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Abstract

In the past few years, heme oxygenase (HO) has been regarded as a potential
pharmacological targegspecially the inducible isofornmeme oxygenasg (HO-1). HO
catalyzes the ratmiting step of endogenous heme degradatieleasingarbon monoxide

(CO), free iron (F&), andbiliverdin (BV), then reduced to bilirubin (BRHO-1 also acts

as a signaling molecule that mediates the activation of oxidapbnsive transcription
factors in the nucleusviounting evidence underlisghat HO-1 exerts antioxidant, anti
apoptotic, and anihflammatory effects However, HO-1 overexpession may be
detrimental, especially in cancer cells where the enzyme can sustain tumor aggressiveness
and resistance to therapidherefore, HOL inhibition has been proposed as a staf@he

or adjuvant anticancer thergmnda library ofimidazolebasedHO-1 inhibitors has been
synthesizedOn these grounds, the first part of this thesis facasdhe development of

novel arylethanolimidazoles, designidough modifications of previously reportpdtent

and selectivélO-1 inhibitors.Molecular docking studies were performed to investigate their
interactions with the enzymend the most activenoleculewas tested forits potential
cytotoxic activityin hormonesensitive and hormorresistant breast cancer cell lines (MCF

7 and MDA-MB-231)

The second part of this thesis concerns the design, synthesis, and biological evaluation of
hybrid compoundss multitargeted anticancer ageris this extentan HO-1 inhibitory

portion was coupled witldifferent molecules endowed witmtitumor activity. Since s
receptors(sRs) ligands showed potential antiproliferative effects in human cantiegs
coadministration o6 R ligands and HEL inhibitors was evaluatad cancer cell lines that
overexpress both proteins. Based on the promising results achievedyrtiess,

characteriation andin vitro cytotoxicity of a small series oHO-1/sRs hybrids was

v



performed.Secondly, two already approved anticancer drugs were choseoupBng
counterpagin new HG1 hybrids 5-fluorouracil (5-FU) and nilotinib(NIL) . Particularly,
5-FU was combined witHi-(3-bromophenyb2-(1H-imidazol1-yl)ethano| a potentHO-1
inhibitor, to develop anovel 5-FU mutual prodrugFinally, NIL wasused aghe structural
backbonefor new TK/HO-1 hybrid inhibitors to targetchronic myeloid leukemigCML).
Their cytotoxic effects werstudied onNIL-resistant and sensitive K562 cel3ocking

studiesexplained the different interactions with B&®BL and HO 1 proteirs.

The last stage of this thesis wi® design andsynthess of imatinib(IM)-based hybrids
According to recenfindings, IM and HQ1 inducerscould be potential antiviral agents
against SARSCoV-2. Therefore, lhie newly synthesized compountiear an IM-like

phenylaminepyrimidine portion andan U ,-umsaturated carbonyl structueedowed with

HO-1 inducer activity.



Abbreviations and Acronyms

ABL1
ALA
ALAS
ARE
ATP
BR

BV
BVR
CAPE
CML
(6{0)
CoPP
COVID-19
CPgenlll
CrPP
CYPs
DMF
FDA
5-FU
FECH
HMB
HO-1
Hsps
M
Keapl
MAPK

Abelson murine leukemia
t-aminolevulinic acid
U-aminolevulinic acid synthase
Antioxidant response elements
Adenosine triphosphate
Bilirubin

Biliverdin

Biliverdin reductase

Caffeic acid phenethyl ester
Chronic myeloid leukemia
Carbon monoxide

Cobalt protoporphyrin
Coronavirus disease 2019
Coproporphyrinogen Il
Chromium protoporphyrin
Cytochromes P450
Dimethylfumarate

Food and Drug Administration
5-Fluorouracil

Ferrochelatase
Hydroxymethylbilane

Heme oxygenasg

Heatshock proteins

Imatinib

Kelch-like ECHassociated protein 1

Mitogen-activated protein kinase



MERS
MPs
NF-HB
NIL
NK
NOS
Nrf-2
PBG
Ph
PPIX
ROS
SAR
SARS
SARSCoV-2
SnMP
SnPP
SsRs
TK
TKI
VEGF
ZnPP

Middle East respiratory syndrome
Metalloporphyrins

Nuclear factor kappéght-chainenhancer of activated B cells
Nilotinib

Natural killer

Nitric oxide synthase

Nuclear factoerythroid 2 related factor 2
Porphobilinogen

Philadelphia chromosome

Protoporphyrin IX

Reactive oxygen species

Structuré activity relationship

Severe acute respiratory syndrome

Severe acute respiratosyndrome coronavirus 2
Tin mesoporphyrin

Tin protoporphyrin

Sigma receptors

Tyrosine kinase

Tyrosine kinase inhibitor

Vascular endothelial growth factor

Zinc protoporphyrin

Vi






Chapter 1. Introduction

1.1. Heme

Heme (iron-protoporphyrin X is the essential prosthetic moietf variouscytochromes

and proteins, such as myoglobin, hemoglobin, endothelial nitric oxide synthase, heme
peroxidase, catalasetructurally, hemés composed ofniron(ll) atom(F&**) coordinated

to a tetradentate ligand, the protoporphyrin [[Y. The iron atom placed inside the
tetradentate spagestabliskesfour planar bonds witlthe nitrogen atomandtwo additional

bonds with ligandssuch ascarbon monoxide (CO), oxygeand water, perpendicularly to

the tetradentateplane. The four pyrrolic rings amnnectedhrough methinédoridges, as

shownin Figurel.

O™ “oH o' ©

Figure 1. Chemical structure of heme.

Hemeis involved in several vital process@s;ludingthe storage andransportof oxygen
electron transfersignak transduction and redox reactiong2]. The total amount of
intracellular hemés the sum of inert heme, which is bound to hemoproteins and represents
the most abundant form, and free heme, whose role is not fdigrstoodThe free heme

poolis tightly regulated to avoid possible cytotoxic effedi® toits hemolytic activity and



lipophilic nature[3]. For instanceexcessive amounts of fréemeinteract with cellular
components and catalyze the oxidation of proteindipiai$. Indeed, hemean act as a pro

oxidant and pranflammatory agent by generating reactive oxygen species (ROS) through
Fentonds reaction, wi t Gellsccontrot theayr breerdevelsibye | | ul a
maintaininga highlyregulatealance betwedmemesynthesis, degradatipimport, export,

and reversible interaction with herbending proteing4].

1.1.2 Heme synthesis

Hemeis mainly synthesized by erythrocytes and hepatocyftbs biosynthetic process
occurs through an eigistep pathwaywhichbeginsinsidemitochondriaand takes place

the cytosol afterward(Figure 2) [5]. The ratelimiting enzymeof the whole process U-
aminolevulinic acid synthase (ALASa pyridoxatphosphatalependent enzymeith a
half-life of about 70 minutesTwo isoformsof ALAS have been identifiedthe first one
(ALAS1) is ubiquitously expressedwhile the second one (ALAS2) detectedonly in
hepatocytes and erythroid cells. The first reactdbrhemebiosynthesistakes place in
mitochondria ands the ratelimiting step of the wholeprocess.It occurs throughhe
condensation of the amiraxid glycine with succinytoenzyme A, derivettom the citric

acid cycle and leads to thproductionof G-aminolevulinic acid ALA). This intermediate
movesinto the cytosol, where it generates coproporptogen 11l (CPgenlll) through four
different reactionsTwo molecules of ALAcondensate, thanks to a zirequiring enzyme
(porphobilinogen synthase), and generate porphobilinogen (PBG). The next step leads to the
headtail condensation of four molecules of PBG, forming the linear hydroxymethylbilane
(HMB). Subsequently uroporphymogenlll synthase catages the formation of
uroporphyrinogen lll, througthe rearrangemeiatnd final ring closuref the linear HMB.

CPgenlllis then produced by a decarboxylatioractionmediated by uroporphyrinogen



decarboxylaseCPgenlll enters theitochondriawhereit is decarboxylated, leading the
production of protoporphyrinogen IX and, finally, to protombiyrin IX (PPIX). The
formation of heme occurs after the insertion of‘Haside PPIX, a processatalyzedby

ferrochelatase (FECH).

glycine succinyl-CoA

Or%ﬂo
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Figure 2. Schematic representation of hebiesynthesislt is an eighistep process, which starts in
mitochondria with the production g&LA, through the condensation of glycine with succinyl
coenzyme A The following four steps take place in the cytosol and leadhi® production of
CPgenlll. This intermediate onesinto mitochondria, where it is decarboxylated and then oxidized
to PPIX. FECH is the enzynthatcatalyzesthe chelationof Fe#*into PPIX, thefinal stage oheme

synthesis

1.1.3 Heme catabolism

Heme degradain is a stereospecifiprocesghatleads to the production €O, Fé&*, and
biliverdin (BV) in equmolar amounts(Figure 3) [6]. The first step ohemecatabolismis
catalyzedoy hemeoxygenase (HO), a family of micrasal heatshock proteinsHsps), by

using oxygenand NADPH. This process starts with the oxidative cleavage of a methine

bridge and the production of CO aRd**. This latter metabolite is immediately stored by
3



ferritin, a globular protein that sequesters and transports iron undertexioform. Heme

is then converted into a green pigmer@V. Biliverdin reductase (BVR), a cytosolic
NADPH-dependent enzym&ansforns BV into bilirubin (BR) through the reduction of the
central metme bridge[7]. The metabolic fate dBR is the esterification with glucuronic
acid by UDP-glucuronosyltrasferasen the liver. The subsequent conversionB&t into
bilirubin diglucuronide increases its watalubility and enables itbiliary excretion
Bilirubin diglucuronide ishydrolyzedand converted into urobilinogen, thanks to the activity
of intestinal bacteriagrinally, uobilinogen iseliminated,partly through the urinary system

and partly througlfeces after its transformation into stercobilinogen and the final oxidation

to sterobilin.
z H,O
+
20, 2NADP*
+ +
2NADPH (co) (Fe?* NADPH NADP*
heme oxygenase biliverdin reductase
O™ “oH Ho  ©
@ BILIVERDIN

Figure 3. Schematic representation of heme catabolHO is the enzymeatalyzingthe NADPH-
dependent oxidatioof heme, whichrelease<O, Fé* and BV. This latter metabolite is reduced to
BR, a potent antioxidant agent, thanks to the enzymatic activity of BVR.

1.2. Heme oxygenase (HO)

The nature and catabolic activity BfO were described for the first time by Schméhd
colleaguesn 1968 [8]. The enzyme exists ihtee different isoform340-1, HO-2, and HO
3. The firstdiscoveredsoform, HG1, wasinitially purified from rat liveq{9], pig[10], and
bovine spleeipl1]. HO-1 has a molecular mass of 32 kDa and it is edderredto asHsp32.

HO-1 is the highy inducible isoform of HOpasallypresentat low concentrationexcept



in the spleen, liver and bone marrow, where it is normaliyghly expressed12]. The
expressiorof HO-1 increase under certain conditiongroviding a generakytoprotective
responseDifferent stimulicaninducethe HO-1 gene expressioisuch a®xidative stress,
heavy metals, toxins, UV radiatign@nobioticsand heme itse[fL3]. In addtion to its welt
known enzymatic activity, HQ also represengsignalng molecule itself Although it is
normally localized in the smooth endoplasmic reticulum as an integral membrane protein, in
response to oxidative stress and after the prot@aeskated cleavage of its-t€rminal
residue, HOL translocates into the nucleus, where it reigglas own expression and the
activation of transcription factors, including activator protesndnuclear factor erythroid
2irelated factor 2ANrf-2) [14]. Although the vast majority o$tudiesconducted so far
focused on HEL, the second isoform, HQ, was also investigated. Ihsolecular mass is
36.5 kDa and it is constitutivdy expressedespeciallyin the brain, where it plag
neuroprotective rolegd5], and testiswhere it isinvolved in the development of germ cells
[16]. HO-1 and HQG2 are encoded by two different genddMOX1 and HOMX2
respectively andshare approximatels5% sequencealentity [17]. The two isoforms share
a predominamy a-helical conformation in their secondary structyfégure 4) The
substrate heme is accommodated betweenhelices (distal and proximal). Tleatalytic
siteis consttuted by 24amino acidsn bothHOs The only difference is the presenceaof
Met157 residue in HQ instead ot.eul38in HO-1. The distal helix is riclin glycinesthat
provide high flexibility, allowing the enzyme to bind the substrate heme and release the
products. The ma structural differencebetween the two isoforms ame the Gterminal
regionthat anchors the protein to the endoplasmic reticulum membratt@sAevel HO-2
possessetvo heme regulatory motifsepresented bg CysPro dipeptide coreabsent in

HO-1[18]. The lattercontains alegradatiorsignal sequenc@EST domain) instead, which



is generally associated witbroteasomalegradationof proteins, and auclear shuttle

sequence (NS$19].

Figure 4. Ribbon diagrams illustrating the crystal structures of human (al l@d (b) HG2 with

the substrate heme (orang2)].

The thirdisoform HO-3, is probablya pseudogene processed from-B@anscriptsywhose
function has not been elucidatget[21]. HO plays &ey cytoprotective role, firstly écause
it is responsibléor heme degradation, avoiding the effects of thegddant free heme. In
addition, it leads to the production of beneficial catabo[@2% CO has beemegardedor
a long time as an environmental pollutant and toxic adgedéed, itanbindto hemoglobin
and reduceoxygen utilization,generating a stable complex called carboxyhemoglobin.
Later, CO has beenrecognizedas an important gaseous transmittavhose anti
inflammatory, antiapoptotic, antproliferative and vasodilatory effectsare well
documented[23]. Indeed, COplays essential biologicalroles in neuronal, cardiac,
pulmonary, immune, gastrointestinadnd reproductive systemg4]. This signaling
moleculemodulaesdifferent pathways, such as those involvswuble guanylyl cyclase

ion channels, adiponectiandmitogenactivated protein kinag®APK). The endogenous



productionof COis mainly due to heme catabolism, while only a small amount of this gas
derives fromthe oxidation of organic compounds under severe stress condijia)s
Another endproduct of heme catabolisim BV, which is rapidly convertethto BR, an
important antioxidant agent at nanomolar ley28. Its role as a potent®S scavenger is
enhancedy a cyclic mechanism of BV/BR oxidatioeduction.Furthermore BR acts as
an antiinflammatory agentindeed,high serum level®f BR have beemassociated with
decreased incidence hing, liver, endothelialand cardiosasculardysfunctiong27-29]. In
particular, BRcaninhibit NADPH oxidase andrptein kinase Cwhich are bothmediators

of vascular damagéleverthelessabnormally highamounts of BR can be toxic, as revealed
by the immature andefective excretiomf BR under neonatal jaundid80]. F&*is also
producedby heme degradatioriron is involved in several biological processes (oxygen
transport, DNA synthesignergy productionetc) and representthe cofactor ofvarious
enzymeslron exists as free metal (labile iron) at lomncentratioa Maintenance of proper
labile iron amounts is essential poevent iron overload thatay exerfpro-oxidant effects,
causingcellular damagé¢31]. Ferritin is themain carrierthat sequesters intracellular iron
and itssynthesis occurs when iron levels incre@msavoid ROS production and cell injuries

[32].

1.2.1 Regulation of HO1 gene expression

A large number of studies investigated the signaling pathways involwee modulation
of HO-1 geneexpression It was demonstrated that both rediependent and redex
independent mechanisms are implicdt&®]. The controlof HO-1 gene expressiamainly
occurs athetranscriptioml level mediatecby E1 and E2two enhancer elements within the
HO-1 genestructure BothE1 and EZontain the regulatory elements, localized in the 5

flanking region otheHO-1 g epmoenétes{34]. Several transcription factors induce HO



1 expression, such aactivator proteirl, nuclear factor kapphght-chainenhancer of
activated B cells NF-HB), and Nrf-2, which isthe most important on¢35]. These
transcription factors aractivaedin responséo externalstimuli throughcomplexsignaling
cascadeinvolving different protein kinase withMAPKs beingone of the most important.
MAPKs regulate the activity of transcription factor® turn, directly through
phosphorylationor indirectly [36]. Nrf-2 is a 66kDa proten belonging to the family of
CapondéColl ar basic | euci ne zhelgREZA2gene.ritasns cr i f
normally present in the cytosol as an inactive complex Weikchlike ECH-associated
protein 1(Keapl), a repressqorotein[37]. Keapl controls Nri2 levels by regulating its
ubiquitination.Briefly, when Nrf2 is bound tdKeap-1 bytheNeh2 domainit camotleave
the cytoplasm Dissociation from Keafd and translocation of N2 to the nucleusccur in
responseo stressful stimulisuch aROS, growth factors, hemelectrophiles, anditric
oxide Once entereahto the nucleus, N2 interacts wittthe antioxidant response element
(ARE), localized in the promoter region of antioxidant and cytoprotective genes, including
thatcodifying for HO-1 protein Figure5). While a large number of stimutianinduce HQ

1, only a few agents dowregulateits expressionAmong them, the most importanhes
reported inthe literature areBachl, angiotensin ll,interferono, cytokines transforming
factor-by, and interleukinlO [33]. The protein Bacil represeasHO-1 transcriptionunder
physiologicalconditions ands a competitive antagonist of N#[38]. In particular,Bach1
negativelymodulatedHO-1 geneexpression bygeneratinghetendimers withMaf proteins
that suppress theemeresponsive elementa the HO1 promoter[39]. On the contrary,
Bach1 leaves the nucleumder stressful conditionsllowing Nrf-2 to induce HGL, as

previously described.
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Figure 5. Schematic representation of \MfHO-1 axis.

1.3.HO-1 induction for therapeutic applications

HO-1 acts as a cellular protective system, inducible by both stressful (inflammatien, UV
light, heavy metals, etc.) and netressful stimuli (ANRRGMP, glucagosrcAMP), in
response to oxidative stress and injurious agdfis The defensive role of HQ in clinical
medicine was investigated for the first time through the analysis of #tecfise of HAL
deficiency, which dates back to 19pBL]. The patent was a child witlpersistensevere
hemolytic anemia associated wehdothelial injury,growth retardation, abnormal tissue
iron deposition, and increased sensibility to oxidative stfHss.abnormalities observed
were the consequences tfio genetic mutations, which hinded the productionof
functional HO1 protein The clinical symptomsf the patientvith primary HO1 deficiency
highlightedthe critical role of HO-1 in iron metabolismandin preventng inflammatory
reactions, vascular damage, and various complicatimiwing studies aimed tlurther
investigate the role of HO-1 in pathological conditionsinvolving oxidative and/or

inflammatory processessuch as ischemia, hypoxia, corneal inflammation, diabetes,



atherosclerosis, fibrosis, cardiovascular and pulmonary dis@@&3eSor instance, high HO

1 mRNA levels were detected in rat brain during ischemia, in both neuronal and glial cells
[43]. HO-1 induction after ischemic insult was studieditro andin vivo, and its beneficial

role seems to be due to the prevention of Rxsliated reperfusion injury44].
Furthermore, increased HOD levels showed cardioprotective properties under hypoxic
conditions in ventricleRl5]. In this case, it was speculated that cardiac funstonld profit

by HO-1 induction thanks to the production of CO and the consequent vasodilatation of
coronary arterief46]. In addition, it was noted that the cardioprotective role ofH@ay

be related to the increased synthesis of blood prostaglandin A during heart contraction under
ischemic conditions. Indeeghrostaglandin Ancreases HEl levels in myoblastgl7]. HO-

1 induction also showed defensive effects in models of pulmonary hypertension, by the
reduction of lung inflammation, hypertension, and the structural impairment of lung vessels
[48]. Moreover, increased HO levels were detected in the ocular system against UV
radiations under corneal inflammation. Therefameyitro andin vivo studiesdemonstrated

the defensive role of HQ in human and rabbit corneas, in response to oxidative and hypoxic
injury caused by UV radiationgl9]. Indeed, corneal epithelium and photoreceptors are
particularly susceptible to ROS and the lack of blood vessels avoids access to defensive
antioxidant systems. In addition, HD induction plays a crucial role in protecting
endothelial cells against oxidative injury in diabetes, by reducing ROS levels, increasing
mitochondrial activity and maintaining the balance between-pamd antiapoptotic
pathwayg50]. Another key effect of HEL in diabetes is the enhancement of adiponectin
levels, secreted by adipocytes. This peptide counteracts metabolic derangements in diabetes
by increasing insulin sensitivity and reducihgu mo r necr,nwrlegkinetband t o r U
interleukinel b | B1j.eMorsover, HO1 activation showed protective effects against

other pathological conditions, such as atherosclerosis and fibrosis. Indeddishi@luced
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by the oxidation of lowdensity lipoproteins (LDL) in atherosclero§i®]. In particular, the
HO-1/CO system counteracts different mechanisms contributing to the pathogenesis of the
disease, including endothelial cells activation, monocyte chemotaxis, LDL oxidation, foam
cell, plague formationand vascular smooth muscle cells prolifera{io8]. As regardshe
contribution ofHO-1 against fibrosis, it is mainly related to its ability to convert the pro
oxidant heme into antxidant and antinflammatory agents. Indeed, heme degradation
products reduce primflammatory cytokines, fibroblasts proliferation, and monocyte

chemotaxs [54].

On the whole, these pieces of evidence suggesgématic or pharmacological induction of
HO-1 could be a potential strategy to treat inflammatory and immune distngderdancing
both the degradation of the poaidant free heme and theggpluction of hemenetabolic
products, endowed with antiapoptotic, antioxidant -srilammatory, and anticancer effects

[55].

1.3.1 HO-1 inducers

A large number of natural compounds afgw synthetic agents were identified as HO
inducerg56-58]. Although these compounds are chemically heterogeneous, they generally
share specifianoieties such as phenolic risgas well as other chemical groups with
electrophilic properties, such &k,-umsaturated carbonyhoieties. Many H@L inducers,
thanks to their chemical structure, behave as Michael acceptors and covalently interact with
Cys151 of Keagl. This is the main mechanism that leads to the activation e2 ldrfd

phase Il enzymes, consequen8pmerepresetative HG1 inducers are shown in Figuge
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Figure 6. Chemical structures of some representative H@ducers.

Among the HGL inducers described in the literature, there are several phenolic compounds,
including caffeic acid phenethyl ester (CAPE), curcumin, ethyl ferulate, epigallocagchin
gallate, fumaric acid esters, resveratrol, gimgenosidefs6]. Most of them are weknown

for their antioxidant, aniinflammatory, and anticancer activities, partly dependent on their
ability to induce HGL. In most cases, HO induction seems to be cell typpecific and

drug concentrationlependent. For exampleurcumin, a polyphenol extracted from
Curcuma longais a potent antioxidant agent able to induce-HExpression in vascular
endothelial cells and rat smooth muscle cf8, 60] This cytoprotective activity was
detected at concentratiolosver thar60 nM, while higher levels of curcumin are responsible

for cell injury[61]. Another example that highlights the crucial role of drug concentration in
HO-1 induction was reported for resveratrol. The latter is a phenol and phytoalexin, whose
beneficial effects in the prevention of cancer, diabetes, heart, and other diseases were widely
investigated. HEL inductiorresveratrol mediated was reported only &tOlnmM, while

higher levels suppress the activity of IRBB a n d i -h [84]. bni ntost €ages, the
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mechanism of action of HQ inducers involves thdissociation oNrf-2/Keapl complex,
but also other signaling pathways seem to be implicated, depending on difc spe
compoundand cell type Indeed, many differenpathwaysregulate Nrf2 and HQO1
expressionSeveralserine/threonin&inasesmportant for proliferation and survival, such
as p38 MAPK extracellular signategulated kinaséERK), c-JunN-terminal kinase (JNK),
and phosphatidylinositol Xinase (PI3K)phosphorylate regulatéranscription factors
important for HO1 upregulationsuch as N andNF-HUH63]. For instance, both CAPE
and curcumin are Michael reaction acceptors and inducel Hf@ne expression by
stimulating Nrt2/Keap1l dissociation, which occurs thanks to the activation of p38 MAPK
[64]. As regards resveratroits mechanism of action involvate NF-HuBpathway.In
particular, esveratrol promotes a key stegNR-HUBactivation, which is the phosphorylation
and degradation dfkappaB alpha promotingHO-1 induction[62]. Concerningsynthetic
HO-1 inducersthere areseveralfumaric acid esterased for the treatment of psoriasis, an
autoimmune skin disea$é5]. Among them, dimethyl fumarate (DMFable ) has been
approved by the Food and Drug Administration (FDA) as alfimetdrug for the treatment
of relapsingremitting multiple sclerosi§66]. DMF, as well as diethyl fumarate, showed
significant antiinflammatory effects, which partly depend on 4Gnduction[67].
Furthermore, a reo¢ study described a series of synthetic DMF derivativasc, Table ),
some of which showed similar orimproved HQ1 inducing activity compared to DMF
itself [58]. These compounds are constituted bylheumsaturated chonyl backbone of

DMF, requiredfor the HO-1 induction, ancdditionalphenyl ringg68].
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Table 1. Chemical structure of DMAHO-1 inducerslai ¢ and fold induction values determined
through ELISA assay.

o o)
DMF 1a-c
Compound X Y R Fold Inductior® (ELISA)
1mM 5nmM 10nmM

la @] null 4-Cl 8.81+0.20 8.19+0.21 11.74+0.41
1b NH null H 6.90+0.14 9.74+0.25 10.19+0.29
1c NH CH H 7.46+0.16 14.15+£0.34 13.76+0.35
DMF T T T 2.78+0.09 7.63£0.31 8.3+0.23

aData taken from Ref58].

