0
saturated stannous chloride to reduce the PAGEhe mat stable PG,,. This was quantified

usingan ELISA assay which wascompaedto a standard curve of PG performadthe same

plate. 1G, valueswere calculatedrom the mean of twaleterminationsand the doseesponse

curve was anaked using GraphPad Prism software.

6.2.6 Docking study

Homology modelingSeveral theedimensonal structureshomologous to théHomo sapiens
COX isoformsare depositeth the Protein Data Bank (PDB34]. In this study, we carried out

the homology modeling process watSwissModel servel25], using the amino acid sequence

of H. sapiensCOX-1 (UniProt: P23219) and COZX (UniProt: P35354) and employing tBeies
ariesCOX-1 (PDB: 401Z7)[26] andMus musculu€£0OX-2 (PDB: 4FM5)[27] crystallographic
structures as templates, respectively. The final models were evaluated by the QMEAN4 and
GMQE scoreg28] to obtain an estimation of the global and local quality of the model, whereas
the quality of the protein geometry was assessed using MolP[28]tyFinally, the models were
prepared and submitted to a geometry optimization with 1000 steepest ds#epsntand 100
conjugate gradient stepssing the AMBER99SB force field implemented in the UCSF Chimera
1.9[30].

Ligands Compoundl10 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 soff8ateln these
studies we evaluated the ogpounds in the COXxatalytic 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 algorithmwas usedas a search methodhirty runs were carried out with a maximal
number of 50,000,000 energy evaluations andnitial population of 150 conformers. The best
binding modes with the lowest binding free energy values for each moleeueselectedor

the analysis.
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6.27 NFFeB i nhi bi ti on

6.2.7.1In HCT -116 cells

HCT-116 cells were trafisctedwith anNF-a B p | forsd&hours befordhe treatment with

resveratrol analogues (20uM) for 24 hours. After that, cells wenellated with LPS for 4 hours

and then theluciferase activities were measured usiraydual luciferase reporter assay kit
(Promega,WI, USA) according tothe manufacturegd snstructions.The NFe B | uci f er as
construct used was pGE3X (Promega)while the normalization plasmid was p&I-Renilla

(Promega)Resultsare expresseals mean = SEM dfiplicate experiment.

6.2.7.2In HT -29 cells

HT-29 cells (5x16 cells/wel) were seeded overnight in bin dishes followed by incubation

with various concentrations afompound10 for 24 hours. Thenthe nuclear protein was

extracted using an extraction kit (Caym&memical Co, MI, USA) followed by protein
concentration determination using a #tad reagent (Bi®kad Laboratories The nuclear
extractswere storecat-80°C until use. NF6 B fDBIA binding ativity was determined using
anNFFeB ( p65) transcri pt i oGhemica@ot) mrwhich saspecific ki t (
doublestrand DNA sequence containiagNF-a B r e s p 0 nwag immadbikzed® a 96

well plate. Briefly,fifty pg of nuclear proteins were added to wells prefilled &itranscription

factor buffer and were incubated overnight at 4°C-dNB b i wad detegtedy addingan

NFFeB primary antibody foll owed obghoui Afferubatat i on
wells werewashedand the secondary antibody (conjugated to horseradish peroxigase)

added followed by incubation at room temperature for another hour. Finally, 100uL of
developing solution was added followed by incubation for 45 minutes with gdvatieng, after
whichafist opo6 sol uti on wa s was dedoedddt 460 min. Théa eéhangebins or b a
the percentageof activity of NFe B {DBIA was calculated in each samplgative tothe

untreatedsample. Resultare expresseas mean £ SEM of twdeterminations.

Antibodies againstN® B p65 (cat al o gweee purchaséien CelDSighaling?2 )
Technology (MA, USA) and usdd immunodetectheNF-ae B p65 protein in the
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6.2.8 Cytotoxicity in Jurkat cells

A CellTo¢ Green Cytotoxicity Assay (Promega, WI, USAas usedn this experiment. Cells
(1x10 cells/well) were cultured in a media containing 0.2% CellTox green dyeS6well
plate. Resveratrol, TM®r compoundlOwas incubated with cells at different concentrations for
24 hours before the fluorescenwas measued at excitation and emission wavelengths of 485
and 520 nm respectively, using GloMax (Promega, USA). The remealtexpresseds mean *

SEM of triplicake experiments.

6.2.9 Apoptosis in Jurkat cells

Apoptosis was assessed in Jurkat cells using Anfdkiramincactinomycin D (YAAD)
staining. Briefly, Jurkat cells (1x2ells/well) were grown for 24 hours in the presence or
absence of diffeent concentrations of resveratrol, TM8 compoundLO. Then,the cells were
harvestecand 100 pL of cell suspension were labelled in the @20 minuteswith aMusée
AnnexinV and Dead cell reagent (Merck Millipore, Germany). Subsequently, detection of
AnnexinV/7-AAD positive cells was performed using Musé Cell Analysis (Merck
Millipore). Cells stained with Annexi#V only were identified as early apoptotic while double
stained AnnexinV and #AAD) cells were identifiedas late apoptotic. Resulise expresseds

mearnt SEM of duplicate experiments.

6.2.10 Animals

Swiss or BALB/c mice (weighing 205 g) were providedby the Central Animal House of the
State University of MaringaBrazil. The animalsvere housedit 22+ 2 °C under al2h/12h
light/dark cycle Prior tothe experiments, the animals were fasted overnight, with water provided
ad libitum The experimental protocolsere approvedy the Ethical Committee in Animal
Experimentatioratthe State University of Maring®&razil (CEAE/UEM 017/2013).