Moreover, endogenous mediators (some lipids and peptides) and other compounds, such as
paclitaxel, probucol, rapamycimnd statins can also induce HD expression69-72].
However,although manynatural, synthetic, or semintheticHO-1 inducers have been
reported so farfurther investigations are still needgmiclarify the molecular mechanism

underlyingther protective properties
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1.4. HO-1 inhibition as a therapeutic approach

To date, numerous studies have shown the cytoprotective properties -of dg@nst
oxidative and inflammatory stimulHowever,HO-1 exerts pleiotropic functiongnd its

precise role in diverse stresdated diseases has not been entirely elucidated yet.
Nonetheless, HQ overexpression might be a doukldged swordi73]. Forinstance,tiwas
demonstrated thaHO-1 could contribute to cellular and tissue injury under certain
pathological conditions, such as hyperbilirubinemia, neonatal jaundice, neurodegenerative
disorders, bacterial and viral infections, and different typestuofiors [74]. First,
hyperbilirubinemia is a condition characterized by increased levels of BR, frequent in
newborns that manifest jaundice for the limited and immature excretion &\BR.tlough

BR is an antioxidant factor, elevated levels may cause brain damage; for this reason, an early
diagnosis and treatment are necessalthough the firstline approach is still represented

by phototherapy, treatment withetalloporphyrins (MPs)especiallytin protoporphyrin

(SnPB and tin mesoporphyrin (SNMP), as HOnhibitors is already in clinical use, thanks

to their ability to redoe heme catabolism and BR product{@]. In particular, SnMP
administration (6vM/Kg) ameliorats the course of jaundice in preterm babies and rexduce
phototherapy requirements by about 7p%)]. Moreover, many studies showed that high
levels of HO1l play animpot ant rol e i n the pathophysiolc
suggested a potential therapeutic approach oflH@hibitors against neurodegenerative
disease$77]. Al z h e i me riasbraid disorelea that leads to a slow and irreversible
decline of memory and cognitive functions. It is characterized by intracellular neurofibrillary
tangles of tau protein and extracelliul ar s
amyloid pepde. However, the role of the HO system seems to be controversial in
Al z h ei me rarid ®thed brasn eliseasgs]. Indeed, high levels of HQ were detected

in glial cells, probably as a defensive mechanism against the oxidation of neuronal lipids and
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proteing79]. Nevertheless, HQ induction may also lead to brain iron deposition, oxidative
mitochondrial damage, and CO production, with consequent excitotoxicity and neuronal
cells death§80]. On these premises, the potentieuroprotective activity of SnMP and ron
competitive HOL inhibitors was investigated. Interestingtiiese compounddecreased
oxidative brain injury and improved cognitive functif8i]. Moreover, the role of HQ
overexpression is mostly ptamorigenic in solid and blood tumors, such as glioblastoma,
adenocarcinom neuroblastoma, breast, prostate caranstleukemia[82]. Noteworthy, a

large number of studies highlighted that+@s involved in immune system responses, cell
growth mechanisms by promaginangiogenesis and inhibiting apoptosis, and in the
development of drug resistances further described in Paragraph 1}83]. These data
indicate that inhibition of HEL through genetic or pharmacological agents may be a
promising toolespeciallt o prevent tumor growth and prog

responsiveness to anticancer theeapies, and

1.4.1 HO-1 and its relevance to cancer

A growing body of evidencendicatesthat the expression of HO is generallyhigher in

cancer cells than in healthy oneemonstratinghat ths enzyme plays ivotal rolein
tumorigenesi$84]. Thus, poor outcomes and low survival rates occur in patients with HO

1 overexpresion [85]. These data suggest that the cytoprotective and antiapoptotic effects

of the enzyme may contribute to tumor growth and progre$8&jnThe enzymenterferes

with multiple pathways$Figure 7) though the exact mechanigras not been fully elucidated

yet HO-1 may sustairangiogenesiswhichi s essent i al for guar an
viability and proliferatio{87]. The contribution of HAL in neovascularization was mainly

ascribed to the potent proangiogenic activity of itgobyduct CO. Therefore, CO promotes

pro-angiogenic processes bgducing vascular endotheliagrowth factor (VEGF) and
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stromal ceHlderived factorl, as demonstrated in several tumors (Kaposi sarcoma, prostate,
pancreatic cancer, melanoma, ef88-91]. Moreover, HGL favors cancer development by
interfering with the immune syster{92]. Indeed, HGL overexpression remarkably
suppresses cell and natural killer (NK) celinediated activities, as demonstrait@durine
models[93]. In addition, it was reported that HDpromotes transendothelial migration of
metastatic cancer cells. For instance -HExpression in tumeaissociated macrophages has
been studief®4]. Tumorassociated macrophagesert trophic action towards cancer cells
and are responsible for the immunosuppressive phenomena that sustain tumor progression
and resistance to therapi®®]. Of note, HG1 deletion in myeloid compartments showed a
remarkable effect on the transdrgmal and epigenetic profiles afumorassociated
macrophageand restored the therapeutic efficiency of an antitumor vaccine by recovering
T cell proliferation in the tumor microenvironme®¥]. Moreover the influence of HAL

on microRNAs levels has also been reportel®-1 regulatesmicroRNAs biogenesis
through the reduction of heme amount. Indeed, heme is the cofactor of théiRdNAg
protein DiGeorge critical regie8, a microRNAs processing enzyni@6]. In C2C12
myoblasts, low levels dDiGeorge critical regiof8 and microRMs have been linked to
HO-1 overexpressiof®7]. This effect leads to the inhibition of myoblast differentiation and
the generation of fagfrowing, invasive, hyperplastic tissues. Furthermore,-HO
contributes to cells resistance towards apoptosis and autof@&jgytudies on a human
colon cancer cell line, Cae®y demonstrated #tthe antiapoptotic activity of HE&L occurs
through theactivation of the Akt cascad@9]. Akt is a serine/threonine kinase with a key
role in regulating cellular growth factors and in promoting cell survival by inactivation of
pro-apoptotic signalg100]. The overexpression dmalfunctions of Akt were found in
several types of tumors, where it contributes to tumor growth and aggressiveness.

Furthermore, the antipoptotic activity of HOL wasalso ascribed to alterations of Bcl
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2/Bax ratio towards survival and theoductionof the antioxidanBR and BV. Interestingly,
knockdown of HO1 expression using genetic approaches, such as small interfering RNA or
short hairpin RNA, and pharmacological agents demonstrated thatirt@bition improves

cancer cellgresponsiveness to anticancer therapies and suppresses metastasis in animal
models.For exampleHO-1 overexpression induces resistance towards cisplatin in human
lung cancer cell§A549) and towards gemcitabine in urothelial carcindif@i, 102] HO-

1 was also identified as a survival factorchronic myeloid leukemigCML), involved in

the induction ofchemoresistance towards imatinib (I[403]. Moreover,HO-1 seems to

play a key role in the development of chemoresistance towarflzomib, a proteasome

inhibitor used against solid tumdtf04].

ANTIAPOPTOTIC : HO-1EXPRESSION IMMUNOSUPPRESSIVE

ACTIVITY EFFECT
Akt phosphorilation 9ok 3 NK cells
Bcl-2/Bax '

BV/BR T cells

cancer cells

PROANGIOGENIC
ACTIVITY

Figure 7. Cytoplasmatic and nuclear overexpression of H&hd its main effects in the development
of cancer:antiapoptotic action, through the activation of Akt cascauedification of Bcl2/Bax

ratio towards survivaland the formation of BV/BRevasion of the immune responseduction of

T cells and NKcells activity; promotion of angiogenesis mediated by VEGF, leading to tumour

spread and metastasis.

Although a large amount of data support the potential anticafieet of HG1 inhibition
in several cancer models, contrasting evidencealsadeen reported-or instance, HEL
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overexpression retards the proliferation and metastasis of hepatocellular carcinoma cells
[105]. In this case, # beneficial effects of the enzyme were ascribed to its ability to
downregulate several oncomicroRNAs, such as-80B and miRLO7. Moreover HO-1
induction may promote ferroptosis, which is a newly discovered @ lipid peroxidation
dependent cell @eh[106]. Therefore, dirther investigations on HQ® overexpression and

its ability to interfere with cell differentiation, microRNAs, cells metabolism, and the
plethora of other pathways have to be performed. On the whole, the dual role ofrHO
cancer, beneficial or detrimental, depends onrHe2llular lacalization and type of cancer.
Indeed, an important aspect to consider is thatiHOnormally associated with the smooth
endoplasmic reticulum in the cytoplasm. However, localization in other subcellular
compartments was also found. In particular, tracetion of HO1 to the nucleus triggered

by stressful stimuli may be related to changes in cancer cells behavior, poor outcomes, and

progression of tumofd.07].

1.4.2 HO-1 inhibitors

Many studiedave beeriocused orthe development of agents able to inhibit-H@ith a
pharmacokinetiprofile suitablefor therapeutic applicatiof408]. The first HG1 inhibitors

were MPs, heme analogsth metal cations inside their tetrapyrrolic structurkeyinhibit

the HO system through a competitive mechanism of afti@®@]. SnPP, obalt, chromium,

and zinc protoporphyrin (CoPP, CrPP, ZnPP, respectively) meisly studied for their
potential therapeutic application in netadabilirubinemia[110]. Moreover, SnPP, ZnPP,

CrPP showed to suppress tumor spread and increase the sensitivity to traditional treatments,
as reported, for example, patients with Sarcoma Kapogill]. However,the clinical
application of MPs is limited byseveral side effectsuch agheir nonselective inhibitory

activity, the induction of H@L, and their photeactivity[112, 113] For this reason, major
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efforts were focused on the development of-nompetitiveHO inhibitors, starting from

Azalanstat 4-({[( 2S49-2-[2-(4-chlorophenyl)ethyH2-(1H-imidazol 1-ylmethyl)-1,3-
dioxolan4-yllmethyl}sulfanyl)aniling an imidazolebasedcompoundinitially studied for

its selective inhibition ofanosterol 14a demethylas&vith cholesterclowering activityand

identified as an HO inhibitor (HQ 1Cso= 5.5mM, HO-2 ICso = 24.5nmM) only in 2002

[114-116] Structureactivity relationship (SAR) studiemndAzalanstatwere first achieved

by a Canadian team of resear cher[sl7.0esed at
structure ofAzalanstat can be ideally divided irftiur regions: northeasteraastern, central

and westernKigure 8). In order to define the main chemical features required forlHO

inhibition, the abovenentioned team performed extensive modificatiminsach region.

NORTHEASTERN REGION

_______

WESTERN REGION

Azalanstat

Figure 8. Chemical structure ohzalanstat.

Initially, they investigated the position of the amgroupon the phenyhiomethylmoiety
and stereochemistritheamino group placed at thepbsitionimprovedthe potency 2b),

while its presence at the@sition of the phenyl ring gave a good contribution in terms of
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HO-1 selectivity Ra). As regards the stereochemisttiye best results we achievedwith
the (2R, 45 configuration as shown by compoundb, 2c (Table 2) [117]. Other HO
inhibitorsderived fromthe structuralsimplification of AzalanstatThe elimination of the 4
aminophenylthiomethyl moietshowed good potency and selectivity against HOut also
good inhibitory activity against CYP3A1/2Qs0 = 4+ 1 nM) and CYP2EL1lICs0=5% 1

nM), as demonstrated by compouzdi(Table2) [118, 119]

Table 2. Chemical structure aridhibitory potency ofAzalanstatind compound2ai d towards HO
1 and HQ2.

2
Compound R Stereochemistry 1Cso( € M) -1°H ICs0( € M) -22H
Azalanstat 4-(methyithio)aniline 2S,4S 6+1 28 +18
2a 3-(methylthio)aniline 2S,4S 1.0+£0.2 35+6
2b 4-(methylthio)aniline 2R,4S 0.52 +0.03 5+3
2c 2-(methylthio)aniline 2R,4S 2501 63+3
2d (QC-15) T i 4+2 >100

aDatataken from Ref[117, 118]

In 2007, the same group of researchers evaluated the role of the central region of Azalanstat,
comparing the dioxolane group with the ketone aledhol ones, and the effect of different
halogen atoms on the western phenyl ring (T&p[&20]. Themost selective HEL vsHO-

2 inhibitors were those bearimgdioxolane moiety 3a, 3b) instead ofa ketone or alcohol
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functional grours. However, the imidazotalcohols(3f, 3g) were the most potent towards
HO-1. The authorsalsoinvestigated the influence of different substituesristhe western
regionin terms ofselectivity towards HEl andcytochromes@YP9 [121]. Results showed
that the presence @romine Bd) or iodine atom f) at the 4 position of the phenyl ring
enhanced the selectivity towards HOwhile a chlorine aton8g) or the lack of any halogen

atoms Ba) increased the potency and selectivity towards CYP2EL.

Table 3. Chemical structure anidhibitory potency of compound3aii towards HG1, HO-2 and
CYP2EL.

_N
[y
o
R
3

Compound R X Y Z ICso( € M) ICso( € M) ICso( € M)
HO-12 HO-22 CYP2EF
3a H  1,3dioxolane CH CH 0.7+04 >100 146+29
3b Br 1,3dioxolane CH CH 1.9+£0.2 >100 |
3c(QC-65 H Cco CH CH 40+138 11.3+4.7 6.7+0.2
ad Br Co CH CH 1.7+0.7 9.5+4.6 74+2
3e I Co CH CH 0.11+ 006 1.8+0.7 i
3f I CHOH CH CH 0.06+0.03 1.8+1.5 >100
39 Cl CHOH CH CH 0.5+0.1 4.0+0.6 18+3
3h H Cco N N 26%1 30+4 inactive
3i H 1,3dioxolane N CH 13+2 >100 >100

aPDatataken from Ref[120, 121]

FurthermoreX-ray crystallographic studies weperformedto gain structural insightsito

the HO system anthe binding mode oHO inhibitorsto the proteif122]. According to

these studies, theroteinstructure of H@i s

m o-lselicdl, with @wo hydrophobic and
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flexible cavitesTheyaree al | ed fAdi st al 0 andinfh@westetnanda | 0

northeastern regions, respectiveljnetwo cavitiesdelimitate a spagevhich enables the
accommodation of the substrateme [20]. In particular, he iron atom of heme is
coordinated by His25 on the proximal sidetloé protein and by a sixth ligand, represented
by a water moleculen the distal sideDn these premises, further studilesnonstrated that
imidazolebased compounds inhibit the enzyme through a-awonpetitive but heme
dependenimechanism of actionindeed, theybind to HG1 when the substrate heme is
already inside the enzym&heydisrupt the catalytically relevant hydmgbond network
involving Asp140 and displacihe distalwater molecule, inhibiting heme oxidatioAs
shown bycrystal structure of HO-1 in complex with differenHO-1 inhibitors,such as
compound4a in Figure 9, the imidazoleN-3 of inhibitors interacts with the iron atom of

hemeinsidethe protein

l/‘

o -',O/ N/i/) sewndary
T I (

HO-1 ICsg = 2.1 uM
HO-2 ICsq = 16 uM

western region eastern region

ab
(Qc-308)

HO-1 ICsg = 0.27 uM

HO-2 ICsq = 0.46 uM

Figure 9. Up) hHO-1 in complex with compounda [20, 123] Down) hHO-1 in complex withdb
showing &doublec | a mp 0 b i .hndyieen the pricipad western region, in red the secondary
hydrophobic pockeftl 24].
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This binding is the first anchoring point to the enzyme and explains why the imidazole
nucleus cannot be easikgplacedvith other moietiesln addition, he high flexibility of the

distal hydrophobicpocketof the proteinis essential teaccommodate different functional
groups,generallylipophilic moieties locatedon the western regioof HO-1 inhibitors

These last interactions aoé greatimportarce becausethey stabilize the inhibitoenzyme

complex, improving the inhibitory potency. Moreover, X-ray crystallographicstudies
revealed the presenceaf s mal | er secondary hydr oAshobi c
shown by thecrystal structure of hHQ with 4b, the two phenyl moiekes of 4b are
accommodated inteeparate hydrophobic pockétsougha 6 d caulbd mp 6 6 bj ndi ng

which provides additional stabilizati¢h24].

The Canadian team of researchers migestigatedhe replacement of imidazole with other
azole nuclei. Results showed thia¢ introduction oflifferent nitrogerbased heterocycles
generally reduced thiehibitory activity, except fora few compounds bearing a111,2,4
triazole or H-tetrazole groul25]. Interestingly,triazole or tetrazole derivativeshowed
reduced inhibitory activity against CYPsompared with imidazolebased analogs
(compound3i vs3a, 3h vs3c, Table3) [121]. Moreover, firtherstructuralmodificationson
the length and type of the central connecting chain of inhibiters performedanda few
examples are shown Trable4 [126, 127] In general, we can summzgithe most important
findings as follows: an alkyl chaiwith lessthan 4unitsis unfavorablen terms ofHO-1
inhibition (5b vs 3a), while the presence of a ketorsa) or alcohol functioal group(5c) is
preferred to a dioxolane moietyb). Thepresencef heteroatoms in the central chain was
also studied and good results were obtained with the introduction da atdm 6b), but

not with an oxygen aton6g).
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Table 4. Chemical structure aridhibitory potency of compoundsi ¢c and6a,b towards HG1 and
HO-2.

=N _—N
R,X\/N’/\/) ©\Y/\/'\r\/)
5 6

Compound R X Y ICso( € M) -1°HC  ICs0( € M) -22H C
5a CsHs Cco i 28+3 >100
5b CeHs 1,3dioxolane i 31+2 >100
5¢c 4-CICgH4 CHOH i 1.19 £ 0.02 16+ 6
6a i i ] 61+ 20 >100
6b i i S 6.0+ 0.1 >100

aDatataken from Ref[126, 127]

Research in the field of HO inhibitors, started by the Canadian group of researchers, was
continuedwith the identification opotentHO-1 inhibitors from an irhouse series ofitric

oxide synthas@\OS) inhibitorsby a team based at the University of &a&[128]. Indeed,

NOS inhibitorsshare with HO inhibitorsimilar chemical featuresan imidaole and an

arylic moiety, linked through a spacer of differenaiture. Fromthe screening of NOS
inhibitorsd ¢ o |, koenpouridsgane (Table 5) emerged for thegjood HO1 inhibitory

activity and low effects against NOS or other hdmsedcenzymes (CYPS).
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Table 5. Chemical structure aridhibitory potency of compound&i e towards HG1 and HQ2.

N
F
o
R+ P

7
Compound R X n ICso( € M) -12HC  ICs0( € M) -22H C
7a (LS/0) 3Br o) 4 2.1 2.2
7b 4-Br @) 6 10 ND
7c H @) 2 28 ND
7d 4-NO; CHOH 1 10 ND
7e 4-Br (6{0) 1 25 ND

Patataken from Reé [128].

These results stimulatédrtherstudieson HO-1 inhibitorsperformedby the research group
with whom | am carrying out my thesis woak the University of CataniaAryloxyalkyl
analogs with imidazole or 1,2#iazole moietyweresynthestedto analyze the effects of
modifications to the azole group, length and type of the connecting, cladhthe
introduction of differensubstituents on the phenyl moig¢fy29]. It was confirmed that the
imidazolegroupis preferredo the triazole onancreasing the inhibitorpotency 8a vs8b,

8c vs8d, Table6). As regards the connecting chain, the best results were obtained with an
oxybutyl spacer, while shortenirigto 3 carbon atomsaused a drop ipotency 8c vs8a).
The most interesting compoutitktemerged from this series &6, with an oxybutyl chain
and an iodine atom on the phenyl rinkhis resultsuggestd that a halogen atom on the
phenyl moietyimproves thepotency and selectivity towards HD Other SAR studies on
aryloxyalkyl derivatives confirmed that the best oxyalkyl chain is constitutdahi®thylene
units. Indeed, its elongation to 5 or 6 units rexildO-1 selectivity and potencydg, 8h).

The effectof different heterocyclic nuclevas also investigatatirough the development of
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imidazolebased derivatives bearing bicyclic nudlestead of the aryloxy moietysuch as
benzothiazole, &hlorobenzothiazoler benzoxazoldnterestingly thiopropyl compounds
9a, 9b were potent but not selective HO inhibitors, while compdgwas a selective HO

2 inhibitor[130].

Table 6. Inhibitory potency of compoundai h and9ai ¢ towards HG1 and HO2.

_N
O sy

8 9

Compound R n X ICso( € M) -1°HC  ICso( & NHD-22
8a H 3 CH 31.00 + 2.00 >100

8b H 3 N >100 NTP

8c H 4 CH 21.00+1.00 30.00 +1.00
8d H 4 N 92.00 £ 5.00 27.00 £ 2.00
8e 4-NO; 4 CH 56.00 + 2.00 21.00+1.00
8f (LS1/77) 4-| 4 CH 1.00+0.01 10.00 £ 0.50
89 4-| 5 CH 44.00 + 2.00 0.90 £ 0.02
8h 3-Br 6 CH 34.00 + 3.00 41.00 + 3.00
9a H 3 CH 0.90 + 0.01 12.50 + 2.50
9b H 4 CH 1.00 £0.02 0.80+0.01
9c 5-Cl 4 CH > 100 0.90+0.01

aData taken from Ref129, 130] °NT, nottested

Compounds/a (Table5) and8f (Table6), whichshowed the best results in terms of HO
inhibition, were testedin cancer cells overexpressingO-1 to evaluate their antitumor

propertieg129]. This study was performed in LAM&4 R cells, a human leucocytic cell
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line overexpressing HQ and resistant to imatinib (IMa therapeutic agent used in CML.
Compound¥a and8f wereefficientin reducing HO1 expressiomvhen administered alone,
while theco-administation of7aor 8f with IM increase the responsivenes$ LAMA -84R
cell lineto IM, significantlydecreasing the cell survivéfloreover, the potential @f as an
adjuvant agent wasubsequentlglemonstrated imeuroblastomaells, where8f increased
carfilzomib cytotoxicity through a mechanism of synergjdv]. Theseoutcomes inspired
the synthesis of hybridompoundswith an aryloxybutylimidazole moiety combined with
an IM-like portionin 2018[131]. The first mentioned moiety targ¢4O-1, while the second
one inhibitsthe tyrosine kinase (TK) BCRABL, which is the targeof IM. These two
portions were combined in the same moleculass endowed witl doubleaction.Forthe
first time, an HO-1 inhibitory moiety was combineaith IM in a hybrid structuren an effort

to overcome HGL overexpressionoften linked to phenomena ofchemoresistance.
Therefore, kibrid compoundsvere synthesizelly changinghe position of thesubstituent
R1 and theoxybutyl imidazole grougR2 on the benzamide ringrigure 10 shows the most
interesting hybrids of this study0a c. Furthermore, the new compounds were successfully
tested to study theinhibitory activity towardsboth targets. In particularesults showed
thatthesehybrids maintain the HEL inhibitory activity, even though their chemical structure
wasdifferent from the classical azelemsed HGL inhibitors reported itheliterature[108].
Generally, he bestiCso valueswere obtainedwhen a bromine atonwas placedon the
benzamide ring1(0a, 10c, Figure 10) andwhen the oxybutyimidazole groupvaslocated

at the 2position (L0Oa, 10b). On the contraryynsubstituted derivatives were less potent than
the substituted oneb addition,IM-resistant (K562R) and IMensitive (K562S) cell lines
were selected ttest theeffects othybridson cell viability. Interestingly, many hybridgere

more efficient inreduang the cell viabilitythanIM itself (ICso= 98 M) in resistant cells
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Therefore, lhese findinggonfirmedthat inhibitionof HO-1 could givea noteworthyhelp in

overcoming chemoresistance in CML.

NN
T
_N
HN O N H
=
| T
N _N
pZ HN O

IM 10a-c

10a: Ry = 4-Br, R, = 2-oxybutylimidazole, HO-1 IC5y = 0.95 £ 0.01 uM
10b: R4 = 5-CHj3, R, = 2-oxybutylimidazole, HO-1 ICgq = 0.95 £ 0.02 uM
10c: R, = 3-Br, R, = 4-oxybutylimidazole, HO-1 IC5q = 0.92 + 0.01 uM

Figure 10. Chemical structuresf IM and 10a ¢ and inhibitory potencyf hybrids10a c.

Finally, molecular dockingexploredthe binding mode athe novel IMbasedhybrids The
new compounds probably interagth the enzyme thanks to thé@érogen atom of imidazole
that coordinateshe iron(ll) of heme in HEL, similarly to theother azolebased HO1
inhibitorsreported so far. Also, docking results explaimddy compounds witloxy-butyl
imidazoleat the 2 position of the benzamide ringere the most potent HO inhibitors.
Indeed, the position of this moiety pkag crucial role instabiliang the bindingwith the
enzymethroughestablishingnteractions in the western region, which cannot occur when
the same moiety is placadthe 4 position. hteractiors with BCR-ABL proteinwere also
observed and showed to &ienilar to thoseletected for IM

The analysis of the entire collectionagvelopedHO-1 and HO2 inhibitors through a free

internet available database created in 2017 (HemeOxDB,
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http://www.researchdsf.unict.itthemeoydfl32, 133] showed that the presence of an
alcoholic functioml groupin thecentral chain of HO inhibitorsnstead of a ketone group,
generally increases thpotencytowards HOL1. On this basis, our research gralgsigned
and synthesizedseries of imidazokased HGL inhibitorsmaintaining an ethanolic chain
asacentral spacewhereas the hydrophobic western regi@sextensively nodified (11ai

e, Table7) [123].

Table 7.Inhibitory potency of compounddla f and12towards HG1 and HO2.

R1\O O HT(\N/\\

> o
N_/ 0 =
S h )

11 12

Compound R R1 ICso( € M) -12HC  ICs0( € M) -22HQ
11a(S11/09 3-Br H 0.40+0.01 32.00 +2.20
11b (LS4/28 3-Ph H 0.90 £ 0.08 > 100
lic 4-PhO H 0.90 + 010 10.50 + 020
11d 4-PhCHO H 0.50 +0.a 11.0+£ 090
11e(LS6/42) 4-(4-BrCsH4)CH.0 H 0.95 + 0.02 > 100
11f 3-Br PhCh 80.00 + 3.30 NDP
12 T T 28.8+1.4 14.4+ 0.9

3PData taken from Ref123, 134] °ND, not determined.

Preliminary docking stués were accomplished to verify the existence of a possible
eudysmicratio because of a stereocenter at theethanolic positionin this series of
compoundsAs a resultenantiomers shosd very similar calculated binding energy, even
though this lattemwas slightly in favor of the §-enantiomer (0.02 kcal/molMoreover,

molecular modeling analysis showed ttta N-3 of imidazole interacts with the enzyme in
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a consolidated fashion, coordimag with the hemeiron. In addition, dockegboses of the
compounds revealed that theenylethanolic chain is accommodated in the western region

of theenzymatidbinding site (Figre 11).

Figure 11. Docked poses of compounti$a (orange) 11b (pink), 11e (turquoise)123].

Among theimidazolebasedderivatives1lai e, the most potentcompoundswere those
bearing a 8Br, 3-Ph on the phenyl moiety or bulkier substituestssh adenzyloxy analogs
(11a, 11b, 11e) [123]. All compoundsllaie showed HQL inhibitory activity at
concentrations <M, and11b, 11e were the most selective (HOHO-1 >100).Further
modifications were also accomplished, such ashiwezylation of the central alcoholic
function @1f) or the replacement of a keto function with an amide d, (vithout
improvingthe ligandenzyme binding, as explained by docking stuil&gl]. Compounds
11a, 11b, 11ewere the most interesting of this serieduathersuggestethy in silico studies
that predicted a gogesharmacokinetiprofile and low toxicity[123].

Recently, twol,4,5trisubstituted imidazolebave been reporteas HO1 inhibitorsin the
literature, emergefrom a virtual high throughputscreening(13a, 13b, Figure 12) [135,

136]
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/NN

13a 13b
HO-11Csq = 0.94 + 0.59 uM HO-11Csq = 2.23 + 0.35 uM

Figure 12.Chemical strutures and HDICso values ofl3ab.

The overall binding mode of3a, 13b is similar to the classic HQ@ imidazolebased
inhibitors, witha nitrogeratomof the imidazolghat chelategheferrous catiorof heme. In
addition, the presence of a secamgubstituted imidazole nitrogatiows a direchydrogen
bondwith the Arg136residueof the proteinresponsible for the high affinity of these novel
compoundsAlthough13bshowed slightly reduced potency toward H@ompared td.3a

13b demonstrated higher affinity to the protein, also confirmed by biochemical assays in
human pancreati§PANC-1) cells. Thereforel3b was tested to evaluate its potential
anticancer activityNotably, the compound decreased viabiiitydclonogenic potentiabf

PANC-1, prostate (DUW45)and renal carcinomaJQOK262) cells[135, 136]

Anotherrecentstudyin the field of HO1 inhibitors was carried out by our research group
whichfocused ornthedesign,synthesis, dockingnd biological studies of novel acetamide

based compound3able § [137].
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Table 8 Inhibitory potencyof somerepresentative acetamide derivatividsi f towards HO1 and
HO-2.

0 —N
Rz\NJ\/NI/\/)
|

R+
14

Compound R1 Ro ICso( € NHPO-1 ICso( € M) -2HC
14a 4-CIPhPh)CH CHs 0.9+ 0.04 1.2+ 0.07

14b 3-BrPh(PhCH CHs 0.90+0.(3 11+0.04

1l4c 4-IPh(Ph)CH CHs 0.95+0.0 45.89+ 1.67

14d PhCHOPHh(Ph)CH CHs 1.2+0.11 11.19+0.18

14e 4-BrPhCHOPh(Ph)CH CHjs 8.0+ 0.39 24.71+0.14

14f Ph(Ph)CH CHs 0.90+ 0.07 0.90+ 0.05

Data taken from Ref137].

Notably,an amide functional group in the central connecting chain was well tolerated in this
new series of compound#4ai f). The introduction of a small substituent, such as methyl,

at the nitrogen atom of the central chammd the presence of a benzyloxy or a halegen
substituted benzyloxgt the 4position of one phenyl ringfforded potent inhibitorslédai

f). 14a, 14b, and 14f showedsuperimposable HQ and HO2 ICso values while 14c, 14d,

and 14e were more selective for HQ. These acetamide derivatives allowed further
exploration of the hydr ophokcilcnrpedgiion,e rhaicg h
the enzyme can modulate both the potency and selectivity of inhibitors. For instance,
compounds withouh substituentlf) or with small halogen atomd4a and14b) fit inside

both HO1 and HG2 binding pocked, showingnonselectiveactivity. On the contrary, the
presence of a more sterically hindered moiety, such assaMstituted phenyl ringléc),

resulted inreduced potency towards HBDbecause the bulkier substituent is preferentially
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accommodated in the northeastern region of the protein instead ofctrelaey western

pocket(Figure 13)

Figure 13.Docked posesf QC-308(orange)andl4a (light pink), 14b (blue), 14c (green) and14f
(light blue)inside HO1 (left) and HG2 (right) isoformq137].

The novel inhibitors were tested for thamticanceiprofile against prostate (DU145), lung
(A549), and glioblastom@U87MG, A172) cancer cellsdemonstratinghe bestactivity
toward U87MG cellsin particular,the most promising compouridta was selected for
further studieswhich provedts ability to reduceell invasivity through decreasing VEGF
release. Furthermorig, silico andin vitro metabolic stabilitystudiesof 14a suggested proper
oral bioavailability. 14a also proved low effects on huma@YP2D6 and CYP3A4,
suggesting no potential interference with the metabolism of other dfingdly, 14a was
studied to evaluatets potential undesirablecardiovascular effectslemonstratingno

significant interactioawith thehERG potassium channel

On the whole, lthough alarge number chzolebasedHO-1 inhibitors have been described
so far,future studiesshouldfocus onoptimizingther inhibitory potency in the nanomolar
range improving their metabolic stabilifyandreducingoff-target effects (such as potential

interactions with CYPsafterin vivoadministration

34



1.5. References

[1] S.E. Bowman, K.L. Bren, The chemistry and biochemistry of heme c: functional bases
for covalent attachment, Natural product reports, 25 (2008)-1138.

[2] T. Shimizu, A. Lengalova, V. Martinek, M. Martinkova, Heme: emergeles of heme

in signal transduction, functional regulation and as catalytic centres, Chemical Society
reviews, 48 (2019) 5628657.

[3] S. Kumar, U. Bandyopadhyay, Free heme toxicity and its detoxification systems in
human, Toxicology letters, 157 (200bj5-188.

[4] S.H. Vincent, R.W. Grady, N. Shaklai, J.M. Snider, U. Mulldyerhard, The influence

of hemebinding proteins in hemeatalyzed oxidations, Archives of biochemistry and
biophysics, 265 (1988) 53360.

[5] S.W. Ryter, R.M. Tyrrell, The hememsthesis and degradation pathways: role in oxidant
sensitivity. Heme oxygenase has both-@mad antioxidant properties, Free radical biology

& medicine, 28 (2000) 283009.

[6] T. Yoshida, C.T. Migita, Mechanism of heme degradation by heme oxygenase] Journa
of inorganic biochemistry, 82 (2000)-33.

[7] D.E. Baranano, M. Rao, C.D. Ferris, S.H. Snyder, Biliverdin reductase: A major
physiologic cytoprotectant, Proceedings of the National Academy of Sciences, 99 (2002)
1609316098.

[8] R. Tenhunen, H.S. MarveR. Schmid, The enzymatic conversion of heme to bilirubin
by microsomal heme oxygenase, Proceedings of the National Academy of Sciences of the
United States of America, 61 (1968) 7485.

[9] M.D. Maines, N.G. Ibrahim, A. Kappas, Solubilization and ghpurification of heme
oxygenase from rat liver, The Journal of biological chemistry, 252 (1977 ) 5308

[10] T. Yoshida, G. Kikuchi, Purification and properties of heme oxygenase from pig spleen
microsomes, The Journal of biological chemistry, 253 8)22244229.

[11] T. Yoshinaga, S. Sassa, A. Kappas, Purification and properties of bovine spleen heme
oxygenase. Amino acid composition and sites of action of inhibitors of heme oxidation, The
Journal of biological chemistry, 257 (1982) 777835.

[12] S.M. Keyse, R.M. Tyrrell, Heme oxygenase is the majek3a stress protein induced

in human skin fibroblasts by UVA radiation, hydrogen peroxide, and sodium arsenite,
Proceedings of the National Academy of Sciences of the United States of America, 36 (198
99-103.

[13] M.L. Ferrandiz, I. Devesa, Inducers of heme oxygeidaséurrent pharmaceutical
design, 14 (2008) 47386.

[14] Q. Lin, S. Weis, G. Yang, Y.H. Weng, R. Helston, K. Rish, A. Smith, J. Bordner, T.
Polte, F. Gaunitz, P.A. Dennery, Heme oxygesih protein localizes to the nucleus and
activates transcription factors important in oxidative stress, The Journal of biological
chemistry, 282 (2007) 206220633.

[15] C.W.L. H. Parfenova, Cerebroprotective functions of-B{QCurr Pharm Des., 14
(2008)443 453.

35



[16] D.G.J. A. L. Burnett, L. J. Kriesgfeld, S. L. Klein, D. C. Calvin, G. E. Demas, L. P.
Schramm, S. Tonegawa, R. J. Nelson, S. H. Snyder, K. D. Poss., Ejaculatory abnormalities
in mice with targeted disruption of the gene for heme oxygeddsature Publishing Group,

4 (1998).

[17] R. Davydov, A.S. Fleischhacker, I. Bagai, B.M. Hoffman, S.W. Ragsdale, Comparison
of the Mechanisms of Heme Hydroxylation by Heme Oxygenasasd-2: Kinetic and
Cryoreduction Studies, Biochemistry, 55 (2016)6&2

[18] L. Liu, A.B. Dumbrepatil, A.S. Fleischhacker, E.N.G. Marsh, S.W. Ragsdale, Heme
oxygenase is posttranslationally regulated by heme occupancy in the catalytic site, The
Journal of biological chemistry, 295 (2020) 17207240.

[19] B. Schaefer, K. Mriishi, S. Behrends, Insights into the mechanism of isoenzyme
specific signal peptide peptidaseediated translocation of heme oxygenase, PloS one, 12
(2017) e0188344.

[20] M.N. Rahman, D. Vukomanovic, J.Z. Vlahakis, W.A. Szarek, K. Nakatsu, Z. Jia,
Strudural insights into human heme oxygendsihibition by potent and selective azole
based compounds, Journal of the Royal Society, Interface, 10 (2013) 20120697.

[21] S. Hayashi, Y. Omata, H. Sakamoto, Y. Higashimoto, T. Hara, Y. Sagakngduchi,
Characterization of rat heme oxygen&sgene. Implication of processed pseudogenes
derived from heme oxygena8eyene, Gene, 336 (2004) 22%0.

[22] N.G. Abraham, A. Kappas, Pharmacological and clinical aspects of heme oxygenase,
Pharmacologicaleviews, 60 (2008) 7927.

[23] R. Motterlini, L.E. Otterbein, The therapeutic potential of carbon monoxide, Nature
reviews. Drug discovery, 9 (2010) #Z83.

[24] L. Wu, R. Wang, Carbon monoxide: endogenous production, physiological functions,
and pharmeological applications, Pharmacological reviews, 57 (2005)6&b

[25] P.A. Rodgers, H.J. Vreman, P.A. Dennery, D.K. Stevenson, Sources of carbon
monoxide (CO) in biological systems and applications of CO detection technologies,
Seminars in perinatology8 (1994) 210.

[26] R. Foresti, C.J. Green, R. Motterlini, Generation of bile pigments by haem oxygenase:
a refined cellular strategy in response to stressful insults, Biochemical Society symposium,
(2004) 177192.

[27] J.K. SaradyAndrews, F. Liu, D. Gllo, A. Nakao, M. Overhaus, R. Ollinger, A.M.
Choi, L.E. Otterbein, Biliverdin administration protects against endofoxinced acute

lung injury in rats, American journal of physiology. Lung cellular and molecular physiology,
289 (2005) L11311137.

[28] C. Fondevila, X.D. Shen, S. Tsuchiyashi, K. Yamashita, E. Csizmadia, C. Lassman,
R.W. Busuittil, J.W. Kupie®Veglinski, F.H. Bach, Biliverdin therapy protects rat livers from
ischemia and reperfusion injury, Hepatology, 40 (2004) 11388..

[29] K. Sano, HNakamura, T. Matsuo, Mode of inhibitory action of bilirubin on protein
kinase C, Pediatric research, 19 (1985)-59@.

[30] C.B. Hyman, J. Keaster, V. Hanson, I. Harris, R. Sedgwick, H. Wursten, A.R. Wright,
CNS abnormalities after neonatal hemolyticedise or hyperbilirubinemia. A prospective
study of 405 patients, American journal of diseases of children, 117 (19690395

36



[31] G. Balla, G.M. Vercellotti, U. MulleEberhard, J. Eaton, H.S. Jacob, Exposure of
endothelial cells to free heme potentiatkemage mediated by granulocytes and toxic
oxygen species, Laboratory investigation; a journal of technical methods and pathology, 64
(1991) 648655.

[32] P. Ponka, C. Beaumont, D.R. Richardson, Function and regulation of transferrin and
ferritin, Seminarsn hematology, 35 (1998) 3.

[33] S. Immenschuh, G. Ramadori, Gene regulation of heme oxygéresa therapeutic
target, Biochemical pharmacology, 60 (2000) :1228.

[34] A.M. Choi, J. Alam, Heme oxygenade function, regulation, and implicatiorf a

novel stressnducible protein in oxidaAnhduced lung injury, American journal of
respiratory cell and molecular biology, 15 (1996)%®

[35] A. Loboda, M. Damulewicz, E. Pyza, A. Jozkowicz, J. Dulak, Role of Nrf2IHO
system in development, oxidatistress response and diseases: an evolutionarily conserved
mechanism, Cellular and molecular life sciences : CMLS, 73 (2016) 3241

[36] A. Prawan, J.K. Kundu, Y.J. Surh, Molecular basis of heme oxygdnashuction:
implications for chemopreventicend chemoprotection, Antioxid Redox Signal, 7 (2005)
16881703.

[37] K. Itoh, N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J.D. Engel, M. Yamamoto,
Keapl represses nuclear activation of antioxidant responsive elements by Nrf2 through
binding to the amnmo-terminal Neh2 domain, Genes & development, 13 (1999676

[38] S. Kassovsk#ratinova, G. Yang, K. Igarashi, P.A. Dennery, Bachl modulates heme
oxygenasel expression in the neonatal mouse lung, Pediatric research, 65 (20a9)9145

[39] J. Sun, H. K@shino, K. Takaku, O. Nakajima, A. Muto, H. Suzuki, S. Tashiro, S.
Takahashi, S. Shibahara, J. Alam, M.M. Taketo, M. Yamamoto, K. Igarashi, Hemoprotein
Bachl regulates enhancer availability of heme oxygehagene, The EMBO journal, 21
(2002) 52165224.

[40] S.W. Ryter, J. Alam, A.M. Choi, Heme oxygendgearbon monoxide: from basic
science to therapeutic applications, Physiological reviews, 86 (2006383

[41] A. Yachie, Y. Niida, T. Wada, N. Igarashi, H. Kaneda, T. Toma, K. Ohta, Y. Kasahara,
S. Koizumi, Oxidative stress causes enhanced endothelial cell injury in human heme
oxygenase€l deficiency, The Journal of clinical investigation, 103 (1999)12%.

[42] A.A. Waza, Z. Hamid, S. Ali, S.A. Bhat, M.A. Bhat, A review on heme oxygetase
induction:is it a necessary evil, Inflammation research : official journal of the European
Histamine Research Society ... [et al.], 67 (2018)538.

[43] A. Takeda, H. Onodera, A. Sugimoto, Y. ltoyama, K. Kogure, S. Shibahara, Increased
expression of heme oxygem®asiRNA in rat brain following transient forebrain ischemia,
Brain research, 666 (1994) 12Q4.

[44] R. Ferrari, C. Ceconi, S. Curello, A. Cargnoni, E. Pasini, F. De Giuli, A. Albertini, Role
of oxygen free radicals in ischemic and reperfused myocarditie Afmerican journal of
clinical nutrition, 53 (1991) 215322S.

[45] T.K. Neil, N.G. Abraham, R.D. Levere, A. Kappas, Differential heme oxygenase
induction by stannous and stannic ions in the heart, Journal of cellular biochemistry, 57
(1995) 409414.

37



[46] D. Katayose, S. Isoyama, H. Fujita, S. Shibahara, Separate regulation of heme
oxygenase and heat shock protein 70 mRNA expression in the rat heart by hemodynamic
stress, Biochemical and biophysical research communications, 191 (1999487

[47] A. Ross, M.G. Santoro, Induction by prostaglandin Al of haem oxygenase in
myoblastic cells: an effect independent of expression of the 70 kDa heat shock protein, The
Biochemical journal, 308 ( Pt 2) (1995) 4863.

[48] H. Christou, T. Morita, C.M. Hsieh, H. Kke, B. Arkonac, M.A. Perrella, S.
Kourembanas, Prevention of hypoxmauced pulmonary hypertension by enhancement of
endogenous heme oxygendsm the rat, Circulation research, 86 (2000) 12229.

[49] N.G. Abraham, J.H. Lin, M.W. Dunn, M.ISchwartzman, Presence of heme oxygenase
and NADPH cytochrome -B50 (c) reductase in human corneal epithelium, Investigative
ophthalmology & visual science, 28 (1987) 146#72.

[50] S. Turkseven, A. Kruger, C.J. Mingone, P. Kaminski, M. Inaba, L.F. Rodglla
Ikehara, M.S. Wolin, N.G. Abraham, Antioxidant mechanism of heme oxygdnaselves

an increase in superoxide dismutase and catalase in experimental diabetes, Am J Physiol
Heart Circ Physiol, 289 (2005) H7{/D7.

[51] M. Li, D.H. Kim, P.L. Tsenovoys$.J. Peterson, R. Rezzani, L.F. Rodella, W.S. Aronow,

S. lkehara, N.G. Abraham, Treatment of obese diabetic mice with a heme oxygenase inducer
reduces visceral and subcutaneous adiposity, increases adiponectin levels, and improves
insulin sensitivity andjlucose tolerance, Diabetes, 57 (2008) 15285.

[52] M. Yamaguchi, H. Sato, S. Bannai, Induction of stress proteins in mouse peritoneal
macrophages by oxidized leglensity lipoprotein, Biochemical and biophysical research
communications, 193 (1993) 119201.

[53] K. Ishikawa, D. Sugawara, X. Wang, K. Suzuki, H. Itabe, Y. Maruyama, A.J. Lusis,
Heme oxygenast inhibits atherosclerotic lesion formation in-feiceptor knockout mice,
Circulation research, 88 (2001) 58@2.

[54] A. Nakao, J. Schmidt, T. Hada, A. Tsung, B. Stoffels, R.J. Cruz, Jr., J. Kohmoto, X.
Peng, K. Tomiyama, N. Murase, A.J. Bauer, M.P. Fink, A single intraperitoneal dose of
carbon monoxideaturated ringer's lactate solution ameliorates postoperative ileus in mice,
The Journal of phranacology and experimental therapeutics, 319 (2006)-1265.

[55] C. Li, P. Hossieny, B.J. Wu, A. Qawasmeh, K. Beck, R. Stocker, Pharmacologic
induction of heme oxygenade Antioxid Redox Signal, 9 (2007) 22-2239.

[56] S.C. Funes, M. Rios, A. Fernanrdeierro, C. Covian, S.M. Bueno, C.A. Riedel, J.P.
MackernOberti, A.M. Kalergis, Naturally Derived Her@xygenase 1 Inducers and Their
Therapeutic Application to Immurdediated Diseases, Frontiers in immunology, 11 (2020)
1467.

[57] V. Pittala, L. Vanel, C.B. Maria Platania, L. Salerno, M. Raffaele, E. Amata, A.
Marrazzo, G. Floresta, G. Romeo, K. Greish, S. Intagliata, C. Bucolo, V. Sorrenti, Synthesis,
in vitro and in silico studies of HQ inducers and lung antifibrotic agents, Future medicinal
chemstry, 11 (2019) 1523536.

[58] V. Sorrenti, L. Vanella, C.B.M. Platania, K. Greish, C. Bucolo, V. Pittala, L. Salerno,
Novel Heme Oxygenask (HO-1) Inducers Based on Dimethyl Fumarate Structure,
International journal of molecular sciences, 21 (2020).

38



[59] R. Motterlini, R. Foresti, R. Bassi, C.J. Green, Curcumin, an antioxidant ard anti
inflammatory agent, induces heme oxygerhsand protects endothelial cells against
oxidative stress, Free radical biology & medicine, 28 (2000) -1312.

[60] H.O. Pae(5.S. Jeong, S.O. Jeong, H.S. Kim, S.A. Kim, Y.C. Kim, S.J. Yoo, H.D. Kim,
H.T. Chung, Roles of heme oxygendsen curcumininduced growth inhibition in rat
smooth muscle cells, Experimental & molecular medicine, 39 (20072286.7

[61] G. Scapagnini, R. dfesti, V. Calabrese, A.M. Giuffrida Stella, C.J. Green, R.
Motterlini, Caffeic acid phenethyl ester and curcumin: a novel class of heme oxydenase
inducers, Molecular pharmacology, 61 (2002) 58&4.

[62] S.H. Juan, T.H. Cheng, H.C. Lin, Y.L. Chu, W.&el. Mechanism of concentration
dependent induction of heme oxygendsky resveratrol in human aortic smooth muscle
cells, Biochemical pharmacology, 69 (200548

[63] C.K. Andreadi, L.M. Howells, P.A. Atherfold, M.M. Manson, Involvement of Nrf2,
p38, BRaf, and nuclear factd@appaB, but not phosphatidylinositokiase, in induction

of hemeoxygenasg by dietary polyphenols, Molecular pharmacology, 69 (2006) -1033
1040.

[64] E. Balogun, M. Hoque, P. Gong, E. Killeen, C.J. Green, R. Foresti, J. Alam, R.
Motterlini, Curcumin activates the haem oxygenasgene via regulation of Nrf2 and the
antioxidantresponsive element, The Biochemical journal, 371 (2003)8857

[65] W. Schweckendiek, [Treatment of psoriasis vulgaris], Medizinische Monatsschrift, 13
(1959) 103104.

[66] G. Montes Diaz, R. Hupperts, J. Fraussen, V. Somers, Dimethyl fumarate treatment in
multiple sclerosis: Recent advances in clinical and immunological studies, Autoimmunity
reviews, 17 (2018) 1240250.

[67] R. Han, J. Xiao, H. Zhai, JHao, Dimethyl fumarate attenuates experimental
autoimmune neuritis through the nuclear factor erythdeidved Z2related factor
2/hemoxygenas#& pathway by altering the balance of M1/M2 macrophages, Journal of
neuroinflammation, 13 (2016) 97.