6.2.11 MTT assay to determine cytotoxicity on leukocytes

The MTT (3-[4,5-dimethylthiazoi2-yl]-2,5-diphenyt2H-tetrazolium bromide) assay basedn

the mitochondrial enzyatic reduction of tetrazolium dye by viable cells. This assay is
frequently used to measure cell viability. Leukocytese obtainedrom the peritoneal cavity of
male Swiss mice} h afterbeing injected witleymosan (1 mg/cawt i.p.). Briefly, leukocytes (5
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x 10° cells/well) were treated with resveratrol, TM@nd compound10 at different
concentrations (10, 30, 60, and &§mL), dissolved in DMSO for 90 min at 37 °C in 5% £0
Then,10 eL of MTT (5 mg/mL)wereadded to each well. Aftét h, 150¢L of the supernata
wereremoved and 10GL DMSO wereaddedo each well. The cellwere incubatedt 25C for

an additional 10minutes, and absorbance was measured using a Biochrom Asys piagert
microplate readerAsys) 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 AqeamentlS the absorbance of treated celsyank is the absorbance of blank wells and
Acontrol IS the absorbance of control cells (vehicle treated). The afataxpressedhs mean +

SEM of triplicate experiments.

6.2.12 Carrageenantinduced Peritonitis

BALB/c mice, in a group of four animals each, were treated with the expatathcompounds
using two dose$10 and 20 mg/Kg Resveratrol, TMSand compound.O were dissolved in a
mixture of DMSO:waterin a ratio of (10:90) and orally gavaged into mice 30 min before the
intraperitoneal injection ahe carrageenan solution (500ug/mic&he animals were euthanized

4 h later and the peritoneal cavitwas washedvith 2 mL of phosphatéuffered saline (PBS
containng ethylenediaminetetraacetic acid (EDTA). The leukocyte caast determineth the

fluid recovered from the peritoneal cavity. The resalts expresseds meant SEM for each

group.
6.2.13 Carrageenantinduced paw edema

We used the original method of Winter, C.Aaéf32] with minor modifications. BALBc mice,

in a group of four animals each, were orally treated with resveratrol, aMScompound 0O at

10 and 20mgkg doses.The derivatives were dissolved in a mixtue# DMSO and
methylellulose (MC) [4 mL of DMSO + ® mL of MC] and administered 30 min before the

i nducti on by i ntrapl antar i njection (i ntrade
dissolved in 0.9% saline into the left hind paw and the same voluthe wthicle (0.9% saline)

into the right hind pawThe volume of both pawsas measuredsinga plethysmometerdgo

Basile 7140, CA, USAL, 2, 4 and 6 hours aftahe irritant agent wamjected The increase in
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the volume of the pawas calculatedby subtracting the volume of the paw injected with saline
(control paw) fromthat ofthe paw injected with the phlogistic agent. Tdaaare expresse@s

meant SEM for each group.

6.2.14 Measurement of Nitric Oxide (NO)

The level of NO productiowas monitorey measuring the nitrite level in the culture medium

or paw tissues using Griess reactionThe supernatant of homogenate (50 migs incubated

with equal volumes of Griess reagent mixtures (1% sulfanilamide in phosphoric acid (5%) and
N-1-naphthylethylenediamine dihydrochloride (0.1%) in water) at room temperature for 10 min.
The absorbance was measured at 550 nm using a microplate readernd¢@trationswvere
calculatedrom the sodium nitrite standard curve performadthe same day. Dataeexpressed

asthepIM concentration of N® and presented as meatSEM for each group.

6.2.15 Measurement of Myeloperoxidase (MPO) Activity

The MPO activitywas assesseth 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 tissuesvere placedn a 50 mM potassium phosphate buffer (pH 6.0)
containing 0.5%hexadecyltrimethyammoniumbromide (1 mLper 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 inneB@late ( in duplicate) and
addedtem2 00 e L of b u fdiamsidinedibydrocaloride (X6 malouble distilled

water (90 ml), a potassium phosphate buffer (10 jmand HO, 1 % ( 5 OTheceizyme

activity was determined usirgn endpoint techniqueby measuring the absorbance at 460 nm in

a microplate reader (ASYSBiochrom Expert Plus G020150). Datas expresse@s mean *

SEM for each group.

6.2.16 Statistical analysis

The analysis of results was performed using GraphPad Prism software (Gr&pftRRade Inc.,
CA,USA).Aoneway analysis of variance {estN&BVisedJtof ol | o
determine the significance between treated and untreated (control) groups. The diffeaence

consideredignificant wherp < 0.05.
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6.3 Results and discigsion

Nature is an important reservoir for bioactive molecules. Resveratrol is one of the many different
polyphenols targeting many cellular pathwaysd, therefore,an importaniead molecule with

potential therapeutic applications. One of the ndrawbacksof resveratrol is its unfavorable
pharmacokinetic profilg10], 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 chemicaly modify r e sver atr ol to produce Ahybrid
bioactive scaffold of the polyphenol with that aiother drugvith a synergisticprofile. Some

examples are the resveratomtyl methoxycinnamatg84], resveratrehitroxide derivative$35],

acombinationof resveratrol with vitamin [E36], and resveratredoumarin hybrid$37].