[68] E.A. Mills, M.A. Ogrodnik, A. Plave, Y. Ma®raayer, Emerging Understanding of the
Mechanism of Action for Dimethyl Fumarate in the Treatment of Multiple Sclerosis,
Frontiers in neurology, 9 (2018) 5.

[69] B.M. Choi, Y.M. Kim, Y.R. Jeong, H.O. Pae, C.E. Song, P&rk, Y.K. Ahn, H.T.
Chung, Induction of heme oxygenakés involved in antproliferative effects of paclitaxel

on rat vascular smooth muscle cells, Biochemical and biophysical research communications,
321 (2004) 13A37.

[70] Y.M. Deng, B.J. Wu, P.KWitting, R. Stocker, Probucol protects against smooth muscle
cell proliferation by upregulating heme oxygends€irculation, 110 (2004) 185B360.

[71] F. Afroz, A. Kist, J. Hua, Y. Zhou, E.M. Sokoya, R. Padbury, V. Nieuwenhuijs, G.
Barritt, Rapamycin iduces the expression of heme oxygerfased peroxyredoxii in
normal hepatocytes but not in tumorigenic liver cells, Experimental and molecular
pathology, 105 (2018) 33344.

[72] A. PiechotaPolanczyk, A. Jozkowicz, The Role of Statins in the Activabbieme
Oxygenase€l in Cardiovascular Diseases, Current drug targets, 18 (201-68&6/4

39



[73] M.M. Facchinetti, Hem®xygenasel, Antioxid Redox Signal, 32 (2020) 123242.

[74] J.L. Platt, K.A. Nath, Heme oxygenase: protective gene or Trojan horsereNatu
medicine, 4 (1998) 1364365.

[75] D.K. Stevenson, R.J. Wong, Metalloporphyrins in the management of neonatal
hyperbilirubinemia, Seminars in fetal & neonatal medicine, 15 (20101664

[76] T. Valaes, S. Petmezaki, C. Henschke, G.S. Drummond, A asa@ontrol of jaundice

in preterm newborns by an inhibitor of bilirubin production: studies witmisoporphyrin,
Pediatrics, 93 (1994)11.

[77] Z. Si, X. Wang, Y. Kang, X. Wang, C. Sun, Y. Li, J. Xu, J. Wu, Z. Zhang, L. Li, Y.
Peng, J. Li, CSun, Y. Hui, X. Gao, Heme Oxygenase 1 Inhibits Adult Neural Stem Cells
Proliferation and Survival via Modulation of Wnt/beZatenin Signaling, Journal of
Alzheimer's disease : JAD, 76 (2020) e24l.

[78] H.M. Schipper, W. Song, A. Tavitian, M. Cressaiffhe sinister face of heme
oxygenasel in brain aging and disease, Progress in neurobiology, 172 (20¥9) 40

[79] M.A. Smith, R.K. Kutty, P.L. Richey, S.D. Yan, D. Stern, G.J. Chader, B. Wiggert,
R.B. Petersen, G. Perry, Heme oxygerhseassociated Wi the neurofibrillary pathology

of Alzheimer's disease, The American journal of pathology, 145 (19947 42

[80] W. Song, H. Su, S. Song, H.K. Paudel, H.M. Schipper, @xpression of heme
oxygenasel promotes oxidative mitochondrial damage in rat gitapJournal of cellular
physiology, 206 (2006) 65663.

[81] A. Gupta, B. Lacoste, P.J. Pistell, D.K. Ingram, E. Hamel, M.A. Aldamali, W.A.
Szarek, J.Z. Vlahakis, S. Jie, W. Song, H.M. Schipper, Neurotherapeutic effects of novel
HO-1 inhibitors in vtro and in a transgenic mouse model of Alzheimer's disease, Journal of
neurochemistry, 131 (2014) 7-780.

[82] M. Nitti, S. Piras, U.M. Marinari, L. Moretta, M.A. Pronzato, A.L. Furfaro, 4O
Induction in Cancer Progression: A Matter of Cell Adaptatfartjoxidants, 6 (2017).

[83] H. Was, J. Dulak, A. Jozkowicz, Heme oxygenase tumor biology and therapy,
Current drug targets, 11 (2010) 155370.

[84] A. Jozkowicz, H. Was, J. Dulak, Heme oxygenasa tumors: is it a false friend?,
Antioxid Redox Sgnal, 9 (2007) 2092117.

[85] H.K. Na, Y.J. Surh, Oncogenic potential of Nrf2 and its principal target protein heme
oxygenasel, Free radical biology & medicine, 67 (2014) 355.

[86] A. Loboda, A. Jozkowicz, J. Dulak, HOCO system in tumor growth, giogenesis

and metabolism Targeting HO1 as an antiumor therapy, Vascular pharmacology, 74
(2015) 1122.

[87] S. Krishna Priya, R.P. Nagare, V.S. Sneha, C. Sidhanth, S. Bindhya, P. Manasa, T.S.
Ganesan, Tumour angiogene®iggin of blood vessels, Inteational journal of cancer, 139
(2016) 729735.

[88] S.C. McAllister, S.G. Hansen, R.A. Ruhl, C.M. Raggo, V.R. DeFilippis, D. Greenspan,
K. Fruh, A.V. Moses, Kaposi sarcoragsociated herpesvirus (KSHV) induces heme
oxygenasel expression and activity KSHV-infected endothelial cells, Blood, 103 (2004)
34653473.

40



[89] G. Birrane, H. Li, S. Yang, S.D. Tachado, S. Seng, Cigarette smoke induces nuclear
translocation of heme oxygenase 1 Yn prostate cancer cells: nuclear H@romotes
vascular endothell growth factor secretion, International journal of oncology, 42 (2013)
19191928.

[90] M. Sunamura, D.G. Duda, M.H. Ghattas, L. Lozonschi, F. Motoi, J. Yamauchi, S.
Matsuno, S. Shibahara, N.G. Abraham, Heme oxygehaseelerates tumor angiogenesis

of human pancreatic cancer, Angiogenesis, 6 (2002415

[91] H. Was, T. Cichon, R. Smolarczyk, D. Rudnicka, M. Stopa, C. Chevalier, J.J. Leger, B.
Lackowska, A. Grochot, K. Bojkowska, A. Ratajska, C. Kieda, S. Szala, J. Dulak, A.
Jozkowicz, Overexpressionf cheme oxygenasgé in murine melanoma: increased
proliferation and viability of tumor cells, decreased survival of mice, The American journal
of pathology, 169 (2006) 2182198.

[92] M.H. Kapturczak, C. Wasserfall, T. Brusko, M. Campf@@bmpson, T.M. Eis, M.A.
Atkinson, A. Agarwal, Heme oxygenade modulates early inflammatory responses:
evidence from the heme oxygendsdeficient mouse, The American journal of pathology,
165 (2004) 1048.053.

[93] M.H. Andersen, R.B. Sorensen, M.K. Brimnes, .M. Syang. Becker, P. thor Straten,
Identification of heme oxygenadespecific regulatory CD8+ T cells in cancer patients, The
Journal of clinical investigation, 119 (2009) 222%56.

[94] E. Alaluf, B. Vokaer, A. Detavernier, A. Azouz, M. Splittgerber, Arr@éte, L. Boon,

F. Libert, M. Soares, A. Le Moine, S. Goriely, Heme oxygeriasechestrates the
immunosuppressive program of turassociated macrophages, JCI insight, 5 (2020).

[95] M. Yang, D. McKay, J.W. Pollard, C.E. Lewis, Diverse Functions of Matages in
Different Tumor Microenvironments, Cancer research, 78 (2018)-5803.

[96] M. Faller, M. Matsunaga, S. Yin, J.A. Loo, F. Guo, Heme is involved in microRNA
processing, Nature structural & molecular biology, 14 (2007223

[97] M. KozakowskaM. Ciesla, A. Stefanska, K. Skrzypek, H. Was, A. Jazwa, A. Grechot
Przeczek, J. Kotlinowski, A. Szymula, A. Bartelik, M. Mazan, O. Yagensky, U. Florczyk,
K. Lemke, A. Zebzda, G. Dyduch, W. Nowak, K. Szade, J. Stepniewski, M. Majka, R.
Derlacz, A. Loboda, .JDulak, A. Jozkowicz, Heme oxygenakeinhibits myoblast
differentiation by targeting myomirs, Antioxid Redox Signal, 16 (2012} 12R

[98] R. Gozzelino, V. Jeney, M.P. Soares, Mechanisms of cell protection by heme
oxygenasel, Annual review of pharmatamy and toxicology, 50 (2010) 3234.

[99] J. Busserolles, J. Megias, M.C. Terencio, M.J. Alcaraz, Heme oxygénabkéits
apoptosis in Cac@ cells via activation of Akt pathway, The international journal of
biochemistry & cell biology, 38 (2006) 151517.

[100] G.M. Nitulescu, M. Van De Venter, G. Nitulescu, A. Ungurianu, P. Juzenas, Q. Peng,
O.T. Olaru, D. Gradinaru, A. Tsatsakis, D. Tsoukalas, D.A. Spandidos, D. Margina, The Akt
pathway in oncology therapy and beyond (Review), International joofr@icology, 53
(2018) 23192331.

[101] W.K. Jeon, H.Y. Hong, W.C. Seo, K.H. Lim, H.Y. Lee, W.J. Kim, S.Y. Song, B.C.
Kim, Smad7 sensitizes A549 lung cancer cells to cisplatnced apoptosis through heme

41



oxygenasel inhibition, Biochemical and biophyl research communications, 420 (2012)
288-292.

[102] M. Miyake, K. Fujimoto, S. Anai, S. Ohnishi, Y. Nakai, T. Inoue, Y. Matsumura, A.
Tomioka, T. Ikeda, E. Okajima, N. Tanaka, Y. Hirao, Inhibition of heme oxygehase
enhances the cytotoxic effect of gatabine in urothelial cancer cells, Anticancer research,
30 (2010) 2142152.

[103] M. Mayerhofer, S. Florian, M.T. Krauth, K.J. Aichberger, M. Bilban, R. Marculescu,
D. Printz, G. Fritsch, O. Wagner, E. Selzer, W.R. Sperr, P. Valent, C. Sillaber,itaeiotif

of heme oxygenask as a novel BCR/ABldependent survival factor in chronic myeloid
leukemia, Cancer research, 64 (2004) 33484.

[104] I. Barbagallo, C. Giallongo, G.L. Volti, A. Distefano, G. Camiolo, M. Raffaele, L.
Salerno, V. Pittala, V. Soenti, R. Avola, M. Di Rosa, L. Vanella, F. Di Raimondo, D.
Tibullo, Heme Oxygenase Inhibition Sensitizes Neuroblastoma Cells to Carfilzomib,
Molecular neurobiology, 56 (2019) 143160.

[105] C. Zou, C. Zou, W. Cheng, Q. Li, Z. Han, X. Wang, J. Jiapd, Z. Liu, Z. Zhou, W.
Zhao, Z. Du, Heme oxygenaderetards hepatocellular carcinoma progression through the
microRNA pathway, Oncology reports, 36 (2016) 2-21/22.

[106] S.K. Chiang, S.E. Chen, L.C. Chang, A Dual Role of Heme Oxygdnas€ancer
Cells, International journal of molecular sciences, 20 (2018).

[107] M. Mascaro, E.N. Alonso, E.G. Alonso, E. Lacunza, A.C. Curino, M.M. Facchinetti,
Nuclear Localization of Heme Oxygenaken Pathophysiological Conditions: Does It
Explain the Dual Role in &cer?, Antioxidants, 10 (2021).

[108] L. Salerno, G. Floresta, V. Ciaffaglione, D. Gentile, F. Margani, R. Turnaturi, A.
Rescifina, V. Pittala, Progress in the development of selective heme oxydeinagsgitors

and their potential therapeutic applicatidcuropean journal of medicinal chemistry, 167
(2019) 439453.

[109] R.J. Wong, H.J. Vreman, S. Schulz, F.S. Kalish, N.W. Pierce, D.K. Stevenson, In vitro
inhibition of heme oxygenase isoenzymes by metalloporphyrins, Journal of perinatology :
official journal of the California Perinatal Association, 31 Suppl 1 (2011}835

[110] A. Kappas, G.S. Drummond, T. Valaes, A single dose ah8soporphyrin prevents
development of severe hyperbilirubinemia in glueégehosphate dehydrogenadeficient
newbornsPediatrics, 108 (2001) 230.

[111] M.J. Marinissen, T. Tanos, M. Bolos, M.R. de Sagarra, O.A. Coso, A. Cuadrado,
Inhibition of heme oxygenask interferes with the transforming activity of the Kaposi
sarcoma herpesvirtencoded G proteinoupled receptor,The Journal of biological
chemistry, 281 (2006) 1133P1346.

[112] J.P. Y. Shan, T. H. Lu, K. K. Elbirt, R. W. Lambrecht, H. L. Bonkovsky, Induction of
the Heme Oxygenase Gene by Metalloporphyrins, Archives of biochemistry and
biophysics, 380 (2000) 21227.

[113] H.J. Vreman, B.C. Ekstrand, D.K. Stevenson, Selection of metalloporphyrin heme
oxygenase inhibitors based on potency and photoreactivity, Pediatric research, 33 (1993)
195-200.

42



[114] D.C. Swinney, O.Y. So, D.M. Watson, P.W. Berry, A.S. Webl3, Bertesz, E.J.
Shelton, P.M. Burton, K.A. Walker, Selective inhibition of mammalian lanosterol 14-alpha
demethylase by R31607 in vitro and in vivo, Biochemistry, 33 (1994) 4A4323.

[115] P.M. Burton, D.C. Swinney, R. Heller, B. Dunlap, M. Chiou, B&ldhzo, J. Haller,
K.A. Walker, A. Salari, S. Murakami, et al., Azalanstat {RI%07), a lanosterol 14 alpha
demethylase inhibitor with cholesteflolering activity, Biochemical pharmacology, 50
(1995) 529544.

[116] RJ.W. H.J. Vreman, D.K. Stevenson, R/ang In carbon monoxide and
cardiovascular function, Ed. CRC Press, Boca Raton, (2002) 273.

[117] J.Z. Vlahakis, R.T. Kinobe, R.J. Bowers, J.F. Brien, K. Nakatsu, W.A. Szarek,
Synthesis and evaluation of azalanstat analogues as heme oxygenase inBibdoyanic

& medicinal chemistry letters, 15 (2005) 145461.

[118] J.Z. Vlahakis, R.T. Kinobe, R.J. Bowers, J.F. Brien, K. Nakatsu, W.A. Szarek,
Imidazoledioxolane compounds as isozyselective heme oxygenase inhibitors, Journal
of medicinal chemistry49 (2006) 4434441.

[119] R.T. Kinobe, J.Z. Vlahakis, H.J. Vreman, D.K. Stevenson, J.F. Brien, W.A. Szarek,
K. Nakatsu, Selectivity of imidazoldioxolane compounds for in vitro inhibition of
microsomal haem oxygenase isoforms, British journal of phaviogyg, 147 (2006) 307

315.

[120] G. Roman, J.G. Riley, J.Z. Vlahakis, R.T. Kinobe, J.F. Brien, K. Nakatsu, W.A.
Szarek, Heme oxygenase inhibition by-0%y/-substituted 4(1H-imidazoll-yl)-4-
phenylbutanes: effect of halogen substitution in the phenyl Braprganic & medicinal
chemistry, 15 (2007) 3225234.

[121] M. Hum, B.E. McLaughlin, G. Roman, J.Z. Vlahakis, W.A. Szarek, K. Nakatsu, The
effects of azoldbased heme oxygenase inhibitors on rat cytochromes P450 2E1 and 3A1/2
and human cytochromes P4508and 2D6, The Journal of pharmacology and experimental
therapeutics, 334 (2010) 98B7.

[122] M.N. Rahman, J.Z. Vlahakis, W.A. Szarek, K. Nakatsu, Z. Jay)Xcrystal structure

of human heme oxygenadein complex with i(adamantaii-yl)-2-(1H-imidazol1-
ylethanone: a common binding mode for imidazmdesed heme oxygenagenhibitors,
Journal of medicinal chemistry, 51 (2008) 5%E52.

[123] L. Salerno, E. Amata, G. Romeo, A. Marrazzo, O. Prezzavento, G. Floresta, V.
Sorrenti, |. Barbagallo, A. Redria, V. Pittala, Potholing of the hydrophobic heme
oxygenasel western region for the search of potent and selective imidbhaskxl
inhibitors, European journal of medicinal chemistry, 148 (2018244

[124] M.N. Rahman, J.Z. Vlahakis, D. Vukomanovic, W¢e, W.A. Szarek, K. Nakatsu, Z.
Jia, A novel, "doublelamp” binding mode for human heme oxygerasehibition, PloS

one, 7 (2012) e29514.

[125] G. Roman, M.N. Rahman, D. Vukomanovic, Z. Jia, K. Nakatsu, W.A. Szarek, Heme
oxygenase inhibition by-Bxy-substituted dazolyl4-phenylbutanes: effect of variation of
the azole moiety. Xay crystal structure of human heme oxygerls® complex with 4
phenyt1-(1H-1,2,4triazol 1-yl)-2-butanone, Chemical biology & drug design, 75 (2010)
68-90.

43



[126] G. Roman,J.Z. Vlahakis, D. Vukomanovic, K. Nakatsu, W.A. Szarek, Heme
oxygenase inhibition by -aryl-2-(1h-imidazol1-yl/1h-1,2,4triazot1-yl)ethanones and
their derivatives, ChemMedChem, 5 (2010) 1:34655.

[127] J.Z. Vlahakis, C. Lazar, G. Roman, D. VukomanpKidNakatsu, W.A. Szarek, Heme
oxygenase inhibition by alph@H-imidazotl-yl)-omegaphenylalkanes: effect of
introduction of heteroatoms in the alkyl linker, ChemMedChem, 7 (20129827

[128] V. Sorrenti, S. Guccione, C. Di Giacomo, M.N. Modica, WtaR, R. Acquaviva, L.
Basile, M. Pappalardo, L. Salerno, Evaluation of imidabaleed compounds as heme
oxygenasel inhibitors, Chemical biology & drug design, 80 (2012) -886.

[129] L. Salerno, V. Pittala, G. Romeo, M.N. Modica, M.A. Siracusa, Gsiacomo, R.
Acquaviva, |. Barbagallo, D. Tibullo, V. Sorrenti, Evaluation of novel aryloxyalkyl
derivatives of imidazole and 1,2tdazole as heme oxygenas€¢HO-1) inhibitors and their
antitumor properties, Bioorganic & medicinal chemistry, 21 (2013p%153.

[130] L. Salerno, V. Pittala, G. Romeo, M.N. Modica, A. Marrazzo, M.A. Siracusa, V.
Sorrenti, C. Di Giacomo, L. Vanella, N.N. Parayath, K. Greish, Novel imidazole derivatives
as heme oxygenade(HO-1) and heme oxygena®e(HO-2) inhibitors andheir cytotoxic
activity in humanderived cancer cell lines, European journal of medicinal chemistry, 96
(2015) 162172.

[131] V. Sorrenti, V. Pittala, G. Romeo, E. Amata, M. Dichiara, A. Marrazzo, R. Turnaturi,
O. Prezzavento, |. Barbagallo, L. Vanella, Rescifina, G. Floresta, D. Tibullo, F. Di
Raimondo, S. Intagliata, L. Salerno, Targeting heme Oxygehasth hybrid compounds

to overcome Imatinib resistance in chronic myeloid leukemia cell lines, European journal of
medicinal chemistry, 158 (2018) 93B50.

[132] E. Amata, A. Marrazzo, M. Dichiara, M.N. Modica, L. Salerno, O. Prezzavento, G.
Nastasi, A. Rescifina, G. Romeo, V. Pittala, Comprehensive data orQS2R model for
Heme Oxygenase isoform 1 inhibitors, Data in brief, 15 (2017)2281

[133] E. Amata, A. Marrazzo, M. Dichiara, M.N. Modica, L. Salerno, O. Prezzavento, G.
Nastasi, A. Rescifina, G. Romeo, V. Pittala, Heme Oxygenase Database (HemeOxDB) and
QSAR Analysis of Isoform 1 Inhibitors, ChemMedChem, 12 (2017) 1%B&3..

[134] K.F. Geish, L. Salerno, R. Al Zahrani, E. Amata, M.N. Modica, G. Romeo, A.
Marrazzo, O. Prezzavento, V. Sorrenti, A. Rescifina, G. Floresta, S. Intagliata, V. Pittala,
Novel Structural Insight into Inhibitors of Heme OxygenrasgiO-1) by New Imidazole
Based Comounds: Biochemical and In Vitro Anticancer Activity Evaluation, Molecules,
23 (2018).

[135] O. Mucha, P. Podkalicka, M. Mikulski, S. Barwacz, K. Andrysiak, A. Biela, M.
Mieczkowski, N. Kachamakovarojanowska, D. Ryszawy, A. Bialas, B. Szelazek, P.
Grudnk, E. Majewska, K. Michalik, K. Jakubiec, M. Bien, N. Witkowska, K. Gluza, D.
Ekonomiuk, K. Sitarz, M. Galezowski, K. Brzozka, G. Dubin, A. Jozkowicz, J. Dulak, A.
Loboda, Development and characterization of a new inhibitor of heme oxygenase activity
for cancer treatment, Archives of biochemistry and biophysics, 671 (20194130

[136] P. Podkalicka, O. Mucha, S. Kruczek, A. Biela, K. Andrysiak, J. Stepniewski, M.
Mikulski, M. Galezowski, K. Sitarz, K. Brzozka, A. Jozkowicz, J. Dulak, A. Loboda,

44



Synthetially Lethal Interactions of Heme Oxygenaseand Fumarate Hydratase Genes,
Biomolecules, 10 (2020).

[137] A.N. Fallica, V. Sorrenti, A.G. D'Amico, L. Salerno, G. Romeo, S. Intagliata, V.
Consoli, G. Floresta, A. Rescifina, V. D'Agata, L. Vanella, V. Riit8liscovery of Novel
AcetamideBased Heme OxygenadeInhibitors with Potent In Vitro Antiproliferative
Activity, Journal of medicinal chemistry, 64 (2021) 133/3393.

45



Chapter 2. Aim of the thesis

Targeting HOL could bea potential strategy to reverse clinical complications in a wide
variety of human diseasess discussed in ChapteNlowadays, aitherHO-1 inhibitorsnor
inducersare inthe clinical research phasbkly thesiswork wants to contribetto the
development of novgdharmacological agen#ble to modulate HQ through three different

strategies, as follows

1.  Structural modificatios of previouslydiscovered HEL inhibitors (Chapter 3. The
aim was to synthesize novel HQ inhibitors based on a traditional medicinal
chemistry approacto improvethe potercy and selectivityjtowards the enzymeén
particular,the purposavasto explorethe effects of modifications to the central and
hydrophobicregions of inhibitors on their HO-1 inhibitory activity. The results
achieved through this study werpublished Ciaffaglione, V. et al New
arylethanolimidazole derivatives as HOnhibitors with cytotoxicity against MGF

breast cancer cellmt. J. Mol. Sci2020, 21(6), 1923d0i:10.3390/ijms21061923

2. Development ohew multitargetigands. Recently, the simultaneous modulation of
multiple targetshas gainedincreasing interest for the treatment of multifactorial
diseasesincluding cancerThis approacthas been successfully adopted in medicinal
chemistry leadingto few multitarget drugs already dmemarket or irtheclinical trial
stage. The maipotential advantages this strategy compareuth singletarget drugs
are maximizing the efficacy, providing better dose flexibility, avoiding ahugy
interactionsovercoming drug resistancand improving patient compliancilybrid
compounds made by two different pharmacophores can be producdidetty or

indirect methods. Depending on the degreeplodirmacophores overlapping is
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possible to distinguish different types of hybridsnjugatedthe pharmacophores are
connected throughon-cleavable or cleavable linkgr fused(the pharmacophoseare
directly conjugated without an additional linkegnd mergedby maximizing the

degree of overlapping of the pharmacopho(&aplel).

Table 1. The most common types of pharmacophores combination.

LINKER MODE NO-LINKER MODE OVERLAP MODE
Non-cleavable Cleavable
linked linked Fused pharmacophores  Merged pharmacophores

pharmacophores  pharmacophores

In this context, linkingan HO-1 inhibitory moiety to an additionalpharmacological

agenthas been attempted to achieve novel potential hybrids endowed with anticancer

activity. To thispurposethree differentypes ofpharmacophores kiabeen selected:

i Sigma receptorsRs) ligandgChapter 4. sRsare a class of proteins involved
in cancer cell biology and other pathological conditidBsveral sR ligands
have been studieds potential anticancer agent$herefore we waned to
evaluatevhether the cadministration o6 R ligandsand HG1 inhibitorscould
be advantageousomparedto the ligandsadministeredalone. Finally, e
synthess of hybrid HO-1/sR compoundghrought h mergddpharmacophores
approachwasperformedandther antiproliferative activitywas evaluatedr his
research work was publishéglomeo, Get al Combination of heme oxygenase
1 inhibition and sigma receptor modulation for anticancer activtylecules.

2021, 26 (13), 386@l0i:10.3390/molecules26133860
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1 5-Fluorouracil (5FU) (Chapter §. The purpose of couplingn azolebased HO
1 inhibitory moiety tahe anticancer agentfJ, through a cleavable linkawvas
to obtain a new potential mutual prodraigat may overcomesome ofthe
drawbacks of 8U. The obtained data were publish&alerno, Let al Novel
mutual prodrug of Bluorouracil and heme oxygenase 1 inhibitofHB/HO-1
hybrid): design and preliminamg vitro evaluationJ. Enzyme Inhib. Med. Chem.
2021, 36 (1), 1374.386.d0i:10.1080/14756366.2021.1928111
1 Nilotinib (NIL) (Chapter §. The new hybrids directly combine MIL -like
portion with an aryloxyalkylimidazole backbon&he goalwas to achieve
potential agentsfor the treatment of CMLThe results of this study were
submitted taBioorganic chemistryand are under revievCiaffaglione, V.et al
Novel tyrosine kinase/ heme oxygendséybrid inhibitors to target chronic
myeloid leukemia.
Design and ynthesis ofHO-1 inducers with potential therapeutic effects against
coronavirus disease 2019 (COVIID) pneumonia(Chapter . The novel hybrids
merged the structure of IM currently studied as a treatment optifor lung
involvement insevere acute respiratory syndrome coronavin&ARGSCoV-2) viral
infection with the HO1 inducer building block ddMF, cinnamic acid, pterostilbene,

and 4octylitaconate.
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Chapter 3. Development of new arylethanolimidazolebased HO-1

inhibitors

3.1. Introduction

As described in the introduction and extensively discussed in some recent réwaas,
represents an emerging targetcancer biology{1, 2]. HO-1 inhibition maycounteract
tumorigenesis and improve cancer response to theif@iés Many HO-1 inhibitorswere
studiedas potential anttumor agentsthanks to theirantiproliferativeactivity [5, 6] and
adjuvantor synergisticeffects when simultaneouslyadministra¢d with other anticancer
agents[7]. In particular, SAR and crystallographic studies focused on abaked HGL
inhibitors. Typically, HO-1 inhibitors possessa nitrogencontaining heterocycland a

hydrophobiagrouplinked viaan alkyl or a heteroalkyl spacef different lengtls (Figure )

[8, 9].
Azole
nucleus
RE} SPACER _N/jN
\X/
Hydrophobic
moiety

Figure 1. Generalstructure ofazolebasedHO-1 inhibitors.

From the screening of the entire collection of knownHi@hibitors,arylethanolimidazoles
emergedor their outstandingnhibitory propertied10]. Noteworthy,compoundsSI1/09,
LS4/28 LS6/42 (Figure 2ashowedhigh potencyand selectiity towardsHO-1, with HO-1
ICso valuesranging from 0.4 to 0.6M andHO-2 1Cso valuesranging from 34 to > 106M

[11].
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a) LEAD MOLECULES

OH

=N
OH /4} O OH ,4> O)V N\/)
Br N N
\@)V i /©/\o

S11/09 LS4/28 LS6/42

HO-1 IC5o = 0.40 uM
HO-2 ICso = 32 uM

HO-1 1Cso = 0.90 uM
HO-2 ICso = >100 uM

HO-1 1Cso = 0.95 uM
HO-2 IC5o = >100 uM

b)

Figure 2.a) Chemical structures and HOst@alues of reference HQ inhibitorsSI1/09 LS4/28
LS6/42 b) binding poses 08611/09, LS4/28 LS6/42 with the enzymeSI1/09 (orange),LS4/28
(pink), LS6/42(turquoise)11].

Docking experimentsnvestigated the ligangrotein interactions for inhibitor§11/09,
LS4/28 LS6/42 The lattershowedthe characteristibinding arrangemenf previously
studied HOL1 inhibitors asillustratedin Figure 2b Indeed the nitrogen atom ofmidazole
interacts with the iron of theubstratdhemein the easterpocket whilethearomaticmoiety
islocated isidet h e e nhydyophekicsegion-ollowingthe promising results obtained
with azolebased inhibitorsthe design and synthesof new imidazolebased derivatives
using S11/09, LS4/28 LS6/42 aslead moleculesarereported hereinThe main structural
elementgequired for HGL inhibition were maitained, whilethe connecting chain and the
hydrophobic portion were further modified to optimize theibitory activity. The HO1
inhibitory activity of all the synthesizedcompounds2ai ¢, 5ai f, 6a,b (Schemes 113) is

reported inTable 1 the most potentlerivatives were also testemh HO-2. Docking
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experiments on the new inhibitoxgre in agreement and supportied results obtained from
SAR studies. Finally, thantitumor activity of themostpotentinhibitor of this study 5a,

wasevaluated

3.2 Results and discussion

3.2.1 Chemistry

Scheme 1 summarizeket synthéc procedureof compound2ai c. Phenethylbromidda

was commercially availableyhile the benzyloxy derivativelb was obtainedthrough
etherification of 4dhydroxyphenethyl bromide with an excess dirédmobenzyl bromide, in
acetone and ¥COs at room temperaturéhen, imidazole was alkylatedith the proper
phenethylbromideslai b in acetonitrile, in the presence of triethylamine (TEA)X an
tetrabutylammonium bromide (TBAB) under microwave irradiatioty obtain
phenethylimidazole@ab. Finally, a Suzuki reaction between phenylboronic acid and the
bromide derivativa, in the presence of Pd(Pfhand KCOs, was performedh toluene

etharol under refluxto afford @mpound2c.

1a, 2a, R = 3-Br O

1b, 2b, R = 4-(4-BrCgH4)CH,0

Scheme 1.Reagents and conditiong: 4-bromobenzyl bromide, acetone @O, rt, 24 h;ii)
imidazole, acetonitrile, TEA, TBAB, MW 90 °C, 45 miiii;) phenylboronic acid, Pd(BEl, toluene,
ethanol, KCO;, reflux.
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Compoundsbai f were synthesized according to ttieee stepsillustratedin Scheme 2.
Bromination ofstarting ketone derivatives, commercialyitableor prepared as previously
reported[12-14], was performedvith CuBr. in EtOAc/CHCE to afford the Esubstituted
bromomethyl ketone8ai f. Then, nucleophilic displacement 8&i f using an excess of
imidazole gaventermediatedai f. Finaly, ketonedtai f were reduced with NaBHo afford

ethanolcompoundsai f in high yields.

O

o N
(0] F
R —_— —_— R

3a-f 4a—f

Jiii)
3a, 4a, 5a, R = 3-(4-BrC¢H4)CH,0
3b, 4b, 5b, R = 2-(4-BrCgH4)CH,0 OH I‘N

3¢, 4c, 5¢, R = 4-(3-BrCg¢H4)CH,0 N\/
3d, 4d, 5d, R = 4-(2-BrCgH,4)CH,0 R
3e, 4e, 5e, R = 3-(3-BrCgH4)CH,0

3f, 4f, 5f, R = 3-(2-BrCgH,4)CH,0 5a-f

Scheme 2Reagents and conditiori3CuBr, EtOAC/CHCE, reflux, 5 hji) imidazole, KCOs, DMF
dry, rt, 2 hiiii) NaBH,, methanol, reflux, 2 h.

Compoundsba,b were prepared bydirectly reacting the reference inhibit@&11/09 with
benzyl bromide in dry DMF anith the presence cfodium hydrid¢NaH) (Scheme B

Final compound$ai f and 6ab were obtained as racemic mixtures and tested without

optical purification.
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oH =N N
°
B N/
r\©/K/ i) Br\©/K/N\/)
SI1/09 6a, R = 4-Cl
6b, R = 2,5-Cl

Scheme 3.Reagents and conditiong: 1-(bromomethyh4-chlorobenzenefZbromomethyl1,4-
dichlorobenzene, NaH, DMF dry, rt, 3 h.

3.2.2 HO inhibition and structureactivity relationships (SARS)

The ability ofthe rew compound<2ai ¢, 5ai f, 6a,b, and previously synthesizedgi i, of
inhibiting HO-1 enzymatic activityvastested The most potent HQ inhibitors5a,5d were
also tested on HQ. HO-1 and HO2 were obtained from the microsomal fractions of rat
spleen and rat brain, respectivélyne enzymatic activity of both isoforms was determined
by measuring the bilirubin formation using the difference in absorbart&licdé30 nm, as
described in the experimental secti@@mpoundsSI1/09, LS4/28 LS6/42andSnPPwere
used as reference substandekibition of enzymes activity is expressed asol@M), and

results areeportedn Table 1.
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Table 1.Inhibitory potency of compoundi ¢, 44 i, 5ai f, and6a, b towards HO1 and HG2.

2a-c, 4g-i, 5a-f, 6a,b

Compound R X ICs0 (MM) £ SD?

HO-1 HO-2
2a 3-Br CH: 100 = 5.60 NT
2b 4-(4-BrCeH4)CH.0O CH; 62.87 +£3.20 NT
2c 3-Ph CH: 46.77 +1.80 NT
4¢P 3-Br (6{0) 38.17+1.80 NT
4hP 3-Ph (6{0) 19.87 £ 2.50 NT
4ip 4-(4-BrCeH4)CH.0O Cco 55.46 + 0.05 NT
5a 3-(4-BrCsH4)CHO CHOH 0.90 + 0.02 53.59 +1.20
5b 2-(4-BrCeHs)CH,0O CHOH >100 NT
5c 4-(3-BrCeH4)CH20 CHOH 41 +1.50 NT
5d 4-(2-BrCeH4)CH:0 CHOH 9+2.20 15.85 +1.60
5e 3-(3-BrCsH4)CH:0 CHOH 46 +1.90 NT
5f 3-(2-BrCeHs)CH,O CHOH 44 +1.80 NT
6a 3-Br CHOCH(4-CICsHa) >100 NT
6b 3-Br CHOCH(2,5-CICgH53) 66 = 3.20 NT
S11/09 3-Br CHOH 0.40+0.0% 32+22
LS4/28 3-Ph CHOH 0.90 £ 0.08 >100°
LS6/42 4-(4-BrCeH4)CH20 CHOH 0.95+ 0.0Z >100°
SnPP - - 0.58 + 0.03 0.36 £0.01

aEach value is the mean + SD of three determinatiiescribed irRef. [11]. ¢ Data taken fronRef. [11].
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The outstanding inhibitory propertied the previousarylethanolimidazolefl1] provided
the rationaledesignfor the synthesis of compoungai c, 5ai f, 6a,b. In particular the new
moleculederived from the referenceompoundsSI1/09, LS4/28 LS6/42(Figure 2, Table
1), potent and selective HDinhibitors throughseveramodifications based amtraditional
medicinal chemistry approadhirst, simplification of the hydroxyl group on the connecting
chain into ethylene or ethanone affordeinpound2ai c and4gi i, thuslosing the chiral
center.Unfortunately, 8 of themdisplayedreducedHO-1 inhibitory activity comparedo
the referenceubstancesThese datademonstraté that reduction or oxidation of treentral

ethanolic chairsignificantly reducesheinhibitory activity towards HEL.

Derivatives6a,b were obtained bpenzylating the lead compou&d1/09. The aim of this
structural modification to the ethanolic chain wasachieve additional ligand-protein
interactionsHowever, his approactgave negative resulis terms of HO1 inhibition. The
reduced inhibitory activity of benzyl derivativea,b confirmedthatahydroxyl group in the
central spacer exerts @ucial role for bindingto HO-1. Therefore we designed and
synthesizedew arylethanolimidazolésai f, maintaining the ethanolic spacer astlanging
the hydrophobic portiomstead the most diverseneamong HGL1 inhibitors. Indeed, itan
be extensivelymodifiedin light of the high flexibility of the western region of the enzyme
which canaccommodateulky substituent§7, 15]. With this in mind, ompound$a,b were
obtainedby movingthe 4bromobenzyloxyportion of the lead compoundS6/42 from the
para to the metaor the orto position of the central phenyl ringnterestingly,when 4
bromobenzyloxy is ahe metaposition 6a), we observed potent inhibitory activity, similar
to that of thereference compoundS6/42 (5a HO-1 1Cso = 0.9nM, LS6/42 HO-1 1Cs0 =
0.95mM). On the contrarythe orto analogsb was inactive (HAL 1Cso >100nM). Finally,

we synthesizedompoundsci f, which differ only for the positiondf to 3- or 2-) of the
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bromine atom on the benzyloxy moiety. Among this subset dérivatives 5d gave
noteworthyresults (HO1 1Cso = 9 mM). Converselyanalogsc, 5e and5f only moderatéy
inhibited the enzymatiactivity. It can be concludethatmodifications tathe hydrophobic
portion of thenewarylethanolimidazoledeeplyaffectthe potency, both in terms of a steric
hindranceandelectronic distributionln terms of potencyhe mostpromising compounds
of this series werbaand5d, whichwere also tested ddO-2. Derivative5a showed a good

selectivity for HOQ1 (HO-2 I1Cso = 54mM), wherea$d was only mildly selective (HQ ICso

= 13.5mM).

In conclusionthe resultgchieved in this study highligtite importance dboththehydroxyl
group andhebromobenzyloxy substituent at thara or metapositionof the central phenyl

ring of inhibitors for obtaining optimal HQ inhibitory profile

3.2.3 Docking studies

Docking calculationglucidatel the binding mode anthe maininteractionsto the protein

of the newcompounds2ai ¢, 5ai f, and 6a,b, employing the crystal structure of HD
complexed with Q€15 [16]. Docking wascarried outas describedin the experimental
section.Docking posesind 2D representation of the binding pose of the most interesting

compoundbaare illustrated in Figure 3.
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A) B)

ValSi(A)

%‘;’:sm
3 CIy139(A)

& %HJ(A)

Hem3iHHA)

Phel6T(A]
Phel66(A]

Figure 3. Binding poses oR) 2ai ¢ (green) B) 5bif (green)andthe most potent compourih
(yellow); C) 6ab (green) in comparison withthe crystallized pose of QC5 (white). D) 2D
representation of HQ-molecule5a complex.

The resultseportedn Table 2show thathe calculated binding energies (calculakgdare
in agreementvith the experimental 163 valuesobtained througkhe HG 1 inhibition assay.

Table 2.Docking results for the studied molecuRss c, 5ai f and6a, b.

Compound nGg calcd. (kcal/mol) Kical cd. ICsoexp. (41

2a 15.71 64.92 100

2b 15.91 46.31 62.87 + 3.20
2c 16.10 33.60 46.77 £ 1.80
5a 18.42 0.66 0.9+0.02
5b 15.48 95.74 >100

5c 15.38 113.35 41 +1.50

5d 16.60 14.44 9+220

5e 16.15 30.88 46 +£1.90

5f 16.15 30.88 44 +1.80
6a 14.24 777.11 >100

6b 15.81 54.83 66 + 3.20
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All of the dockedcompounds bind to the iron (Il) of the heme cofactor utilizivgnitrogen

of the imidazole ring located in the eastern region of thelH@bcket as expected.
Therefore the iron (Il) is protected from oxidation by breakage of an ordered solvent
structure involving the crucial Asp140 hydrogeond network (Tyr58, yr114, Arg136,

and Asn210) and the consequent shift of different water moleceézted for catalysighe
threetypesof derivatives(2, 5, and6) interact withthe binding pocket of HQ utilizing
similar geometrigsasshown bythe docked poses Figure3. Indeedthe aromatic portions

of the ligandsoccupy the western region of the binding pocket. In particulae, docking
structureof compoundba, whichis the most potent of th newseries correctly binds to the
enzyme ashe classical HEl inhibitors, wth the aromatianoietyin the principal western
region pocket (Phel66, Phel67, Val50, Phe37, and Leul47) and the bsumstieuent
deep inside in the pockéthe noteworthy HEL inhibitory potency oba can be explained

by itsgeometry whichallows the first aromatic ring testablishoptimum interactions with
thee n z y bimdidigspocket, thuachievingthe highest binding energy valudso, docking
studiesprovedthatthe northeastern region of the proteimes notallocatethe secondary
aromaticmoiety of the branched molecul€s Unexpectedly, the lattés in the secondary
western pocketOverall, hese resultsuggest that structural changes to the northeastern
region are detrimental in terms of potency and selectigityards HG1 andmay not be an

efficient avenue in the developmeritnewHO-1 ligands.

3.2.4 In vitro cytotoxic activity

Compoundb5a emerged aghe most potent and selectivderivative among thenew
arylethanolimidazolegherdore was submittedto cytotoxicstudieson hormonesensitive
(MCF-7) and hormoneesistant (MDAMB-231) breast cancer cell lines. Both cell lines

were treated with TA00 ¢M of compound5a for 48 h. Cell survival at different

58



concentrations was calculated compared to untreated controls. étdhef treatment, cell
number was determined using the sulforhodamine B (SRB) colorimetric assay based on the
measurement of cellular protein content. Tdlatained results showed that the new
compoundis only moderatly cytotoxic (IGo = 47.36 + 6.8 uM) twards the MCH
sensitive cells (Figurel), while no cytotoxicity was observedagainst MDAMB-231

resistant cells (data not shown).

1207
1004

80

Survival

60

%

401

20 T T T T 1
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Dose (mM)

Figure 4. Cytotoxicity of compoundba against MCF/ cell line (hormonesensitive breast cancer
cells). Data are expressed as mean + SEM (n = 3). Nonlinear regressiog.aatlkCdetermination
were performed using GraphPad Prism 6.

3.3. Experimental section

3.31. Chemistry

All reagents, solventand starting materials were purchased from commercial vendors.
Melting points were determined an Electrothermal IA9200 apparatus containing a digital
thermometelmnd are uncorrecte®eterminations were performed bytroducing aalytes

into glass capillary tubednfrared spectra were recorded on a Perkin Elmer 281 FTIR
spectrometer in KBr disks (KBr, selected lines) or placing a sample droplet between two
disks of pure NaCl (neat sampl&lemental analyses for C, N, O were within = 0.4% of

theoretical values and wecarried outusinga Carlo Erba Elemental Analyzer Mod. 1108
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apparatusH NMR and**C NMR spectra were recorded on Varian Inova Unity (200 and
500 MHz) spectrometernd were processed using MestRe&l6.0.2 Chemical shifts are
given in d values to two digits after the decimal point in part per million (ppm), using
tetramethylsilane (TMS) as the internal standard; coupling consthrase(given in Hz.
Signal multiplicities are indicated with thiellowing abbreviations: s (singlet), d (doublet),

t (triplet), g (quartet), m (multiplet), br (broad signal). Reactions were monitored by thin
layer chromatography (TLC), carried out on Merck plates (Kieselgelf)) &sing UV light

(254 nm and 366 nnipr visualization and developed usiraniodine chamberPurification

of synthesized compounds bggh column chromatography was performed on Merck silica
gel 60 0.040 0.063 mMm (230 400 mesh). Aut o
using a Biotage Fl&dMaster Personal Plus system with prepacked silica gel columns of
different sizes (Biotage® SNAP cartridge +gH). Where indicated, Celite® was used as a
filter aid. Synthetic procedures achieved through microwaves were performed with a CEM

Discover instument using closed Pyrex glass tubes (ca. 10 mL) with Tefiated septa.

Synthesis of-bromo4-((4-(2-bromoethyl)phenoxy)methyl)benzehb) (

4-hydroxyphenethyl bromide (4.9 mmol) was dissolved in acetone (20 mOOK(10

mmol) and the 4romobenzyl bwmide (9.9 mmol) were added. The reaction mixture was
left stirring at room temperatur®r 24 h. The solvent was evaporated under vacuum, and
water was added. The obtained white solid was filtered under vacuum and washed with water
until neutrality. Recrystallization witmethanolgave the pure compound. White solid; mp
110.5112.5 °C; yield64%.'H NMR (200 MHz, DMSGQde): 11 7.60 7.56 (m, 2H, aromatic),
7.427.38 (m, 2H, aromatic), 7.2Z.17 (m, 2H, aromatic), 6.96.91 (m, 2H, aromatic),

5.06 (s, 2H, CHD), 3.67 (tJ = 7.2 Hz, 2H, CH), 3.04 (t,J = 7.2 Hz, 2H, CH).
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General procedure for the synthesis of phenylethylimidazole derivaia®} (

To a mixture of the appropriate bromoethylbenzéab (1.9 mmol) in acetonitrile (3 mL),
imidazole (2.8 mmol), TEA (1.9 mmol) and TBAB (0.1 g, catalytic) were added. The
reacton mixture was stirred for 45 min under microwave irradiation in a sealed vial (90 °C,
150 W, 150 Psi). The solvent was evaporated under vacuum, water, and NaOH 0.1 N were
added and the resulted aqueous layer was extracted with EtOAc (3 x 50 mL). The organ
layer was dried over anhydrous 4S&¥, filtered, and concentrated. The obtained residue
was purified using a Biotage® chromatographic system with Biotage® SNASBIIKRsh

chromatography cartridges and Et@ethanol mixture (9:8.5) as eluent.

1-(3-bromophenethy]l H-imidazole Ra)

Colorless oil; yield 57%tH NMR (500 MHz, DMSGds): 11 7.50 (s, 1H, imidazole), 7.38 (s,
2H, aromatic), 7.22 (tJ = 8.0 Hz, 1H, aromatic), 7.18.11 (m, 1H aromatic + 1H
imidazole), 6.84 (s, 1H, imidazole), 4.19Jt 7.2 Hz, 2H, CHCHg), 3.01 (t,J = 7.2 Hz,
2H, CH.CHg). *C NMR (125 MHz, DMSQde): 11141.24, 137.38, 131.64, 130.69, 129.57,
128.34, 128.02, 121.83, 119.50, 47.07, 36.37. Anal. Calcd. faH{BrN>): C, 52.61; H,

4.42; N, 11.16. Found: C, 52.69; H, 4.48; N, 11.19.

1-(4-((4-bromobenzyl)oxy)phenethydH-imidazole 2b)

White solid; mp 145i 149.7 °C; yield 70%'H NMR (500 MHz, DMSQds): U17.58 (d,J =
8.3 Hz, 2H, aromatic), 7.48 (s, 1H, imidazole), 7.39J(d,8.3 Hz, 1H, aromatic), 7.12 (s,
1H, imidazole), 7.08 (d] = 8.6 Hz, 2H, aromatic), 6.90 (d= 8.6 Hz, 2H, aromatic), 6.84
(s, 1H, imidazole), 5.04 (s, 2H, GA), 4.15 (tJ = 7.3 Hz, 2H, CHCHg), 2.94 (t,J=7.3
Hz, 2H, CH\CHg). 13C NMR (125 MHz, DMSQde): U 156.77, 137.16, 136.68, 131.34,
130.60, 129.71, 128.20, 120.88, 119.20, 114.72, 6&36l1, 35.91. Anal. Calcd. for

(C1gH17BrN20»): C, 60.52; H, 4.80; N, 7.84. Found: C, 60.48; H, 4.86; N, 7.80.
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Synthesis of-{2-((1,1-biphenyl}3-yl)ethyl} 1H-imidazole 2c)

Compound2a (1.2 mmol) was dissolved in toluene (10 mL) and EtOH (1 mL).
Phenylboronic acid (1.8 mmol) and®0s (3.5 mmol in aqueous solution 2M) were added
under a nitrogen atmosphere and left stirring for 30 min. After that, B)d(B¥) was added.

The reaction mxture was left refluxing for 30 h under nitrogen atmosphere.
Dichloromethanavas added, and the mixture was filtered through a celite pad. The solvent
was evaporated under vacuum, and diethyl ether (100 mL) was added to the residue. The
resulted organicalyer was washed with water and brine, dried over anhydropSla
filtered, and concentrated. The obtained residue was purified using a Biotage®
chromatographic system with Biotage® SNAP-BIPflash chromatography cartridges and
EtOAdmethanol (9.%.5) as eluent. Yellow oil; yield 279H NMR (500 MHz, DMSQ

dg): U 7.60 (d,J = 7.3 Hz, 2H, aromatic), 7.52 (s, 1H, imidazole), 7542 (m, 3H,
aromatic), 7.40 (s, 1H, imidazole), 7.35 ({dds 7.5, 3.4 Hz, 2H, aromatic), 7.16 (= 8.7

Hz, 2H, aromatic), 6.86 (s, 1H, imidazole), 4.25)( 7.2 Hz, 2H, CHCHg), 3.08 (t,J =

7.2 Hz, 2H, CHCHpg). 13C NMR (125 MHz, DMSQde): Ui 140.45, 140.33, 139.05, 129.20,
129.12, 128.30, 128.00, 127.66, 127.32, 126.91, 125.06, 119.56, 47.45, 36.95. Anal. Calcd.

for (Ci7H16N2): C, 82.22; H, 6.49; N, 11.28. Found: C, 82.25; H, 6.54; N, 11.33.