Our group has recently designed a new class of resveratrol hybrids based graawativoxylic
acid group {COOH) adjacent to one of the phenol groups presenesmeratrol, to obtain
salicylatelike chemical structuresNe also proposed aadditional acetylation of the phenol
group in the newly formed salicylate moiety, to produce aspkén resveratrol derivatives.
Some of these molecules exert a potential dpreventive activity by inhibiting the activity of
CYP1A1l (a carcinogeactivating CYP450 protein), and the DNA methyltransferase (DNMT)
enzyme the latter ofwhich is responsible for inactivagitumor suppressor proteins [38, 3Bj.
this chapter, we eWsated the antinflammatory profile of theseesveratrolsalicylate hybrids, as

well as their ability to decrease intracellular oxidative stiElss
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Figure 6-1: DPPH radical scavenging activities of resveratrekalicylate analoguesThe
above indicated concentrations of resveratrol analogues in methanol were incuba
DPPH (400 puM) for 30 minutes at 37 °C before the absorbesasereadat 517 nm. Resul
areexpresse@s mean + S.D. of three different experiments, in triplices 0.05 compare
to compound8 at the same concentratiohP < 0.05compared to resveratrol at the s

concentration.

6.3.1 Antioxidant activity

6.3.1.1DPPH assay

The mechanism by which resveratrol reduces intracellular R@Ssociatewith the expression
and activation of antioxidant proteins, anw a lesser extent, to the direct quenching
(scavenging) of free radicals [40The compound?,2-diphenytl-picrylhydrazyl OPPH) is a
relatively stable nitrogen radic#that is frequently usedn free radical scavengingassays, to
determine the ability of test drugs to exert a potential antioxidant adidaty We used thisn
vitro assay to investigate whether resverasalicylate analogues could quench free radicals
using a previously reported proced{22]. Figure 6-1showsthe results of the DPPH assay. We
screened all the ten resveratsalicylate derivatives Figure 6-1 displaysthe only oneghat

showedactivity.
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Figure 6-2: Effects of resveratro
analogues on intracellular RO¢
levels in HepG2 cells stimulate
with A) H,O, and B) non

stimulated cells.

HepG2 cellswere seeded ia 96-
well plate before treatment w
non-toxic concentrations
resveratrol analogues (2.5, 5
10 pM) for 20 hours. Thenthe
cells were stimulated witk,0, (1
mM) and incubated at 37° C for
minutes followed by incubatic
with DCRDA (20 ¢ M) f
minutesat 37°. Fluorescenceas
t hen me a § wndexd, of
485 and 528m respectively.For
graph (B), the same procedure
followed but without HO,. Result:
are expresseds mean = SH. (n =
8). *P < 0.05 compared to J@,-
only cellsin (A) and vehicleonly
cells in (B).



Compound demonstrated the highest frelical scavengingctivity, which washigher than

thatofr esveratrol only at the maxi munmnaogusdtsed ¢ o m
a resveratrekalicylate hybridhathasa4 , -diiydroxy substitution pattern, as opposed to the
parent compound r es vitehydaokyrsubstitutiompatiern.hishobssrvaaon 3 , 4 6
isconsistent with angvious report by Fan et al. in which they reported4hat4 6
dihydroxystlbenescavengedalvinoxyl radicalsto a greater extent than resverafigl

Compound 9 and10 showedmoderatdree radicalscavenging properties, a bit lower than those

obtained for resveratrgFigure 6-1). Finally,3 , ,&t@anstrimethoxystilbene (TMS, a natural

resveratrol derivative) did not show significant free radszalvenging properties (not shown).

6.3.1.2Intracellular ROS

Oxidative stress is a broad term describing ithbalancebetween the production of ROS or
radicals in generaland their removal by endogenous antioxidant protgihsThe continuous
exposure to RO$ associateavith many disorders including cancerjesity, cardiovascular

diseass, and inflammatiorj1].

Ladurner et al. showed that resveratrol exerts a dual concentafp@mdenantioxidantpro-

oxidant profile thatalsodepesd n t he HAoxi dati ve §Ol.dorexampleof cel
resver&ol at a concentration of 50 uM enhanced the production of ROS by HepGZ24d4)ls

whereas at0uM it decreased ROS levels in HUVEC c¢#2].

We evaluated the effectd resveratrol, TMSand compound.O on intracellular ROS levels in

HepG2 cells, using the fluorescent DOR probe in the presence and the absence,Gk [23].

We selected compouriD based on its significant inhibitory effect on two enzymes, the DNMT
enzymes (results of previousreport [20]), and the cyclooxygenase (COX) enzyme (next
section). For comparison purposes, we also tested the parent resveratrol and TMS; we summarize

these results ikigure 6-2.

We screened the test compounds at three concentrations (2.&8nd.00.0 uM), based on the
observation that these concentrations did not significantly decrease the viabihiy HépG2
cells aftera 20 hourincubation period with the drugs (MTT assay; data not showthen the
cellswere exposetb an oxidative stress insudfter the addtion of H,O, (1 mM), we observed

that all of thetest drugs (resveratrol, TMS ard) significantly decreased the concentration of
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intracellular ROSKigure 6-2, A). In this regard, aL0 uM, resveratrol decreased ROSdés by
25% (compared tdH,O.-treated cells), TMS exerted a 42% decrease, awmnpound10
diminished ROS by 33%n the absence of #,, we observed that only resveratrdlO(uM)
significantly reduced the concentration of ROS (by about 3&8gu(e 6-2, B).

Compound | COX-1ICso(uM) | COX-2 ICs0(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 I1Cso values (in uM) of resveratrol analogues against ovine COX

and human recombinant COX-2. We used an enzyme immunoassay kit (Catalog N0.560131,
CaymanChemicalsinc., Ann Arbor, MI, USA).The IGo valueswere calculatedrom sigmoidal
concentratiorinhibition curves of two determinations for each concentralibe. ©ncentrations
used ranged from 0.02 to 100 pM. Prism software was used to genegatall@s’ Selectivity
index = CO%1/COX-2. 2 Obtained from referendd3].