General procedure for the synthesis efubstituteel-(1H-imidazot1-yl)ethanones4ai f)

The appropriate ketone (5.0 mmol), commercially available or prepared as previously
reported[10, 11, 17] was dissolved in a mixture of EtOAc/CHAL1 (20 mL).CuBr (lI)

was added, and the reaction mixture was left stirring and refluxing for 5 h. After completion,

the obtained inorganic material was filtered through a celite pad and washed with EtOAc (20
mL). The filtrate was evaporated, and the residue was crystallized with cyclohexane to obtain

the crude zbromol-substituted ethanones3gf), which were used without further
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purification in the next step. The appropriate compo@ailé were dissolved inrghydrous

DMF (15 mL) and added dropwise to a previously prepared suspension of imidazole (15
mmol) and KCOz (15 mmol) in anhydrous DMF (20 mL). The reaction mixture was left
stirring for 2 h. Then, water was added, and the resulting suspension wag ifiiteaguum.

The residue was purified by flash chromatography or by column chromatography using a
Biotage® chromatographic system with Biotage® SNAP-FPflash chromatography
cartridges using different mixtures of EtOAc anukthanol or dichloromethaneard
methanal to obtain puretai f. By means of this procedure, the following pure compounds

were obtained:

1-[3-[(4-bromobenzyl)oxy]phenyl}2LH-imidazot1-yl)ethanone 4a)

Yellow solid (Biotage®, 9 EtOAc: inethano); mp 114.8 118.3 °C; yield 33%'H NMR
(200 MHz, DMSQdg): U 7.637.42 (m, 8H aromatic + 1H imidazole), 7.11 (s, 1H,
imidazole), 6.92 (s, 1H, imidazole), 5.72 (s, 2H,8H 5.19 (s, 2H, CED).
1-[2-[(4-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanone4b)

Brown oil (Biotage®, 9 EtOAc: inethand); yield 35%.'H NMR (200 MHz, DMSQGde): U
7.78 (d,J = 9.6 Hz, 1H, imidazole), 7.66.53 (m, 6H, aromatic), 7.29 (d= 8.4 Hz, 1H,
aromatic), 7.12 (tJ = 7.4 Hz, 1H aromatic + 1H imidazole), 6.88 (s, 1H, imamla), 5.47
(s, 2H, CHN), 5.32 (s, 2H, CkD).
1-[4-[(3-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanone4c)

Yellow solid (Biotage®, 9 EtOAc: ethanol; mp 153.8160 °C; yield 72%H NMR
(200 MHz, DMSQde): 1 8.00 (d,J = 8.8 Hz, 2H, aromatic), 7.67 (s, 1H, imidazole), 7.57
7.49 (m, 3H, aromatic), 7.38 ¢~ 7 Hz, 1H, aromatic), 7.18 (d~= 8.8 Hz, 1H, imidazole),

7.09 (s, 2H, aromatic), 6.90 (s, 1H, imidazole), 5.66 (s, 2HNJH.25 (s, 2H, CED).
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1-[4-[(2-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanone4d)

Yellow solid (flash column chromatography, @ishloromethane0.5methana); mp 93.6

100 °C; yield 38%'H NMR (200 MHz, DMSQds): 11 8.04 (d,J = 8.6 Hz, 2H, aromatic),
7.72 (d,J = 7.8 Hz, 1H, imidazole), 7.62 (d,= 8 Hz, 2H, aromatic), 7.49.35 (m, 2H,
aromatic), 7.22 (d]=8.8 Hz, 2H, aromatic), 7.11 (s, 1H, imidazole), 6.92 (s, 1H, imidazole),
5.69 (s, 2H, CEN), 5.26 (s, 2H, CED).
1-[3-[(3-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanone4e)

Brown solid (flash column chromatography, 9.5 EtOAc: @&thano); mp 115117 °C;
yield 42%.*"H NMR (200 MHz, DMSGQGds): U 7.69 (s, 1H, imidazole), 7.63.47 (m, 6H,
aromatic), 7.417.33 (m, 2H, aromatic), 7.12 (s, 1H, imidazole), 6.92 (s, 1H, imidazole),
5.73 (s, 2H, CEN), 5.22 (s, 2H, CkD).
1-[3-[(2-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanone 4f)

Brown solid (fesh column chromatography, @iehloromethane0.5methano); mp 105

110 °C; yield 32%H NMR (200 MHz, DMSQGdg): U 7.72°7.29 (m, 8H aromatic + 1H
imidazole), 7.13 (s, 1H, imidazole), 6.93 (s, 1H, imidazole), 5.74 (s, 2N H.22 (s, 2H,

CH20).

General procedure for the synthesis gklibstituted2-(1H-imidazot1-yl)ethanoleg5ai f)

A mixture of theappropriate imidazol&etone 4ai f, 0.35 mmol) and NaBHO0.7 mmol) in
anhydrousnethanol10 mL) was refluxed for 2 h. Then, it was evaporated to dryness, added
with deionized water (40 mL), acidified with HCI 1 N and heated to 110 °C for 30 min. After
cooling to room temperature, the reaction mixture was treated with NaOH 1 N up to a pH

8.5 and the obtained suspension was filtered, washed with water to neutrality, and dried. For
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some of the final compounds recrystallization with opportune solvent wasauebthined

the following pure alcohols:

1-[3-[(4-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanol 6a)

Yellow solid (cyclohexane); mp 12326 °C; yield 70%H NMR (500 MHz, DMSQdg):
u7.59 (d,J = 8.4 Hz, 2H, aromatic), 7.49 (s, 1H, imidazole), 7.41)d, 8.4 Hz, 2H,
aromatic), 7.24 (t)= 7.9 Hz, 1H, aromatic), 7.10 (s, 1H, imidazole), 7.00 (s, 1H, aromatic),
6.94 (dJ=7.6 Hz, 1H, aromatic), 6.89 (d= 8.2 Hz, 1H, aromatic), 6.83 (s, lifhidazole),
5.71 (dJ= 4.4 Hz, 1H, OH), 5.06 (s, 2H, GA), 4.84 4.75 (m, 1H, CH), 4.13 (dd,= 13.9
Hz,J = 3.9 Hz, 1H, CHCHg), 4.02 (dd,J = 13.9 Hz,J = 7.9 Hz, 1H, CHCHs). 23C NMR

(125 MHz, DMSQdg): U 158.05, 144.39, 136.61, 131.35, 129.73, 129.20, 127.71, 120.89,
120.07, 118.61, 113.61, 112.60, 71.94, 68.33, 53.50. Anal. Calcd. 1#t:1{BrN20>): C,
57.92; H, 4.59; N, 7.51. Found: C, 57.95; H, 4.62; N, 7.55.
1-[2-[(4-bromobenzyl)oxy]pheny-(1H-imidazot1-yl)ethanol 6b)

Yellow solid (cyclohexane); mp 121.530 °C; yield 64%'H NMR (500 MHz, DMSGds):
07.60 (d,J=8.3 Hz, 2H, aromatic), 7.46 (d= 8.2 Hz, 3H aromatic + 1H imidazole), 7.35
(d, J = 7.1 Hz, 1H, aromatic), 7.27.21 (m, 1H, aromatic), 7.05 (d,= 8.2 Hz, 1H,
aromatic), 6.976.92 (m, 1H, aromatic), 6.89 (s, 1H, imidazole), 6.84 (s, 1H, imidazole),
5.70 (s, 1H, OH), 5.11 (d,= 4.2 Hz, 2H, CHO), 5.06 (dJ = 5.6 Hz, 1H, CH), 4.15dd, J
=13.9 HzJ = 2.7 Hz, 1H, CHCHg), 3.94 (ddJJ = 13.9 Hz,J = 7.7 Hz, 1H, CHCHg). 1°C
NMR (125 MHz, DMSQde): U 154.60, 136.86, 131.72, 130.49, 130.19, 128.81, 126.79,
121.37,120.97, 112.02, 68.90, 67.37, 52.69. Anal. Calcd. fad{BrN-0,): C, 57.92; H,

4.59; N, 7.51. Found: C, 57.89; H, 4.64; N, 7.53.
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1-[4-[(3-bromobenzyl)oxy]pheny®-(1H-imidazol1-yl)ethanol 6¢)

White solid (cyclohexane); mp 1201123 °C; yield 84%H NMR (500 MHz, DMSGdg):
07.64 (s, 1H, imidazole), 7.52 (d= 7.9 Hz, 1H, aromatic), 7.49.42 (m, 2H, aromatic),
7.36 (t,J=7.8Hz, 1H, aromatic), 7.25 (d,= 8.5 Hz, 2H, aromatic), 7.09 (s, 1H, imidazole),
6.97 (d,J = 8.6 Hz, 2H, aromatic), 6.82 (s, 1H, imidazole), 5.60J(d,4.4 Hz, 1H, OH),
5.11 (s, 2H, CHD), 4.75 (m, 1H, CH), 4.09 (dd,= 13.9 Hz,J = 4.2 Hz, 1H, CHCHg),
4.01 (dd,J = 13.9, 7.8 Hz, 1H, CKCHg). **C NMR (125 MHz, DMSQGds): U 157.34,
140.02, 135.10, 130.65, 130.60, 130.12, 127.70, 127.26, 126.52, 121.67, 120.01, 114.41,
71.65, 68.17, 53.56. Anal. Calcd. forg17BrN20>): C, 57.92; H4.59; N, 7.51. Found: C,
57.96; H, 4.64; N, 7.56.

1-[4-[(2-bromobenzyl)oxy]phenyR-(1H-imidazot1-yl)ethanol 6d)

Yellow solid (cyclohexane); mp 12026 °C; yield 88%H NMR (500 MHz, DMSQdg):

i 7.68 (d,J = 7.9 Hz, 1H, imidazole), 7.58 (d,= 7.3 Hz, 1H, aromatic), 7.49 (s, 1H,
aromatic), 7.43 (tJ = 7.4 Hz, 1H, aromatic), 7.84.25 (m, 3H, aromatic), 7.11 (s, 1H,
imidazole), 6.98 (dJ = 8.6 Hz, 2H, aromatic), 6.83 (s, 1H, imidazole), 5.62)(d 4.5 Hz,
1H, OH), 5.11 (s, 2H, C¥D), 4.76 (m, 1H, CH), 4.10 (dd,= 13.8, 4.1 Hz, 1H, CKCH),
4.01 (dd,J = 13.9, 8.0 Hz, 1H, CKCHg). 1*C NMR (125 MHz, DMSQds): Ui 157.44,
135.95, 135.27, 132.66, 130.25, 127.93, 127.65, 127.34, 122.84, 120.04, 114.33, 71.69,
69.07, 53.58. Anal. Calcd. for {gH17BrN2O): C, 57.92; H, 4.59; N, 7.51. Found: C, 57.94;
H, 4.63; N, 7.49.

1-[3-[(3-bromobenzyl)oxy]phenyR-(1H-imidazot1-yl)ethanol 6e)

White solid (diethyl ether); mp 93.99.4 °C; yield 79%'H NMR (500 MHz, DMSGds):
07.66 (s, 1H, imidazole), 7.57.43 (m, 3H, aromatic), 7.37 @,= 7.8 Hz, 1H, aromatic),
7.25 (t,J=7.9 Hz, 1H, aromatic), 7.11 (s, 1H, imidazole), 7.02 (s, 1H, aromatic),G38/

(m, 2H, aromatic), 6.84 (s, 1H, aromatic), 5.72 (s, 1H, OH), 5.10 (s, 2EDCH.844.73
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(m, 1H, CH), 4.13 (ddJ = 13.9, 3.8 Hz, 1H, CkCHs), 4.02 (dd,J = 13.9, 8.0 Hz 1H,
CHACHg). *C NMR (125 MHz, DMSGQde): U 158.00, 144.47, 140.00, 130.70, 130.65,
130.16, 129.24, 127.76, 126.56, 121.72,120.09, 118.67, 113.55, 112.60, 71.96, 68.12, 53.53.
Anal. Calcd. for (GgH17BrN20O2): C, 57.92; H, 4.59; N, 7.51. Found: C, 57.96; H, 4.57; N,
7.53.

1-[3-[(2-bromobenzyl)oxylpenyl}2-(1H-imidazot1-yl)ethanol 6f)

Yellow solid (cyclohexane); mp 18240 °C; yield 86%H NMR (500 MHz, DMSQdg):

07.68 (d,J=8.0 Hz, 1H, imidazole), 7.56 @= 11.3 Hz, 2H, aromatic), 7.43 &= 7.5 Hz,

1H, aromatic), 7.29 (m, 2H, aromatic), 7.14 (s, 1H, aromatic), 7.01 (s, 1H, imidazole), 6.96
(d,J=7.6 Hz, 1H, aromatic), 6.91 (8= 8.1 Hz, 1H, aromatic), 6.86 (s, 1H, aromatic), 5.77

(s, 1H, OH), 5.08 (s, 2H, G#@), 4.80 (dJ = 3.8 Hz, 1H CH), 4.15 (dd,) = 13.9, 3.8 Hz,

1H, CHaCHg), 4.03 (ddJ = 13.9, 8.0 Hz, 1HCHACHg). 3C NMR (125 MHz, DMSQds):

0 158.20, 144.54, 136.03, 132.80, 130.41, 130.31, 129.47, 128.10, 122.99, 118.91, 113.73,
112.53, 72.03, 69.13, 53.67. Anal. Calcd. forstG/BrN20): C, 57.92; H, 4.59; N, 7.51.

Found: C, 57.94; H, 4.61; N, 7.48.

General procedure for theynthesis of benzyl derivativéa)

Compoundsl1/09(0.56 mmol) was dissolved in dry DMF (3 mL) and NaH 80% dispersion

in mineral oil (0.70 mmol) was added. The suspension was added dropwise with a solution
of the appropriate benzyl bromide (0.67 mnpyBviously dissolved in 1.5 mL of dry DMF.

The mixture was left stirring for 2 h, added with 5 mLnoeéthanoland concentrated to
reduced volume under vacuum. The residue was diluted with water (50 mL) and NaOH 1N
(2 mL), and extracted with EtOAc (3 x 70Lin The combined organic layers were washed

with brine, dried over anhydrous P&, filtered, and evaporated. The obtained crude
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material was purified by column chromatography using EtOAc (100%) as eluent, to afford

the title compound as pure oil.

1-(2-(3-bromophenyh2-((4-chlorobenzyl)oxy)ethy} H-imidazole 63)

Colorless oil; yield 33%!H NMR (500 MHz, DMSGQds): U 7.56 (d,J = 11.5 Hz, 2H
aromatic + 1H imidazole), 7.36 (m, 4H, aromatic), Y411 (m, 3H, aromatic), 6.88 (s, 1H,
imidazole), 4.%i 4.69 (m, 1H, CH), 4.38 (dl = 12.5 Hz, 1H, CH), 4.27 (s, 1H, CH), 4.24
(d,J=5.0 Hz, 1H, CH), 4.03 (dd,= 14.2, 7.1 Hz, 1H, CHY3C NMR (125 MHz, DMSQ
de): U 141.58, 136.96, 132.03, 131.12, 130.84, 129.66, 128.96, 128.28, 128.04, 125.79,
121.94, 120.14, 79.54, 69.40, 51.59. Anal. Calcd. fagHGBrCIN20): C, 55.19; H, 4.12;
N, 7.15. Found: C, 55.17; H, 4.10; N, 7.19.
1-(2-(3-bromophenyh2-((2,5-dichlorobenyl)oxy)ethyl)1H-imidazole 6b)

Yellow oil; yield 65%."H NMR (500 MHz, DMSQde): 11 7.61 (s, 1H, imidazole), 7.55 (d,
J=11.3 Hz, 2H, aromatic), 7.48.33 (m, 4H, aromatic), 7.31 (di= 2.5 Hz, 1H, aromatic),
7.15 (s, 1H, imidazole), 6.87 (s, 1H, imidazole), 4.85 (dd 8.0, 4.0 Hz, 1H, CH), 4.44
4.35 (m, 2H, CHO), 4.28 (m, 2H, CkN). 13C NMR (125 MHz, DMSQde): Ui 141.34,
137.83, 137.49, 131.95, 131.18, 130.75, 130.71, 130.29,8,2828.99, 128.48, 128.10,
125.79, 121.87, 119.91, 80.11, 67.10, 51.43. Anal. Calcd. figH{§BrCI>N-0O): C, 50.73;

H, 3.55; N, 6.57. Found: C, 50.77; H, 3.59; N, 6.53.

3.3.2 Biological evaluation

Preparation of spleen and brain microsonfractions

HO-1 and HG2 inhibition experimentsvere performed thanks to the collaboration with the
biochemistry research group at the Department of Drug and Health Sciences of the

University of Catania.
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The dominance of HQ protein in the rat spleen antilbO-2 in the rat brain has been well
documented18]; thus, the microsomal fraction, prepared by differential centrifugation,
from rat spleen and brain have been used to obtained H@ HGO2. These particular
microsomal preparations were selected in order to use the most native (i.e., closest to in vivo)
forms of HO1 and HO2. Spleen and brain microsomal fractions, from SpraDae/ley

rats, were prepared following a published procedi®g. All experiments complied with

current ltalian law and met the guidelines of the Institutional Animal Care and Use
Committee of Mhistry Of Health (Directorae General for Animal Health and Veterinary
Medicines, Italy). Male SpraguBawley albino rats (150 g body weight and age 45 d) were
used. Rats had free access to water, and they were maintained at room temperature with a
natural photoperiod (12 h:d2light-dark cycle). For measuring HDand HQO2 activities,

each rat was sacrificed and their spleen and brain were excised and weighed. A homogenate
(15%, wiv) of spleens and brains pooled from four rats was prepared-colicéiO
homogenizing buffer (50 mMris buffer, pH 7.4, containing 0.25 M sucrose) using a Hotter
Elvehjem homogenizing system with a Teflon pestle. The microsomal fraction of rat spleen
and brain homogenate was obtained by centrifugation at 2083G0r 20 min at 4 °C,
followed by centrifgation of the supernatant at 100,8@0for 60 min at 4 °C. The 100,000

g pellet (microsomes) was resuspended in 100 mM potassium phosphate buffer, pH 7.8,
containing 2 mM MgG with a PotterElvehjem homogenizing system. Equal aliquots of

the rat spleemnd brain microsomal fractions were prepared, placed into microcentrifuge
tubes, and stored at T80 AC for up to 2 mc

determine the protein concentration of the microsomal fra2iohn
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Preparation of biliverdin reductase

Liver cytosol has been used as a source of biliverdin reductase. Rat liver was perfused
through the hepatic portal vein with cold 0.9% NacCl, then it was cut and flushed with 2 x 20
mL of ice-cold PBS to remove all of the blood. Liver tissue was homogerizéaree
volumes of a solution containing 1.15% KCI w/v and Tris buffer 20 mM, pH 7.8 on ice.
Homogenates were centrifuged at 100@0for 20 min at 4 °C. The supernatant was
decanted and centrifuged at 100,8@Dfor 1 h at 4 °C to sediment the microssnThe
100,00& g supernatant was saved and then stored in small amowB@s’ &t after its protein

concentration was measured.

Measurement of HQ and HO2 enzymatic activities in the microsomal fraction of rat

spleen and brain

The measurement of bilibin formation, using the difference in absorbance at 382 nm,

was used to determine the HCand HQ2 activities, as previously described by Ryeal

[19]. Reaction mixtures (500L) consisted of 20 mM TriHCI, pH 7.4, (1 mg/mL)
microsomal extract, 0i2 mg/mL biliverdin reductase, 1 mM NADPH, 2 mM glucose 6
phosphate (G6P), 1 U G6P dehydrogenaseiBemin, and 10l of DMSO (or the same
volume of DMSO solution of test or refei@ compounds to a final concentration of 100,
10, and ImM). Incubations were carried out for 60 min at 37 °C in a circulating water bath
in the dark. One volume of chloroform was added to stop the reactions. Then, the chloroform
phase was recovered, ahé amount of bilirubin which was formed has been measured with
a doublebeam spectrophotometer as OD#B30 nm (extinction coefficient, 40 mM/¢n

for bilirubin). The amount of enzyme catalyzing the formation of 1 nmol of bilirubin/mg

protein/h was defirgtas one unit of the enzyme.
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Cell Cultures

Cancer cell lines experimentgere performed thanks to collaborations with Erepartment

of Molecular Medicineof Arabian Gulf University

MCF-7 and MDAMB-231 cells were maintained in complete growth media

(DMEM/ Hamdés F12 supplemented wigluthming,d00 f et al
uni ts/ mli penicillin, 100 unitghat@®°Cmfa stre

humidified atmosphere of 5% GCFor all procedures, cells were harvested using TrypLE

Express (Life Technologies, Auckland, New Zealand).

In vitro cytotoxic activity

Cells were seeded into 9¢ell plates and incubated for 24 h to test the cytotoxic effect of
the HO inhibitor. After 24 h incubation, different concentrations of the HO inhibitor were
administered for 48 h. Following the incubation, cells were fixed ukd8g trichloreacetic

acid (TCA). Thecytotoxicity was determined using the sulforhnodamine B assay, as
previously described1], to determine the cytotoxicity of the HDinhibitor. 1Gy (the
concentration required to decrease the cell number by 50%) was determinedlimgaon
regression using Graphpad prism 6 software. Treatments were performed in triplicate, and

data represent the mean of three independent experiments.

3.3.3 Computatonal methods
Docking calculations were carried out by the organic chemistry research group at the

Department of Drug and Health Sciences of the University of Catania.

The Marvin Sketch (18.24, ChemAxdnd., Budapest, Hungary) software was used to
generate the-® structures of the studied compou2i]. First of all, the Merck molecular
force field (MMFF94) present in Marvin Sketch at neutral pH was used to minimize the
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geometrySubsequently, the geometry was further optimized using the PM3 Hamiltonian in
MOPAC (MOPAC2016 v. 18.151, Stewart Cpuatational Chemistry, Colorado Springs,

CO, USA)[23, 24] Following our published procedure, the docking model was validated
usng a set of wetknown HO1 inhibitors (Azalanstat, Q@5, QG80, QG82, QCG86, and
QC-308)[11]. Formolecules with a chiral center only on ti&-€nantiomer was studied as
already reportefil1]. The protein ad the ligands were prepared using YASARA (v. 19.5.5,
YASARA Biosciences GmbH, Vienna, Austria). The protein structure was downloaded
from the protein data bankitfps://www.rcsb.org/ID: 2DY5), and only chain A and the
heme group were maintained. Since water molecules are not involved in complex
stabilization, we removed all of them, and they were not considered in the docking process.
During the docking experiments, amino acidicidess were kept rigid, while the single
bonds of the ligands were free to rotate. The point charges were firstly calculated using the
AMBER14 force field and then damped to mimic the less polar Gasteiger charges used to
optimize the AutoDock scoring funoti. Docking was performed by applying the
Lamarckian genetic algorithm (LGA) implemented in AutoDock using YASARA GUI. The
ligand-centered maps were generated by the AutoGrid with a spacing of 0.375 A and
dimensions that surround all atoms extending Sofnfthe surface of the ligand in a cuboid

box. All of the parameters were at their default settings.