6.3.2 Anti-inflammatory activity

6.3.2.1In vitro COX-1 and COX-2 inhibition
Initially, we were interesteth determining whether the hybrid resveratsalicylate derivatives

could inhibit the enzymatic activity of the inflammatiassociated COX and COX2 enzymes,
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so we tested the drugs usingiarvitro screening assay [43We calculated the potency ofeth

test compounds as the corresponding i@lues We present the results Trable 6-1.

We observed thaihethoxylatedanalogueg3-7), as well asacetylated onesl{ and12), were

prectically inactiveagainst both COX enzymesThis finding is consistentwvith a previous report

that describednethoylated resveratrol analogues @0 o r 0

i n the @WOXL enzyme o f

[43]. According tothe literature, both resveratrol and msethoxylatedderivative TMS, exert

significant inhibitory activity on COXL as well as COX (nonselective COX inhibitors), with
selectivity ratios (COXL/COX-2) = 0.5 and 0.7 respectively [43Jompound 8 did not sko
considerable activity (COA 1C5p = 421, COX2 IC502 500 uM), whereas compoun8sand 10

exerted significant inhibition of botlenzymes Generally speaking9 and 10 were almost

equipotent (fairly similar I values on COXL), but compound. 0 was more potent (tfbld)

than9 on COX2, and more selective toward this enzyme as Walble 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
Cb devi ¢ 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 ofprotein quality and geometry of COX-1 and COX-2 models.
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6.3.2.2Molecular modeling (docking) studies

To support the observations of timevitro screening assay performed on the COX enzymes, we
carried out molecular modeling (docking) simulations. §balwasto understand the COX
selectivity exerted bgompoundl0. Because the human COX isoforms are not available in the
Protein Databasd3ank, we generated homology models for the two COX enzymes, using known
threedimensional structures. Webservedthat the squence alignment of the human COX
enzymes showed acceptabladentity with the COX1 (ID: 92.97 %) and CO>2 (ID: 86.75

%) template sequencéeRable 6-2 displaysthe quality and the geometry results obtained with the
SwissModel and MolProbity servers for both models. Additionally, the statistics of the protein
geometry, as well as the QMEAN#Hhd GMQE scoreshowed valuethat make it acceptabte
consider these models for molecular docking studies.

Ser530 Sers30

= L/
- Tyr385 &L
E Gly526

le523 Val523

COX-1 COX-2
Score (AGying) Cluster size Score (AGyin) Cluster size
10 -7.54 10/30 -8 68 8/30
Resveratrol -6.72 30/30 -7.89 30/30

Figure 6-3: Comparison of the binding modes calculated for compoundLO (green) anc
resveratrol (orange) as predicted by AutoDock 4.2, in the active site of human (A) CQ
1 and (B) COX-2 models.
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Figure 6-3 showsthe 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 freleergiesand cluster size values for each
binding modeThe docking scores calculated for resvera#pl89) and compoundlO (-8.68) in

the active site of COX are more favorable (more negative) than those values obtained with
COX-1 (-6.72 and-7.54 respectively)These values support the observation thatpmamd10 is
capable of exerting better binding interactions with the larger QQ@xtive site.

The molecular features required to exert strong and selective inhibition of COX enasenes

widely knownin the literaturelt is generally accepted that the geace of a small Val523 within

the COX2 active site, compared to an isoleucine at the same position in thelGoe site,

enables COX t o have a Asecondaryo pockef44]. capatk
Additioanlly, the calculated volume of the @R 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 th2 &fi¥e

site are different from those observed in GOXThe smaller Val523 in COX allowed the
stilbene to interact with the catalytically active Ser530, Tyr385, and GIiNi®Zrtheless, in the
COX-1 active site, we observed that the bigger lle523 residue blocked this alternate binding pose
and directed the 3;8ihydroxyphenyl group of the stilbeneward the Arg120 and Tyr355
residues. Moreover, the carbonyl group present in comptQmas located closer to the OH
oxygen of Ser530 in CO® (3.0 A), than in COXL (4.1 A Figure 6-3) , supporting the
observed selectivity determindd vitro. These results are consistent with previous reports
describirg the binding mode for NSAIDwith both COX enzymes [44].
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% NF-kB-Luc activity
o
o

Resveratrol derivatives

Figure 6-4: Screening of resveratrotsalicylate hybrid derivatives against NFa |
inhibition in HCT -116 cells.Cells were transfected witanNF-e B p | a s mi d

treated with compounds affinal concetration of 20 uM for 24h. Then, cells were challel
with LPS for 4h after which chemiluminescence was measured. Results are expre

mean + SEM of triplicatexperiments* P < 0.05 compared to control.

6.3.2.3Screening ofresveratrol-salicylate derivatives againstNFe B i nhi bi t i on

NFFeB i s a master transcriptional factor invol
ROS, cytokines, UVor bacterial antigengl5]. This transcription factor is persistently actine
numerous disorders such as arthritis, asthma, heart disehsenic inflammationand cancers

[45]. Molecules capable of reducingNFB act i vati on haverondsegnodt ent i :
consequently this transcription factor is considered an impbtherapeutic targdd5]. We

screened all resveratredlicylate derivatives against NFB i n-116c@lE transfected with

NF-a Bluciferase plasmid. We initially tested the viability of these cells after incubation with
resveratrol derivatives for42hours to determine the maximum HoORiC concentrations to be
usedinthe NbB reporter a s s aayconcemirationdf @ pivig compouwnds a t
showed more than 70% cell viability (data msbiown)and accordingly we decided to use this

concentrationin the reporter assay. The resuisthis experimentare shown inFigure 6-4.
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Resveratrol, TMS6, and10reduced NFe B act i vi t yanth 6% BeSpectivBl\2 The 5 5
highest NFe B i nhi bition exert bedrelalegto tHeMBserved otént c o u |
proliferation inhibition in these cells displayed by this molecule (data not shown).