3.4. Conclusions

In summary,we desigred and syntheged new arylethanolimidazoles fromtructural
modifications ofpotent and selectivienidazolebased HGL inhibitorspreviouslydescribed
[11]. In particular, changes weperformedo the central linker and the hydrophobic moiety
of inhibitors Imidazolewas maintained since itmot easily replaceable withcasignificant

reductionof activity. SAR analysissuggestdthat an alcoholfunctionin the centralregion
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is an essentialelementfor optimal inhibition values againsHO-1. Conversely the
hydrophobicportion can be modifiedand repositionedTherefore the presence o 4-
bromobenzyloxy substituent at tipara or metaposition of the central phenyl ringave
remarkableesultsin terms of HOL inhibition, as shown for compounds$6/42and5a. On
the contraryreducedactivity was observed when the same substitisaittheorto position
of the same phenyl rin(pb). Modeling studiesvere performed t@lucidatethe binding
mode of these compoundasnfirmingthatall thenovelactivecompoundsorrectlyinteract
with the binding siteof the enzyme HE. Moreover in vitro studies were performed to
evaluate the cytotogity of the most potent and selectiderivative(5d). Interestingly 5a
showed moderate cytotoxic effe€tCso = 47.36 + 6.8 uM)n MCF-7 breast cancer cells.
Future studies should evaluate the effectd©f1 inhibitors both alone and in combination

with other anticancer agents,differentcancer cell linesvhereHO-1 is overexpressd
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Chapter 4. Combination of heme oxygenasel inhibition and sigma

receptormodulation into hybrid anticanceragents

4.1. Introduction

Thedevelopmenbf multitarget drugs has attracted much attention as a promising approach
to treat complex and challeing diseases whose initiation and progression involve different
molecular targets and pathwdgit$. Among them, cancas still one of theprincipalcauss

of death worldwide[2]. Traditionally, oncological medicine focused on singggget
anticancer drugsAlthoughthey are still used today in clinical practiamost of them are
limited by severe side effecésxd chemoresistang®, 4]. Agentsmodulatingonly a single
target might nobe efficienton complex system$hereforethe development of neligands
able to hit simultaneouslgifferent molecular targetgvolved in tumor progressiors an
emerging areaA multiple ligand approacimay be advantageous compared to boibno

and adjuvant therag]. Indeed combining in a single @mical entity multiple biological
effects providsefficient therapeutic acti@with minimum adverse effegtseducsthe risk

of drug-drug interactions derived frothe administration ofi d rcuogc k t sampplifies tbe
dosage regimenmay helpoverconecancer drug resistana@md optimizeclinical response
[6]. Taking this into account, weecided to link a HO-1 inhibitory pharmacophore with a
moiety that targetsRs which have been identified &sctors thatanpromote cancer cells
growth, proliferationand spreafl’]. sRs(s1R ands R/TMEM97) wereinitially considered

a subclass of opioid receptpisowever,their molecular function has not been entirely
elucidated to daté8]. Based on the current knowledgdRs are noropioid, nonGPCR
transmembrane proteingnainly expressed in the endoplasmic reticulum membrane.
Pharmacological studies investigated the rolesBfs in several biological processes,
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including mitochondrial metabolism, apoptosis, ion channels modulation, lipid trapsport
metabolism regulation, neuritogenesigracellular calcium signalingf]. Thanks to their
pleiotropic effects, these receptors have been regarded as potential therapeutifotargets
several pathologicalconditions, such as neurological disorders (neuropathic pain,
depression, Alzheimer, Parkinsoii)0, 11] and many types aumors(e.g., melanoma,
prostate, breastung, colorectal cancerglioblastoma)[12, 13] Indeed,elevatedsRs
expression in malignamissuessuggested that:R ands 2R mightcontribute tocancercells
growth, survival and aggressivenegd4]. Moreover, selective or mixeddR ligands
displayedantiproliferativepropertiesn vivoandin vitro [15-18]. In generalantagonism at
s1R or agonism as$2R is preferablefor achievinganticancer activity19, 20]. Although a
functional assay to define the exact mecha
antitumor activity is likely related to their ability to interfere with the mitotic cell process
and the migration of cancer celll]. In this context the work reported heli@ was
undertaken teevaluatewhetherHO-1 inhibitors andsR ligands,administered alone or in
combination, mayhinder tumor growth and progressionro this purpose DU145 and
U87MG cell lines werechosenas representative celfor humane prostate cancer and
glioblastoma, respectively, in which bothrgets,HO-1 andsRs are involved[22-25].
Moreover, ompound4.S/0, LS4/28 andLS6/42(Figure 1)were selected as lead molecules
among a library oHO-1 inhibitors[26] for their potency, selectivity toward4O-1, and
antitumor activity [27-31]. Among sR-targeting compoundsaloperidol(Figure 1)was
choserasa referencsR ligandwith s1R antagonist angl2R agonist profile, which showed
anticancer activity againgtifferent cancer cell lineg32]. In addition, benzylpiperazine
derivativesSI1/13 and RFB/13 (Figure 1)were selected as representative selective and

potents 1R ligands recentlysynthetized by our research grdag].

89



Ls/0
IC50 HO-1: 2.1 £ 0.3 uM
IC5 HO-2: 2.2 £ 0.2 uM

HO-1 INHIBITORS

Br\©/0\/\/\N \SN NFJ)

Ls4/28
IC50 HO-1: 0.9 £ 0.08 uM
IC50 HO-2: > 100 uM

OH

o

LS6/42
IC5 HO-1: 0.95 + 0.02 uM
IC50 HO-2: > 100 uM

F

Haloperidol
o1R K;: 2.6 nM
ooR Ki: 77 nM

oR LIGANDS

S1M3
61R K;: 1.6 £ 0.05 nM
6,R Ki: 1,418 £ 18 nM

RFB/13
61R K;: 8.8 £0.22 nM
6,R Ki: 3,253 + 40 nM

Figure 1. Chemical structures of reference HOnhibitors andsR ligandsand potency values or

receptors affinity towards their respective targets.

Then, wedesignedand characterizedew HO-1/sRs hybrid compoundd- 4 (Figure 2),

according to the fused pharmacophores mddekcribed in Chapte2). The resulting

compounddear twadifferent activeportions: a phenoxybutylimidazoleoiety responsible

for the HO1 inhibitory activity, and abasic cyclic aming linked to two different

hydrophobic moieties at an appropriate distafmes Rs modulation[27, 34] Finally, the

novel hybridsl- 4 were tested taneasuretheir HO-1 inhibitory activity, s1R ands2R

binding affinity, and their cytotoxiprofile in DU145 and U87MG cancer cell lines.
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Figure 2. Chemical structure of HQ/s hybrids1- 4. Structural requirements for both targets are
depicted in different colordor HO-1 inhibitors: oxybutylimidazoledreen), hydrophobic group
(blue).For sR ligands: first hydrophobic portion HYD1 (blue), second hydrophobic poktin2
(red), and basic trogen (orange).

4.2. Results and discussion

4.21. Chemistry

The synthéc routeto the finalcompounddl- 4 is shown in Scheme 1. The first step veas
reaction between benzylpiperazared a carboxylic acid derivatige 8, activated using 141
carbonyldiimidazole (CDI), to generatiee amides9- 12. Etherification of9- 12 with 1,4
dibromobutanevas carried ouin acetonitrile under reflux and the presence of KCOs to
afford the desiredbromobutoxy amided 3/ 16. Lastly, a nucleophilic displacement of
intermediatesl3i 16 with imidazole in THF using NaH asa basecatalyst providedthe

hybrids1- 4.
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Scheme 1 Reagents and conditions: i) benzylpiperazine, CDI, THF, 10 min,rt, 8 h; ii) 1,4
dibromobutane, acetonitrile ,&O;, reflux, 6 h; iii) imidazole, THF, NaH, reflux, 9 h.
4.2.2.HO-1 inhibition

Thefinal HO-1/sRshybrids1i 4 weretestedn vitro to investigate their ability to inhibihe
activity of HO-1, which is the isoform involved in tumorigenediO-1 wasextractedrom
the microsomal fractions @herat spleen. Determination of HDactivity wascarried out
by measuring the bilirubin formation using the difference in absorbance i&3H4m, as
describedn the experimental sectiomhibition of the enzyme activitis expressed as ¢
(mM), and reslts areoutlinedin Table 1 utilizing LS/0, LS4/28, LS6/42 andAzalanstat as
referenceompoundsBased on the data obtained so &R studiesdentifiedthestructural
elementsnecessaryfor HO-1 inhibition as follows i) an azole nucleuggenerally an
imidazole, ii) a hydrophobigortion, iii) a centralspacetinking the azole nucleusith the
hydrophobic groups (Figure 2[85]. Crystallographic studies demonstrated that the
previously mentionechemical features interaetith specific amino acid residuesin
proximity to the catalytic sitef the protein36]. In particular,the highly flexible western
regionof the enzyme allocatekfferenthydrophobigroupsof HO-1 inhibitors,from simple
aromatic moieties, such as the phenyl group ofreefee compound.S/0, to bulky and

ramified aryl moieties[37, 38] Thus LS/0 was used as a lead compouwuhtainingthe
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essential chemical features for HOnhibition, and it was functionalizedwith benzyl
piperazine, necessary toind to sRs. Furthermore,in the resulting hybridsli 4, the
benzylpiperazine was linked to the phenoxybutylimidazolenspacer of different lengths
(from 1 to 4 methyleneunits) to achievemultiple interactionswith the proteinthusallowing
free rotation and different conformatiortdowever the new hybridsli 4 displayed lower
HO-1 inhibitory potencycomparedwith the referencecompounds The introduction of
benzylpiperazine into the new hybrid$4 is probably detrimental for HQ inhibitory
activity. Perhaps, itsN-atom polar and charged at physiological pH, magt be
accommodated insidbe western region dhe enzyme due to the presencéydrophobic
aminoacids Nevertheless,raong ths seriescompound4, containing the longest central
chain,displayed the best results in terms of-Hi@hibition(Table 1). Based on these results,
it is possible to suppose thae distancef phenoxybutylimidazole frorbenzylpiperazine
is a crucial elemeninfluencingthe h y b r interagtiors with the western region of the

protein.

93



Table 1.HO-1 inhibition and binding properties of hybritis4 and reference compounds.

Compound n ICs50 HO-1 (M) s1R Ki (nM) (%)? s2R Ki (nM) (%)?
1 0 229.91+5.1 > 10,000 (90) > 10,000 (54)
2 1 21559 + 3.6 > 10,000 (73) > 10,000 (67)
3 2 161.92+ 1.8 > 10,000 (78) > 10,000 (66)
4 3 87.72+1.3 > 10,000 (55) 4,624 + 663
LS/0 T 2.1+0.3 T T
LS4/28 T 0.9 +0.08 T T
LS6/42 i 0.95 + 0.02 i i
Azalanstat i 530+0.4 i i
SI1/13 T ) 1.6 £0.05 1,418 £ 18
RFB/13 T ) 8.8+0.22 3,253+ 40
(+)-Pentazocine T i 43+05 1,465 + 224
DTG T T 124 £ 19 18+1
Haloperidol T ) 2604 77 +£18

20 of inhibition at 10vM. ? Data taken fronRef.[27, 28, 37] ¢Data taken fronRef.[39, 40]

4.2.3.sRshinding properties

Once the HEL inhibitory profiles of the synthesized hybritigl were evaluated, we studied

their affinity at boths 1R ands 2R through adioligand binding assayhedesign ofli 4 took

into consideration thehemicalelementsiecessary tmodulatesRsaccordingto-Gl ennon o s
pharmacophore modélhe essential featuresretwo hydrophobigortions(HYD1 in blue
andHYD2 in red Figure 2 andan ionizable nitrogerfin orange, Figure 2whichis part of

a cyclic basic portion, such as piperazine, piperidine, morpholine, azepang}létc.
Furthermore,the lattermust belocated atan appropriate distance frorthe two distal
hydrophobic regions to guarantee optinwalic interaction withs receptorsin this study;

we selected piperazine as thasic ringbecause it ipresent in the structure &1/13 a
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recently synthesized pote@tR antagonistand selectivever (2R (Figure 1)[33]. SI1/13
andRFB/13 were chosen dgad compoundsince they are constituted bybenzyl group
(HYD?2), thebasicN-4 atomof piperazine, and phenyl ring(HYD1 group. The noveHO-
1/sRs hybrids 1i 4 bearthesechemical features, combined with4-(imidazolyl)butoxy
grouptargetingHO-1. However none of the novel hybrids showadignificants Rsaffinity
(Table 1), suggesting thtte introduction ofi-(imidazolyl)butoxygroupnegatively affects
theaffinity for sRs Although HYDL1 can tolerate bulky substituents(imidazolyl)butoxy
group probablyinterferesthrough a steric hindrande establishing essential hydrophobic
interaction between thphenyl ring (located at the HY1) and key amino acid residues

inside the binding pockets

4.2.4.Cytotoxicity againsDU145 and U87MCcell lines

HO-1 andsRs are overexpressed in a wide variety of human cancer cell lines, including
glioblastoma and prostate cancer, playinggmificantrole as survival factorgl2, 43} In
particular, literaturedatareportthe potential anticancer activity 6fR ligandsin highly
diffusive glioblastoma and prostate canjget, 45] Although the exact mechanism of action
need to be further elucidatedhese compounds probably hinder the progressitmeatl|
cycle and the migration of cancer ce[®l]. Similarly, HO-1 inhibitors counteract
tumorigenesis, mainly through the reduction of-@@diated angiogenesis and, in general,
by disrupting the antioxidarand cytoprotective properties HO-1 [45]. In this study we
evaluated if the combination of HDinhibition andsRs modulatiorprovided beneficial
effects for the treatment of prostate cancer and glioblastdonthis extentanMTT assay
was performed to investigate timevitro cytotoxicity of the novel hybrid$i 4 and previously

synthesized reference compoundsng prostate cancerDU145) [23] and glioblastoma
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(UB7MG) cell lines[25]. DU145 and U87MG cells were incubatid 72 h with various

concentrations (1, 10, and M) of all tested compounds

In the early stages of the study, we evaluated the cytotoxic activetyRofigands §11/13
andRFB/13) andHO-1 inhibitors {S/0, LS4/28 andLS6/42), as shown irFigure 3, panels

A and B.The neuroleptic drudhaloperidol was tested and used as a refereocgound
Indeed, itdisplayedanticancer properties due to its higfifinity towardss Rs.Interestingly,

both sR ligandsand HO-1 inhibitorsreducel the cell viability inDU145 cells with a
different range of potendyrigure 3A) Noteworthy haloperidol, thes ;1R ligandSI1/13 and

the HO1 inhibitor LS6/42showed the best results in terms of potency, causing a significant
reduction of the viability oDU145 cells (aboub0%) at 10eM. The same compounds
showed aimilartrendin US7MG gliodastoma cellgFigure 3B) Indeed SI1/13decreased

the cellviability, similarly to haloperidol, at athetested concentrations, wherdisB/13

and LS/0 significantly decreased the e | | viabi |l i Converselythg HGilt 50
inhibitor LS4/28 was found to be inactive id87MG celk. On thewhole, LS6/42was the

mostpotent compoundndreducel thecell viability by about 50% at 16 M
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Figure 3. Effect ofsR ligands haloperido§11/13andRFB/13and of HO1 inhibitorsLS/0, LS4/28

and LS6/42 treatments on cell viability of DU145 (panel A) and U87MG (panel B) cell lines,
assessed by MTT assay at the doses of 1, 10 anif5Results are representative of at least three
independent experiments andlwes are expressed as percentage of control (% of comed.
represent means + SEM.p<0.001vs control as determined by Omeay ANOVA followed by
Tukeyod6s multiple comparison test.

Moreover sincebothHO-1 ands Rsareinvolved inthe examinedumors we investigated

if a potential synergism can occur betwedh ligandsand HOL1 inhibitors. Therefore, we

studiedthe effectof a simultaneous administration of batR ligandsand HG1 inhibitors

on cell viability compared to ligandadministered alonéVith this in mind we tested a
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combinatiorof asR ligand faloperidol S11/13 orRFB/13) with the same amouit0eM)

of an HO-1 inhibitor (LS/0, LS4/28 orLS6/42) onDU145 (Figure 4A) and U87MG (Figure
4B) cells Interestingly combiningthes R ligandS11/13with anHO-1 inhibitorsignificantly
reduced the percentage thie DU145 cell® survival. In particular, the best results were
obtained with the coadministration $f1/13andLS6/42that decreaseithe cell viability by
about 75% According to these results, a doudegeted treatment imore advantageous
than the singléreatment of the tested compounds, which reduced the cell viability by about
50%.All the combinationsf sR ligandsand HO1 inhibitorswerealso found advantageous
in UB7TMG cells. Noteworthy RFB/13 displayed significantcytotoxic effects only in
combination with LS4/28 or LS6/42 Likewise the antiproliferative properties of
haloperidol andl1/13wereincreased by the additiahadministratiorof HO-1 inhibitors.
Overall, he mosteffective combinations were haloperidol plls$6/42 and SI1/13 plus

LS6/42
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Figure 4. Effects of combination 06R ligands haloperidolS11/13 and RFB/13 and of HO1

inhibitors LS/0, LS4/28 and LS6/42 treatments on cell viability of DU145 (panel A) and U87TMG

(panel B) cell lines, assessed by MTT at the doses oML,Gand compared to effect obtained with

SR ligands alone at the same do&esults are representative of at least three independent
experiments and values are expressed as percentage of control (% of dataalepresent means

+ SEM. ™ p<0.001vs control, #p<0.001 and*<0.001vssR ligand as determined by Onay

ANOVAfol | owed by Tukeyo6s multiple comparison tes"
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Finally, the novel synthesizedO-1/sRs hybrids 1- 4 were testedon DU145 and U87MG
cancer cellsResultshighlighted that the newhybrids did not affectthe proliferation of
DU145 cels. However,alow reduction of viabilityoccurredat high concentration&igure
5A). As concernglioblastomaU87MG cancer cellaieremore sensitive aftdreing treated
with hybrids1- 4. Indeed hybrids1, 2, and4 showed antiproliferative activity on U87MG
cells at all concentrations. However, the best resulteaneamgt h e ciability weie
obtainedat 50e M. On the contrarycompound3 displayediower efficacy than thecontrol

at 1M (Figure 5B.

Overall, he low cytotoxicity of hybrids 1-4 on DU145 cells and the moderate
antiproliferative activityfowards U87MG cellsnay be due to the low potency towards both
targets HO1 andsRs proteinsHowever co-administration of HGL inhibitors andsR
ligands provideda significant reduction of both cancer cells viabilitfhus, his study
demonstrateé for the first time that targeting simultaneously CandsRs may bean
efficient avenueo achieve increased antiproliferative activity against DUdd® US7TMG

cells compared to the mono administration of the parent compounds.
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Figure 5. Effect of HO1/sR hybrids1- 4 treatments on cell viability of DU145 (panel A) and
U87MG (panel B) cell lines, assessed by MTT assay at the doses of 1, 10 ravd B8sults are

representative of at least three independent experiments and values are expressed as percentage of

*hK

control @ of control).Data represent means + SEMy<0.01,™ p<0.001vscontrol as determined
byOneway ANOVA foll owed by Tukeydéds multiple comp

4.3. Experimental section

4.3.1.Chemistry

General information on reagents and materials are descrilidthpter 3.
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General procedure for the synthesis g#ibenzylpiperazisl-yl)hydroxyphenyl derivatives
(9-12

4-hydroxybenzoic acid, -p4-hydroxyphenyl)acetic acid3-(4-hydroxyphenyl)propanoic

acid, or 4(4-hydroxyphenyl)butanoic acid{8, respectively(6.02 mmol) was dissolved in

THF anhydrous (10 mL)},1-carbonyldiimidazole (CDI) (6.02 mmol) was added and the
reaction mixture was left stirring under nitrogen for 10 min. Benzylpiperazine (6.02 mmol)
was dissolved in THF anhydrous (5 mL) in a dropping funnel. The reaction mixture was
cooled aD for 10 m. The benzylpiperazine was added dropwise and the reaction occurred
at room temperature for 8 h. The solvent was evaporated under vacuum, and for compounds
9- 11 the resulting yellow oil was washed with NaH&®D5 % m/v aqueous solution (50
mL), and wate (2 x 50 mL). Then, ethanol (10 mL) wasdded and volatiles were again
eliminated under vacuuntor compoundl2, EtOac (50 mL) was added to the yellow
residue. The organic layer was then washed with saturated solution of NE€HCZb mL),

dried over anidrous NaSQ;, filtered, and concentrated. The obtained oily residue was
purified by flash column chromatography using a mixture of dichlorometimatieanolor

EtOa¢methanol9.5.0.5).

(4-Benzylpiperazifl-yl)(4-hydroxyphenyl)methanon®)(

White solid; mp: 17021 7 3 . 5 5 %. YR (I€Br, dele@ed lines) cth 3196, 2948,
2810, 1734, 1608, 1578, 1434, 1364, 1277, 1169, 100311848MR (200 MHz, DMSQ
ds): U 9.89 (s, 1H, OH phenolic), 7.88.19 (m, 5H + 2H, aromatic), 6.82.74 (m, 2H,
aromatic), 3.583.25 (m, 2H + 4H, AICH>-N + piperazine)2.43 2.32 (m, 4H, piperazine).
1-(4-Benzylpiperazirl-yl)-2-(4-hydroxyphenyl)ethat-one (0)

White solid; mp: 15681 5 7 . 4 7 %.yR (I€Br, dele@ed lines) crh 3319, 2914,

2814, 1631, 1516, 1437, 1410, 1354, 1264, 1208, 1003ld29MR (200 MHz, DMSQ
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ds): U 9.28 (s, 1H, OH phenolic), 7.B8.24 (m, 5H, aromatic), 6.99 (d,= 8.4 Hz, 2H,
aromatic), 6.67 (d) = 8.6 Hz, 2H, aromatic), 3.55 (s, 2H, &M»-Ar), 3.48 3.32 (m, 2H
+ 4H, Ar-CH>-N + piperazine), 2.22.20 (m, 4H, piperazine).
1-(4-Benzylpiperazifl-yl)-3-(4-hydroxyphenyl)propai-one (1)

White solid; mp: 10780 9 . 2 9 %.yRi (KB, dele@ed lines) crh 3376, 3023,
2805, 1643, 1514, 1454, 1346, 1212, 1026, 999, BAANMR (200 MHz, DMSQds): U
9.19 (s, 1H, OH phenolic), 7.88.21 (m, 5H, aromatic), 7.00 (d= 8.2 Hz, 2H, aromatic),
6.64(d, J = 8.2 Hz, 2H, aromat)¢ 3.42 3.30 (m, 4H, piperazine), 2.6Z2.63 (m, 2H, CO
CHz-CH2-Ar), 2.54 2.50 fn, 2H, COCH2-CHz-Ar), 2.392.11 (m, 4H, piperazine).
1-(4-Benzylpiperazifl-yl)-4-(4-hydroxyphenyl)butaii-one (12)

White solid; mp 145.31 46 . 9 . YRi (KB, deledted lings) crh 3285, 2951,
2910, 2822, 1623, 1595, 1452, 1348, 1257, 1147, 996 183YMR (200 MHz, CDC}): U
7.387.35 (m, 5H, aromatic), 6.98 (d,= 8.4 Hz, 2H, aromatic), 6.76 (d,= 8.4 Hz, 2H,
aromatic) 3.72 3.69 (m, 2H, piperazine), 3.64 (s, 2H, AH>-N), 3.553.42 (m, 2H,
piperazine), 2.642.43 (m, 4H + 2H, piperazine + GOHx>-CH>-CH2-Ar), 2.29 (t,J=7.5

Hz, 2H, COCH2-CHz-CHo-Ar), 2.02 1.80 (M, 2H, CECH,-CH2-CHaz-Ar).

General procedure for the synthesis of bromobutoxy phenyl derivati3-eka]

The appropriat€4-benzylpiperazirl-yl)hydroxyphenyl intermediated{ 12) (1.34 mmol)

was dissolved in acetonitrile (25 mL)..BOs (5.36 mmol) was added and the reaction
mixture was left stirring under reflux for 10 min. Then-@ljdromobutane (5.36 mmol) was
added and the reaction completed in 6 h. The solvent was evaporated under vacuum, then
water (100 mL) was added to the resgtresidue and extracted witOac(3 x 50 mL).

The organic layer was finally washed with brine (50 mL) and dried over anhydre@&4Na
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filtered, and concentrated. The obtained residue was purified by flash column

chromatography usingtOa¢methanol9.5.0.5).

(4-Benzylpiperazifil-yl)(4-(4-bromobutoxy)phenyl)methanoris)

Colorless oil; yield 81 %H NMR (200 MHz, DMSQds): U 7.367.31 (m, 5H + 2H,
aromatic), 6.906.94 (m, 2H, aromatic), 4.03 (t= 5.2 Hz, 2H, GCH2-CH>-CH>-CHx-Br),
3.61 (t,J = 6.4 Hz, 2H, OCH,-CH2-CHo-CH2-Br), 3.473.41 (m, 2H + 4H, AICH2-N +
piperazine), 2.32.35 (m, 4H, piperazine), 4.0.79 (m, 4HO-CH,-CH>-CH>-CH2-Br).
1-(4-Benzylpiperazifl-yl)-2-(4-(4-bromobutoxy)phenyl)ethalrone (4)

Yellow oil; yield 70 %. *H NMR (200 MHz, DMSGQGde): Ui 7.37 7.19 (m, 5H, aromatic),
7.10 (d,J = 8.4 Hz, 2H, aromatic), 6.85 (d,= 8.6 Hz, 2H, aromatic), 3.98 {,= 6.2 Hz,
2H, O-CH»-CH>-CH,-CH.-Br), 3.723.56 (m, 2H + 2HO-CH,-CH>-CH>-CH»-Br + CO-
CH2>-Ar), 3.45 (s, 2H, AICH>-N), 3.403.25 (m, 4H, piperazine), 2.2Z.25 (m, 4H,
piperazine), 1.991.78 (m, 4HO-CH,-CH>-CH>-CH2-Br).
1-(4-Benzylpiperazirl-yl)-3-(4-(4-bromobutoxy)phenyl)propab-one (5)

Colorless oil; yield 8 %.H NMR (200 MHz,DMSO-ds): Ui 7.39 7.20 (m, 5H, aromatic),
7.12 (d,J = 8.6 Hz, 2H, aromatic), 6.82 (d,= 8.6 Hz, 2H, aromatic), 3.98 {,= 6.0 Hz,
2H, O-CH2-CH>-CH>-CH,-Br), 3.60 (t,J = 6.4 Hz,2H, O-CH>-CH>-CH>-CH2>-Br), 3.45
3.36 (m, 2H + 4H, AICH2-N + piperazine), 2.82.67 (m, 2H, CGCH,-CH»2-Ar), 2.57 2.48
(m, 2H, GO-CH2-CHz-Ar), 2.272.17 (m, 4H piperazing, 2.10 1.76 (m, 4H0O-CH,-CHa-
CH2-CH>-Br).