HT-29 cells have been showm constitutively expreskigh levels of active N B when t est
amonga panel of human cancer cell46, 47] We followed the same recently published
procedure[48] when we usedhis modelto investigae whether resveratrol analogu® can

interfere with this transcription factofhe resultsn Figure 6-5 showed that compountD has

the potential to downregulate the basal leeENF-2 B i 429 cEI$.This effect was observed

at the 1Go value of10 as well as at thdoublelCso, an effectthat may be attributedo the cell

death rather thathe compound effectResults from HCT116 and H¥29 cellssuggest that

compoundlO is able to modulate NB B f u.nHoweveptime exact mechanism needshi®

investigatedurther.

A) NF-kB (p65)-DNA binding by ELISA B)
1504
£ %
=
c\a
il 0 0.5 1 2
[compound 10] x ICso
0-

° K3 N 2

compound 10 x ICs,

Figure 6-5: Effectson constitutive NFa B i 29 dellE treated witheither vehicle or
compoundlO for 24 hours. A)After harvesting of nuclear proteins, DNA binding of idFBvas
determined from the nuclear extract. The reductionireNE act i vity r el at.i
was determined. Results are expressed as mean + SEM of two determinBto0s03 compared tc

control.B) Western blot analysis of nuclear protektract after immunoblottingforNB B  ( p 6
protein.
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Figure 6-6: Effects of resveratrol, TMS, and compound 10 on cytotoxicity an
apoptosis in Jurkat cells. A) Cytotoxicity of compoundsafter 24 h incubation usir
CellTox green cytotoxicity assay. Results are expressed as mean + SEM of t
experimerg. *P < 0.05 compared to untreated cells. Apoptosis was evaluated by <
with AnnexinV/7-AAD after inaubating Jurkat cells witB) resveratrolC) TMS, andD)
C

compound10 at different concentrations. Results are expressed as mean * £

duplicate experiment*P < 0.05 compared to untreated cells.

6.3.2.4Study of apoptosis in Jurkat cells

At the beginning of our assays in Jurkat cells, wged aCellTox green cytotoxicity assay
(Promega, WI, USAJ49, 50] to measure the celiytotoxicity after 24 hour®f incubation.
This assays basedn staining the DNA of damaged (dead) cells with arfdgcent dyewhich is

excluded from viable cells. Thughe fluorescent intensity is directly proportional tbe
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cytotoxicity of a given compound. Resveratrol analogues were uséidahtconcentrations
rangng from 6.25 to 50 uM. Our results {ifrigure 6-6, A) demonstrated that resveratrol did not
exhibit toxicity on Jurkat cells over the concentration range used hewasltreportedhat
resveratrol had an Kgof 58 uM in Jurkat cells afte24 hoursof incubation[51]. The fact that

we did not observe any cytotoxicity of resveratrol even at the maximum concentration used (50
MM) is likely attributable to the difference in the assayed asthe 1G, reported for resvetenl

was achieved througan Alamar blue assay and here we use€ellTox assay. On the other
hand, we observed that TMS ahd exhibited a signifiant cytotoxicity at 5QuM, while below

this concentratiothere were no statistically significant effects.

Resveatrol 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 cel[82]. In this study, we investigated apoptosis icelll by resveratrol analogue

10, TMS, and resveratrain Jurkat cells In contrast to previous reports indicating resveratol
ability to initiate early apoptosi®$2, 53] we did not observe significant effects of resveratrol on
early apoptosis idurkat cells. Nevertheless, we found that sggof late apoptosis induced by
resveratrolwere evident at only the highest tested concentration (50 gure 6-6, B).
Surprisingly, the natural analogue of resveratrol (TM&8)ich was reported to exert strong
apoptotic effects at low concentratiofig}, 55] did not show significant effects on apoptosi
using this mode(Figure 6-6, C). The reason coulde relatedo the mechanism by wth this

stilbene exerts itapoptoticeffects.

Interestingly, resveratrol analogd® displayed significant apoptotic effects starting at 25 uM
and later at 50 uMFigure 6-6, D). These effect®f 10 were predominantly illustrately its

action on late apoptosis, where it was similar to resveratrol in not showing detectable effects on
early apoptosis. Moreover, these apoptotic actairif correlated withits cytotoxicity in Jurkat

cells. Resveratrolsalicylate analogud0& ability to induce apoptosis idurkat cells at lower
concentrations tharesveratrolis a positive sign; it suggests tHe hasa potential therapeutic

role in inflammatoryassociated disorderasapoptosis is essentidbr terminatinginflammation

[56].
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6.3.2.5In vivo anti-inflammatory activity (peritonitis model)
Based on the COX inhibitory profile (COXICsp = 4.1 uM; COX2 ICs50 = 1.0 uM) exerted by
compoundLO, its abilityto scavenge free radicals (pleaseSgere 6-1 andFigure 6-2), and its
potential to downregulate N6 B, we deci ded t onvieowaHnflammatoryi t s pc
profile using a mouse model.

150

Leukocytes viability (%)

. =] 2 WD I\ c A0 WD
SET T ST
10 30 60 90

Concentrations (pg/ml)

Figure 6-7: Leukocyte cell viability (by MTT assay) after 90 minutes of
incubation with different concentrations of the experimental compounds.The
concentration range (190 pg/mL) presnted here is equivalent to -300 pM.

Resultsare presenteds mean + EM of triplicate experimeist

First, we assessed the cytotoxicity exerted by compdlnah leukocytes isolated from mice,
using the standard MT@assay. This step is essenfiai determininga safe dose at which we
could evaluate thén vivo antrinflammatory profilewithout affectingthe leukocyteviability
[57]. In this regard, we observed that resveratrol, TMS, and comp&Ondid not exert
significant cytotoxicity at any of the test drug concentrations sgare 6-7). The overall cell

viability was higher than 77 % withithis concentration range (300 uM).
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Based on previous reports, a relatively safe dose for resveratrol and, thetseforerid
salcylatelike derivativesis 1020 mg/kg body weighs8-60]. To determine the potential anti
inflammatory effects of the test drugs, first we tested the compounds bgimmistration this
methodis frequently reporteth the literature based on thenlited oral absorption of resveratrol
[38, 61]

We observed that admimésing 10 mg/kg of resveratrol (i.pto 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 exacetdd theeffectsof the carrageenamduced 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 whepaborisd

strong chemoattractant).

In a second experiment, we decided to change the routenafiattation 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 experimeme shownn (Figure 6-8). Based on previous reports in which

the oral dose of resveratrol was as high as 200 mg/kg [62w83ssumed that lower doses-(10

20 mg/kg) were relativelgafe for oral administration of the test compounds.

Initially, we measured both the number of leukocytes and the concentration of nitric oxide in
peritoneal exudates aslevantendpoints to determine the potential anflammatory effects of

the drugs Figure 6-8). We observed thaboth doses of test compounds (10 and 20 mg/kg)
exertedsimilar effects, with a modest increase in activity at 20 mg/kg compared to 10 mg/kg.
The resveratrohaturalanaloge TMS and the hybrid salicylateesveratrol derivativé0 exerted

a dosedependent decrease in the number of leukocytes in samples of peritoneal exudates
(Figure 6-8, A). Unlike the results obtained with the igdministrationdescribed above, the
reduction in white blood cells (580 % decrease) produced by oral administration of resveratrol
(and its devatives) suggests th#tte 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 groupgyure 6-8, B). At 10 mg/kg p.o.,
compared tothe carrageenatreated group none of the tested compounds significantly
decreased the concentration of nitric oxiddis effect was similar when we adnsiered the

test drugs at 20 mg/kgCompound10 showed an increased aimtflammatory effect, but not
strong enough to produce a statistically significant difference compared to that obeeived

control group.

6.3.2.6In vivo anti-inflammatory activity (paw edemamodel)

To provide additional evidence supporting a potentiatiafikmmatory effect produced by the

test compounds resveratrol, TMS, axmpoundLO, we also carried out@arrageenainduced

mice paw-edemaassay. th 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 experimemtre shownn Figure 6-9.

As expected, animals in the carrageetraated 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 pyL. However, the paw volume determined for
animals in all drugreated groups suggested a ddependentanttinflammatory effect, which

was statistically significant focompound10 at 10 mg/kg, and TMS andO at 20 mg/kg
(Figure 6-9, A andB). These results are consistent with those obtained in the peritonitis assay

described above.

Specifically, six hours after the initial carrageenan stimulus, we observed that me$\eamet

TMS (10 mg/kg) reduced mice paw volumes by 34% and 19% respectively, but this reduction
was not statistically significanThis wasnot the case for compourid, which at adose= 10

mg/kg significantly attenuated paw swelling (59% reduction) ceatpao the control group.

This anttinflammatory effect was more evident at 20 mg/kg (p.o.), where we observed a 74%
reduction of mice paw volume exerted Wyafter six hours.Additionally, we observed that at 20
mg/kg, resveratrol significantly decreased (52%) the paw volume. The methylated resveratrol

analogie TMS, exerted a 34% reductiampaw 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 carrageetiasuced paw
edema in mice Animals were orally treated with resveratrol analogues 30 minutes befol
intradermal injection of carrageenan in the left paw while the rightvpasvnjectedvith the
vehicle only (0.9 % saline). The change in paw voluvas calculatedt the indicated mes
by subtractingheright paw (vehicle) frontheleft paw (carrageenan) for eactouse. Result:
are expresseds mean + EM (n = 4) for each group.P*< 0.05 compared tthe 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 apossible delayed absorptiohiodistribution or maybe after an in vivo time-
dependent metabolic activation. This observatiaoissistat with a previous report by Xu et al.

in which resveratrol significantly reducetie mousepaw volumethree to sixhours post
carrageenan injectidi2]. At this time we do ndhave evidence supporting a delayed absorption
profile or a metabolic activation of the test compounds; these premises require validation by
appropriate pharmacokinetic experiments that extendngetye scope of the current study

6.3.2.7Measurement of myelopeoxidase activity

The expression and activity of the myeloperoxidase (MPO) enzyme is aegevbimarkers of
neutrophil infiltration at inflammation sitd64]. Therefore MPO constitutesa goodindicator of
inflammationinduced chemotaxis. AdditionallPO catalyses thexidations ofa broadrange

of substrates which results in increased concentrations of numerous reactive radica[%fjecies
Consequently, inhibitig MPO activity in mice paw exudates would provide additional evidence

supporting the aninflammatory effects exerted by the test compounds.

We observed that resveratrol significantly decredB@ activity (53% decrease; P < 0.05) only

ata 20 mg/kgdose This wasnot the case for TMS, which despite the modest effect observed at

20 mg/kg, did not produce a significant change compared to the control gigupe(6-10, B).

The phenclcontaining compound0 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 concentdapmmdent biphasic

modul ation of MPO activity. I n this regard, D
resveratroldecreasedPO activityin the ulcerated gastric tissue$ mice whereas high doses

(10 mg/kg) increaseMPO activity [64].

183



g 4
D
=
b=
4
3
(.
0-
10 20 10 20 10 20
Resv T™S 10
) (mg/kg) (mg/kg) (mg/kg) |
) Carrageenan (500 pg/paw) )
0.084 B)

0.06+

Myeloperoxidase Activity
DO (460 nm)
(=]
o
=

0.02-

0.00-
10 20 10 20 10 20

Resv ™S 10
i (mg/kg) (mg/kg) (mg/kg)
Carrageenan (500 pg/paw)

Figure 6-10: Effects of resveratrol analogues (10 an80 mg/kg doses) against A) NO
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Along with MPOactivity, we also determined the concentration of nitric oxide (NO) in mice
paw exudatesHigure 6-10, A). Previous reporteave showrhat resveratratanreduce the
expression of inducible nitric oxide synthage@S)[59, 65] Also, resveratrol decreasblO
levels in LPSstimulated macrophage RAW.264.7 c¢l6-68]. In our experiments, we did not
observethat any of the drugsignificanty decreaseéthe concentration of N@ themice paw

exudatest two different doses (10 and 20 mg/kg).

Two recent reps described the benefits of low resveratrol concentration/dose against
inflammation, oxidative stresand cancers. In the firs¢port alow concentration of resveratrol

(10 pM) was found to be moreffective thana high concentraion (60 uM) in alleviating the

toxic effects of HO, in myoblast cells (C2C12)69]. In the second reporg low dose of
resveratrol (0.07 mg/kg) reducéte tumor burdermore significantiythandid a 200-fold higher

dose (14 mg/KgusingApc"™ mice asa colorectal cancer modgf0]. The fact thatompoundLO
demonstrated better antiflammatory properties than resveratrol at low dasey givelO an
advantage over resveratrélowever at this point we believe that further studies are needed to

supportthis hypothesis.

6.4 Conclusions

The insertionof an additional carboxylic acid groupto the chemical structure of resveratrol
yields a hybrid resveratr@alicylate derivativelO, with enhanced anthflammatory properties
(compared to the parepblyphenol).This wasdemonstratedn vitro by inhibiting the COX-2
enzyme and downregulating NFB a s in ww Using tacsdifferent inflammatory models

in mice (carrageenaimduced peritonitis and paw edema assaislding a carboxylategroup
increased the selectivity of compoud@ toward COX2 inhibition in vitro. This structural
modification did not alted 06 ability to decrease the conceation of ROSin vitro, suggesting

that hybrid salicylateesveratrol derivatives may offer a better therapeutic profile compared to
resveratrolAdditionally, compoundLO showed apoptotic effects dhurka cells at concentrations
lower than tlose of resveratrol. These results, along with those reported in previous

investigations by our group, provide evidence to support the -taudfet profile (especially at
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low doses) of the new hybrid scaffold. Finally, this chapter complements the potential
chemotherapeutic pfile of hybrid salicylateresveratrol derivatives, by showing that these

compounds maintain (or even improve}veratrad antrinflammatory effects.
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7.1 Summary of results
1- Introduction

Cancer is a complex disease in whigrious signalling pathwaysare modulatedinstead of

targeting one protein overexpressed in cantterfi mu-{t & get 0 appr owatinh i s e
the scientific communityl]. In fact, this feature is probably the reasontf@succes®f natural

agents (e.g. resveratrol and aspirin) as promising chemopreventive agents. Theortteally,
multi-targetstrategy is supposed to provide enhancement (synergism) of therapeutic response,
producingfewer side effects and being less susceptible to drug resisfahcélowever, the

selection of targets irucialdue to the higllegree ohomologyof certain preein families.

Resveratrol habeen extensively studied the last two decades agotentialchemopreventive
agent. However, its low stability, high metabolate and the discrepancies among the results of
in vitro andin vivo studies on itnitiated the search for resveratrol derivatiy2s One approach

for resveratrol derivatization is to hybizé theresveratrol structure with another active moiety

in order toenhance the desired therapeutic response. In this project, we designetl hybri
resveratrol derivatives based on hybridization tleé resveratrol structure with aspirin (or

salicylate).
2- Literature review

As resveratrol has itewn disadvantageshequestwas i ni ti ally started f
analogues of resveratrol andngparing their efficacy with the parent. These naturally occurring
stilbenes include piceatann@], pterostilbeng¢4] a n d  3rangtdmethoxystilbene (TMS). In

regards to the first two analoguéisere are literature reviews describitingir propertes|[3, 5,

which is not the case for TMS. From thadrspective we compiled available reportghich

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
propertieghatrequire further investigations. Neverthelessphiarmacokinetic properties appear

to be bettethanthose ofresveratrol. 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 majgr(if not all) of targets considered previously for resveratrol.
3- Chemical synthesis

For the synthesis of methoxylated resveratrol derivatives, we explored Wittig, Horner
WadsworthkEmmons (HWE) and Heck reactions to produce the desitexths isomers. It
appears thathe Heck reaction can produdeans isomers in a better yield thaime Wittig
reaction (e.g.the case of compound). Neverthelessthe Wittig reaction gives access tis
isomerswhich could be evaluated in future studies (see future directions}, Beems to be an
efficient catalyst to convednisomeric mixture to onlatransisomer However this statement

was only true formethoxylatedanaloguesbut not their hydroxylated coumrparts. Further
modifications to the deprotection and acetylation reactions may improve the overall yield of

these derivatives.
4- CYP1A1l inhibition

Compound3 showed promising inhibitory activity against TCBiRduced CYP1A1l activation
by reducing EROD atvity and decreasing CYP1A1l mRNA. Additionall@, exhibited direct
(after one hour of incubation)inhibition of the CYP1Al1 enzyme which is supportedby a
docking study inside theecentcrystal structure ofthe CYP1Al active site. Importantly,
compounds8 and 9 showedan enhancement of TCDihduced CYP1A1l activation after 24
hoursof incubation in HepG2 cellsvhich is considerednunfavorable effect. Finally, in HR29
cells, resveratrol at a concentration of 5 uM induced EROD acavighigherlevel than that of
TCDD alone, an observationwhich seems toconfirm the reported biphasic effect of this

polyphenol.
5- DNMTs inhibition

Resveratrol is reported to modulatee methylation pattern of certain gedeB e pi genet i c
mo d u | . &e wsedda biochemicassay taassesshe potential oturrentresveratrolsalicylate
analogues to inhibit DNMTs. Interestingly, compouridsand 9 inhibited DNMT3B and 3A
enzymes withan activity higher than that of resveratr@ompoundlO demonstrated lower Kg
values against cancer cell proliferation of three human cancer cell lines (Hep&®, &l SK
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BR-3). Despite nbshowing apparent proliferation inhibition dme HUVEC cells the low 1Gy
value of 10 against MCF 10A highligist the need foradditional studies to evaluate ih

molec u | safétyo normal cells.
6-Anti-inflammeatory and antioxidant properties

In this set of experiments, compou@ demonstrated enhanced amflammatory properties
comparedto resveratrol and TMS. Additionallg0 retained the antioxidant profile similar to that
exerted by the parent resveratrol. Importaritlywasactivein vivo(particularly at low dosein
reducing MPO activity in the inflamed mice tissue. Along with its safety profile in leukocytes,
10 represats a promising candidate for further experimental studies related to inflammation

promoted cancers.
7.2 Conclusion

Adding the carboxylate functional group tther e sver atr ol s c d fprbdudedl ( a't
multi-target molecules capable of modulating certain proteins involved in carcinogenesis. These
derivatives varied in theistructureactivity relationship according to the protein of interest.
Despite no showing CYP1A1 inhibitory activity, compountl0 showed NFe B, £ ,@nd

ROS inhibitory activities. Moreover, it displayed vivo antrinflammatory activities in two
carrageenaimduced inflammation modelsctivities thatwere higher than tisefor TMS ard
resveratrol. Resveratrshlicylate derivatives represeatnovel class of resveratrol analogues

which require additional investigah into their role in cancer preventiorDther targets
modulated by resveratrol, aspirior both might bethe focus offuture projects in which

resveratrofsalicylatederivativescanbe evaluated
7.3 Future directions

There are numerous proteimghich are modulatedoy either resveratrol or aspirin or both
(Figure 1-3 andTable 1-2). These proteins might be potential targets for the current resveratrol
salicylate derivativesln order tonarrow down theseargets we are providing here a list of

potentialfuture projects (some ofrthich have already started):

1-Resveratrol 6s phar mac oki @.dntthe currentr pooject, the mmasts ar e

promising derivative was compour® which showed that in rat plasma it was hydrolyzed to
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produce9 (a derivaive that showed DNMT and COX enzymes inhibition). It will be necessary
to evaluate the pharmacokinetbarateristicsof these hybrids and compare them to that of

resveratrol.

2- Tesing the in vivo chemopreventivgrofile of the most promising compounds. Perhafs
and3 could be potentlacandidates. This experiment could be carriedbyutitilizing APC10.1
cells (derived from AP¥"™ mouse adenoma) which have been suggessea novelin vitro
model to studythe chemopreventivgpotential of candidate molecul§g]. Alternatively,anin

vivomodel ofan APC"" mouse model can be used.

3- Preliminaryin silico screening otis isomers of thecurrentresveratroisalicylate analoges
showed an enhanced CYP1A1 binding affinity (data not shown in this théss(omers can
be synthesized usinga Wittig reaction and testedagainst this enzyme. Additionally,
methylthiostilbenesvererecentlydesigned and assessed as CYP1Al and CYP1B1 inhif8tors
The current resveratralalicylate derivatives cabe modifiedto their methylthiccounterparts

and evaluated against CYP1Al and CYP1B1 enzymes.

4- The demethylation potential 40 (and perhap9) can be further confirmed using céksed
systems as recently report@]. Additionally, re-activationof silenced genes can be investigated

(perhapsn vivo), similar to the report recently published for resverdtt6].

5- Mercaptostilbenea nal ogues wer e recently synthesized
antioxidant agent§l1]. Future work could involve wodifying the current resveratrghlicylate

derivatives so that they can possesthiol moiety. Additionally, an electron paramagnetic
resonanceEPR) instrument can be used to assess the antioxidant properties of these analogues.

6- Chronic inflammation (such as rheumatoid arthritis) mightab@otential target for these
analogues. In fact, we have already started a collaboration witBubkhard Kloesch (Ludwig
Boltzmann Institutefor Rheumatology and Balneology, Vienna, Austria) to evaluate the anti

inflammatory properties of these analeg in chronic inflammation.

7- Cardioprotective and/or antiplatelgtopertiesnaybe assessedsthese properties are among

the earlier observation of resveratrol therapeutic potential (French Paradox).
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