1-(4-Benzylpiperazifl-yl)-4-(4-(4-bromobutoxy)phenyl)butairone (L6)

Yellow oil; yield 60 %.IR (KBr, selected lines) crh 3430, 2927, 1645, 1510, 1433, 1242,
1177, 1030, 746H NMR (200 MHz, CDC}): Ui 7.48 7.30 (m, 5H, aromatic), 7.08 (d=

8.6 Hz, 2H,aromatig, 6.80 (d,J = 8.6 Hz, 2H, aromatic), 3.97 @,= 5.8 Hz, 2H, GCH.-
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CHz-CH2-CHz-Br), 3.73 (s, 2H + 2HAr-CHz-N + piperazing 3.573.46 (m, 2H + 2H, ©
CH2-CH2-CH-CH2-Br, piperazing, 2.60 (t,J = 7.3 Hz, 2H + 4HCO-CH,-CH,-CH2-Ar +
piperazing, 2.28 (t, J = 7.4 Hz, 2HZO-CH2-CH-CHz-Ar), 2.151.81 (m, 2H + 4HCO-

CH>-CH2-CHz-Ar, O-CH2-CH2>-CH>-CH>-Br).

General procedure for the synthesis bfi{imidazot1-yl)butoxy phenyl ketone%-(4)

NaH (2.54 mmol) was added to a solution éf-imidazole (1.52 mmol) in anhydrous THF
(12 mL) under nitrogen. After 15 min, the appropriatemobutoxy phenyl derivative
(13- 16), previously solubilized in THF (12 mL), was added and the reaction mixture was
left stirring for 9 h under refluxthe solvent was evaporated under vacuum, then water (100
mL) was added to the resulting residue and extractedBt@ac(3 x 50 mL). The orgnic

layer was washed with a basic solutideOH 0.5N 20 ml, brine (50 mL), dried over
anhydrous N£5Qy, filtered, and concentrated. The obtained residue was purified by flash

column chromatography usigfOaé¢methanol9.5.0.5) mixture as eluent

(4-(4-(1H-imidazol1-yl)butoxy)phenyl)(dbenzylpiperazifl-yl)methanonel)

Colorless oil: yield 96 %R (KBr, selected lines) crh 3402, 2940, 1657, 1610, 1512, 1461,
1300, 1176, 1026, 843H NMR (200 MHz, DMSQd): Ui 7.64 (s, 1H, imidazole), 7.38

7.21 (m, 5H + 2H, aromatic), 7.19 (s, 1H, imidazole), 66890 (m, 2H, aromatic), 6.89 (s,

1H, imidazole), 4.0i73.95 (m, 2H + 2H, @CH2-CH2-CH2-CH2-N), 3.55 3.39 (m, 2H + 4H,
Ar-CH>-N + piperazine), 2.42.31 (m, 4H, piperazine), 1.88.71 (m, 2H, GCH>-CH-
CH2-CH2-N), 1.7 1.58 (m, 2H, GCH2-CHz-CH2-CHg-N). **C NMR (50 MHz, CDCY): U
170.2,159.9, 137.4,129.4,129.2,128.8,128.7, 128.4,128.1, 127.4, 118.8, 114.1, 67.2, 62.9,
53.1, 50.4, 46.8, 28.0, 26.2nal. Calcd. for (@sH30N4O2): C, 71.74; H, 7.23N, 13.39.

Found: C, 71.56; H, 7.21; N, 13.42.
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2-(4-(4-(1H-imidazol1-yl)butoxy)phenyHl-(4-benzylpiperazifl-yl)ethanl-one @)
Colorless oil: yield 3 %. IR (KBr, selected lines) cth 2939, 2810, 1640, 1512, 1452, 1244,
1178, 1000, 742'H NMR (200 MHz, CDCl): Ui 7.53 (s, 1H, imidazole), 7.29 (s, 5H,
aromatic), 7.187.02 (m, 3H, aromatic), 6.94 (s, 1H, imidazole), 6.81)(d,8.5 Hz, 2H,
aromatic + imidazole), 4.08.91 (m, 4H, GCH>-CH2-CH>-CH2-N + O-CH,-CH,-CHy-
CH2>-N), 3.64 3.62 (m, 4H, CGCH>-Ar + Ar-CH>-N), 347 3.41 (m, 4H, piperazine), 2.40
(t, J= 10 Hz, 2H, piperazine), 2.27 = 8 Hz, 2H, piperazine), 2.02.91 (m, 2H, GCHz-
CH2-CH2-CH,-N), 1.821.72 (m, 2H, GCH2-CH2-CH»-CH2-N). ¥C NMR (50 MHz,
CDClh): 1 169.8, 157.5, 137.5,129.7, 129.3, 129.1, 128.7, 128.3, 127.3, 127.3, 118.8, 114.6,
67.1, 62.8, 52.9, 52.7, 46.8, 46.0, 41.8, 40.0, 28.1, 26:@. Calcd. for (GsH32N4O2): C,
72.19; H, 7.46; N, 12.95. Found: C, 71.98; H, 7.44; N, 12.99.
3-(4-(4-(1H-imidazot1-yl)butoxy)phenyhl-(4-benzylpiperazifl-yl)propanl-one @)
Colorless oil: yield 60 %R (KBr, selected lines) cth 3456, 2942, 1631, 1513, 1443, 1242,
825. 'H NMR (200 MHz, DMSQds): Ui 7.66 (s, 1H, imidazole), 7.83.23 (m, 5H,
aromatic), 7.19 (s, 1H, imidazole), 7.12J¢;, 8.6 Hz, 2H, aromatic), 6.89 (s, 1H, imidazole),
6.81 (d,J = 8.6 Hz, 2H, aromatic), 4.02 @,= 7.0 Hz, 2H, GCH,-CH>-CH2-CHz-N), 3.95

(t, J = 6.2 Hz, 2H, GCH-CH2-CHx-CH2-N), 3.453.35 (m, 2H + 4H, AICH>-N +
piperazine), 2.72 (t) = 6.8 Hz, 2H, CGCH,-CH2-Ar), 2.59 2.51 (m, 2H, CGCH2-CH>-
Ar), 2.27 2.51 (m, 4H, piperazine), 1.89.76 (m, 2H, @CH>-CH>-CH>-CH>-N), 1.69 1.56
(M, 2H, GCHz-CHo-CH2-CHz-N). 3C NMR (50 MHz, CDC}): Ui 170.7, 157.2, 137.5,
133.6, 129.5, 129.2, 128.7, 128.4, 127.4, 118.9, 118.9, 114.5, 67.2, 62.9, 53.0, 52.8, 46.9,
45.6,41.6, 35.4, 30.7, 28.2, 26Mhal. Calcd. for (GH34N402): C, 72.62; H, 7.67; N, 12.55.
Found: C, 72.53; H, 76 N, 12.58.
4-(4-(4-(1H-imidazol1-yl)butoxy)phenyhl-(4-benzylpiperazifl-yl)butan1-one @)

Orange oil: yield 85 %R (KBr, selected lines) crh 3430, 2926, 1631, 1512, 1443, 1241,
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1028, 999, 832, 744H NMR (200 MHz, CDCJ): i 7.67 (s, 1H, imidazole), 7.89.28 (m,

4H + 1H, aromatic + imidazole), 7.10 @& 8.2 Hz, 3H, aromatic), 6.98 (s, 1H, imidazole),

6.81 (d,J = 8.4 Hz, 2H, aromatic), 4.08 @,= 7.2 Hz, 2H, GCH2>-CH,-CH,-CH>-N), 3.97

(t, J = 5.8 Hz, 2H, GCH>-CH>-CH>-CH>-N), 3.74 3.62 (m, 2H, piperazine), 3.57 (s, 2H,
Ar-CH>-N), 3.49 3.37 (m, 2H, piperazine), 2.62 &= 7.5 Hz, 2H, piperazine), 2.62.37

(m, 4H, COCH,-CH>-CH»-Ar), 2.31 (t,J = 7.5 Hz, 2H, piperazine), 2.00.86 (m, 2H +

2H, O-CH2-CH2-CH2-CH>-N + CO-CH2-CH2-CH2-Ar), 1.881.69 (m, 2H, GCH.-CH:-
CH2-CHz-N). 1*C NMR (50 MHz, CDCJ): 11171.3, 157.0, 137.3, 134.0, 129.5, 129.4, 129.2,
128.7, 128.4, 127.4, 114.3, 67.1, 62.9, 53.1, 52.8, 47.0, 45.5, 41.5, 34.5, 32.4, 28.1, 27.0,
26.3.Anal. Calcd. for (GsH3sN4O2): C, 73.01; H, 7.88; N, 12.16. Found: C, 72.91; H, 7.87,;

N, 12.20.

4.3.2.Biology

The peparation ofpleenmicrosomalfractions biliverdin reductase, and the measurement
of HO-1 enzymatic activity in microsomal fraction of rat spleen were performed as described
in Chapter 3Experimentsvere performed thanks to the collabavativith the biochemistry

research group at the Department of Drug and Health Sciencedubfittegsity of Catania

Radioligand Binding Assay
Radioligand binding assay was carried out thanks to the biotechnology research group at the

Department of Drug and Health Sciences of the University of Catania.

Brain and liver homogenates féiR and{:R binding assays were prepared from male
Dunkin-Hartley guinea pigs and Spragawley rats, respectively (ENVIGO RMS S.R.L.,
Udine, Italy) as previouslseported46]. In vitro (1R ligand binding assays were carried out

in Tris buffer (50 mM, pH 7.4) for 150 min at 37 °C. The thawed membrane preparation of
guinea pig brain cortex was incubated with increasing concentrations of test compounds and
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[*H](+)-pentazocine (2 nM) in a final volume of 0.5 mL. Unlabeledpgeiitazocine (16M)

was used to measure nepecific binding. Bound and free radioligand were separated by
fast filtration under reduced pressure using a Millipore filter apparatus through Whatman
GF 6 glass fiber filters, which were presoaked in a 0.5% poly(ethyleneiwate) solution.

Each filter paper was rinsed three times withaot& Tris buffer (50 mM, pH 7.4), dried at

rt, and incubated overnight with scintillation fluid into pony vidlee bound radioactivity

has been determined using a liquid scintillationnteu(Beckman LS 650Q%7]. In vitro

2R ligand binding assaysere carried out in Tris buffer (50 mM, pH 8.0) for 120 min at rt.
The thawed membrane preparation of rat liver was incubated with increasing concentrations
of test compounds and{]DTG (2 nM) in the presence of (pentazocine (5 pM) a&:R
masking agentn a final volume of 0.5 mL. Nospecific binding was evaluated with
unlabeled DTG (1@M). Bound and free radioligand were separated by fast filtration under
reduced pressure using a Millipore filter apparatus through Whatman GF 6 glass fiber filters,
which were presoaked in a 0.5% poly(ethyleneimine) water solution. Each filter paper was
rinsed three times with iesold Tris buffer (10 mM, pH 8), dried at rt, and incubated
overnight with scintillation fluid into pony vialsThe bound radioactivity has &e
determined using a liquid scintillation counter (Beckman LS 6BM&]) TheKi-values were
calculated with the program GraphPad Pfism0 (GraphPad Software, San Diego, CA,
USA). The Ki-values are given as meamlue + SD from at least two independent

experiments performed in duplicate.

Cell Cultures
Experimentsvere performed thanks to the collaboration withDiepartment of Biomedical

and Biotechnological SciencastheUniversity of Catania
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Two line of cancer cells were used to conduct our investigations. In particular, we have used
human glioblastoma cell line U87MG (ATCCC number #HI4# and prostate cancer cell

line DU145 (ATCC HTB81). These cell lines were obtathérom the American Type

Cul ture Coll ecti on (ATCC, Rockvill e, Md . ,
modi fied Eagl eds medi um ( DMEHEMjtivardfggbhdownme nt e d
serum (FBS), 100 U/ml penicillin and 18@/ml streptomycin ($maAldrich, Steinheim,

Germany) and incubated at 37 °C in a humidified atmosphere with 5% CO

In Vitro Cytotoxicity of HGL Inhibitors, sR ligands, and HGL/sR hybridsli 4 against

DU145 and U87MG cancer cell lines

The cytotoxicity ofHO-1 inhibitors and R ligandspreviousy synthesizeds well as novel
HO-1/sR hybridswas evaluated. The effect on cell viability was assessed by performing
MTT assay. Cells were seeded into\@éll plates at a density of@x 10° cells/well in 100

pL of culture medium. The day afteells were treated with each molecule at three different
concentrations (1M, 10 uM and 50uM) for 72h. Following treatments, 0.5 mg/nof 3-
[4,5-dimethylthiazol2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich) was
added to each well and incubated fdr 4t 37 °C. Finally, dimethydulfoxide (DMSO) vas

used to dissolve formazan salts and absorbance was measured at 450 nm in a microplate

reader (Biotek SynergiT). Six replicate wells were used for each group.

4.4. Conclusions

Cancer development is a mestiep process with @mplex etiologyin which both genetic
and environmental factors play a key rdRecent research encouraglee development of
multitarget approaches tmodulat different biological pathways. In thithesis the
simultaneous modulation oHO-1 and sR functions was evaluated as potential

antiproliferative tool againddbU145 human prostate and U87MG glioblastoma cancer cell
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lines. In this regardmoncadministration of the reference compounds, well as co
administration ofsR ligands(i.e. haloperidol,S11/13 or RFB/13) plus HG1 inhibitors
(LS/0, LS4/280r LS6/42), and HO1/sRs hybrid compoundk 4, were evaluated. Although
hybrids 1- 4 displayedonly moderate antiproliferativeropertiesn glioblastoma cellsywe
demonstratetbr the first time that targeting simultaneously H@nds R proteinsdecreases
bothDU145 and U87MG cells proliferation to a major extiainsingle compounds. Tke
preliminary outcomes support the combination of-H@hibitors andsR ligands for the
treatment of cancer and the development of new-w@ugét ligands with optimized

structure.
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Chapter 5. Design, synthesis andn vitro evaluation of the novel 5-
fluorouracil and heme oxygenasél inhibitor (5-FU/HO-1) hybrid as

mutual prodrug

5.1. Introduction

In the field of multiarget drugs,itefi mut u a l approadhr hasgdsawn increasing
interestin recent yeargl]. This is a sukclass of prodrugs, which are compounds that
undergo bioactivation processes upon administraihrSpecifically,mutual prodrugs are
constituted by two or more pharmacophoric moieties connected by a cleavableTlireker.
bioactive portions released after the cleavage of the connecting spzserexplicate a
synergistic or additive effect by acting on the same target or different biological pathways.
Therefore, thisstrategy provides several advantafiesthe optimization of new candidate
drugs, such as improvephysicochemicalproperties, bioavailability, pharmacokinetic
profile, specificity and reduced offarget effectd3]. In addition this approach haseen
regarded as a promising tool to improve the pharmacological profile of already approved
drugs, whoselinical application is limited by several drawbadl$. An example is5-
Fluorouracil (5FU), an antimetabolite used as antineoplastic agerior the treatment of

solid tumors such azolon, pancreadiyreastovarian and prostateancer5]. Structurally,

5-FU is an analog of uracil and exerts its cytotoxic activity after being converted into three
metabolites: fluorodeoxyuridine monophosphate, fluorodeoxyuridine triphosphate, and
fluorouridine triphosphateresponsible for the inhibitiorof enzymes involved irthe

synthesis and functions BINA and RNA(Figure 1)[6].
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Figure 1. Schematic representation ofFf&) metabolismwhich generatethe active metabolites
fluorodeoxyuridine monophosphat@g-dUMP), fluorodeoxyuridine triphosphat¢éFdUTP, and
fluorouridine triphosphaté~UTP) [7].

Although 5FU represents a backbone widely used in chemotherapyficaguiside effects
still limit its clinical use The main drawbacks ardrug resistance undesirable
pharmacokinetiproperties high non-specifictoxicity, andshort halflife (10-20 minutes)
[8]. In particular, the most common side effects argelosuppression, gastrointestinal,
neurologcal, dermatological disordersand cardiotoxicity [9]. Nowadays, increased
understanding of the mechanism of action and adverse effectsFbf ispired the
development of strategieseahancdts anticancer profiled-or example, attempts to improve
the therapeutic indeof 5-FU were performedby combination therapies or prolonged
infusion administration[10]. However, the risk of severe toxicitydue to long-term
treatmentgannot be neglectddl]. Combinationcancetherapy is @romisingapproach to
improve the therapeutic respongésough additive or synergistic effecf$2, 13] For
instance,the combination oB-FU and cisplatinshowedin vitro synergisticanticancer

efficacyonnonsmall lung cancer calline (A549) potentiallyusefulfor overcoming 8FU
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resistance [14]. Unfortunately, ceadministration of different drigs may cause
pharmacokinetic drugrug interactions anctonsequemy, poor patient complianc¢l5].
Therefore, simultaneous modulation of differeftiological targetsthrough multitarget
ligands may be a promising avenue. Indeethwadays, manymultitarget drugs are
commercially available or in clinical tria[26]. Several 5FU prodrugs were develop¢a
reduce side effects, prolong the duration of actenmd increasdissue selectivity [17].
Indead, 5FU has been conjugated wittther moieties explicang anticancer activityand
many 5-FU-basedmutual prodrugsvith improvedbiological activity are described he

literature(Figure 2)[7, 18-20]. Thesepieces okvidence encouradgke development afew

ANTICANCER
ACTIVITY

b
:3:' ‘;‘}‘
K_A b3 ." °P
'o.'o' "

hybrid compound$o optimizeexistinganticancerdrugs[21].

TARGETED
DRUG DELIVERY

[/'_"o ADDITIVE/
@ SYNERGISTIC
EFFECT

PROMOIETY

Figure 2. A simplified illustration of mutual prodrugghere the promoietgoupled to 5U provides

a synergistic/additive effect or exerts sif@ecific drug delivery7].

Following themutual prodrugs approadh thisthesis we designed and synthesizedovel
5-FU/HO-1 hybrid2 (Figure3). In particular, the parent drugfJ was conjugated wittine
azolebased HGL inhibitor S11/09. The succinic acidwas used asa biocompatible and

biodegradableconnecting spacermotentially ableto release the two pharmacophoric
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moieties Finally, in vitro stability studies and preliminary biological evaluatioere

performedo investigatehe potential use of the novel hybridaasiutual prodrug

o _
F o) H o)
NH
| BN I\Ié
H
cleavable
5-FU linker
OH /cN /CN
Br\©/§\/’\‘\/) Br\@/z\/"‘\/)
S11/09 1 2

Figure 3. Chemical structure dhe parent drugg-FU and HOL1 inhibitor S11/09, and5-FU/HO-1
hybrid 2.

5.2. Results anddiscussion

5.2.1.Chemistry

1-(3-bromophenyh2-(1H-imidazol1-yl)ethanol SI1/09 was preparedfollowing the
synthetic proceduragportedn theliterature[22, 23] Thenovel5-FU/HO-1 hybrid2 was
synthesizedccording ta two-step pathwayasshownin Scheme 14-(1-(3-bromophenyh
2-(1H-imidazol1-yl)ethoxy)4-oxobutanoic acid was prepared through a reaction between
the imidazolebased inhibitor S11/09 with succinic anhydride under basic catalyzed
condition. Finally, intermediatel was camjugatedwith 1-hydroxymethyi5-fluorouracil,
obtainedas described irthe literature [20], and using N-(3-dimethylaminopropybN Nj
ethylcarbodiimide hydrochloride (EDC-HCI) as @arboxylic acid activatorand 4

dimethylaminopryridine (DMAP) as a cataly2d].

124



H
Of/\]?o
F A Nj
HO.__O 0.0

OH

=N i o = i 0”0
Br\@/k/ NI/\/) ) BI’\©/K/ '\Il/\/) ) Br\@/k/ NI/\/)

Si1/09 1 2

Scheme 1Reagents and conditioni$:succinic anhydrideéTEA, dichloromethangreflux, 6 h;ii) 1-
hydroxymethyi5-fluorouracil, EDC-HCI, DMAP, drydichloromethan@cetonitrile (1:1, v/v), rt, 12
h.

5.2.2. In silico prediction of physicochemical, ADME, andoxicity properties

In this study, we estimated thbsarption, distribution, metabolisrandexcretiontoxicity
(ADMET) propertiesof the new 5FU/HO-1 hybrid2 and its parent compounds-F&J and
S11/09) throughin silico tools to evaluatethar drugability. The calculation of molecular
descriptords a suitablemethodto investigatethe druglikeness profile of a new chemical
entity sincethe pharmacokinetic profile and side effects n&ed to the physicochemical
properties [25]. Table 1 shows the esults obtained from therediction of the
physicochemicafeaturesof parent compounds {BU and SI1/09) and the 5FU/HO-1

hybrid 2.
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Table 1.Predicted physicochemical properties €3, SI1/09, and2.

Compound Lipinski's rule? Veber's rulét MDDR-like rule®
MW cLogP  HBD HBA RBN TPSA

5-FU 130.08 -0.66 2 4 0 58.20 nondruglike

SI11/09 267.12 1.94 1 3 3 38.05 mid-structure

2 508.28 1.86 1 9 11 119.83 druglike

Optimal O 5 O5 05 0 1 O 3 O 14¢ -

aMolecular weight (MW), calculated LogP (cLogP), number of hydrogen bond donors (HBD), number
of hydrogen bond acceptors (HBA), rotatable bonds number (RBN), topological polar surface area
(TPSA). Calculator plugins were used for structpreperty predicttn and calculation, Marvin 20.21.0,
ChemAxon [ttps://www.chemaxon.com®MDL Drug Data Report (MDDR) was predicted using
PreADMET webbased applicatiorhftp:/preadmet.bmdrkr).

Prediction ofthe druglikenessprofile and oral bioavailability othe studiedcompoundsvas
performedtaking into account bothipinski's and Veber's ruleR26, 27] Analysis of
physicochemical descriptoshowedonly one violation of Lipinski's rule of five (i.e., MW
> 500)for the 5FU/HO-1 hybrid 2, whereashoth 5FU and the imidazokeasednhibitor
Sl1/09 aretotally underthe rule Moreover, one violation dfeber's ruleccurred fohybrid

2 (i.e., RBN> 3). Interestingly a recent analysis reported Bjultzshoweda statistically
relevantincrease in MW and RBN values for approved oral drughenastdecadd?28],
differently from specific descriptors, including the cLogP, HBD, and HEBArthermore
there aremany examples of orallyadministeredand commercially availabldrugs that
showedone or two violations of the rule of fivdmong them, there are mapyodrugs
such as bromocriptine mesylate, dabigatran etexilate cmslinand olmesartan medoxomil
[29]. Therefore hybrid 2 was predicted to be drtlike (Table 1)based orthe MDDR like

rule[30, 31}
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Generally, Igh toxicity risks and por pharmacokinetiproperties are the main caus#s
failure indrugdevelopment; thus preliminaryin silico assessment of ADME ardxicity

properties (PreADMETYf 5-FU, S11/09, and2 was performed (Table 2 and 3).

Table 2.1n silico ADME prediction for 5FU, SI11/09, and2.

Compound Absorption? Distribution?
HIA (%) In vitro Caco2 cell In vitro PPB(%)  In vivo BBB penetration
permeability (nm 3) (Corair/ Colood)
5-FU 75.9 17.3 8.3 0.2
SIV/0% 96.1 29.6 65 0.7
2 97.7 20.6 83 0.1
Range 70i 100 % 4i 70 > 90 2.00.1
(meaning)

(well-absorbed) (middle permeability) (strong binding)  (permeability to CNS)

aHuman intestinal absorption (HIA), plasma protein binding (PPB), blrath barrier (BBB). Selected
ADME properties were predicted using PreADMET wedsed applicationhftp://preadmet.omdrc.kr
bData fromRef. [22].

Table 3.In silico toxicity prediction for 5FU, SI11/09, and2.

Compd. Toxicity prediction?
Mutagenic ~ Tumorigenic Irritant Reproductive Effects
5-FU hight hight hight hight
SI/0% none none none none
2 none none none none

2Properties were predicted using DataWarrior softi@2g ° Data fromRef.[22].

Notably, the calculated values suggestroper ADME profildor the novelhybrid 2, with
good absorption and sufficient distribution (Table 2). Also, unli#&J5hybrid 2 showed
non-mutagen,nontumorigenic, nofrritant, and nontoxic effects on the reproductive
system(Table 3) These findingssuggest that the mutugkodrug approachcan bean

efficient strategyto reduceadverse side effects of the parent dbeigU.
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5.2.3. Chemicalstability andin vitro enzymatichydrolysis

The chemical stability ohybrid 2 was evaluatedy incubating the new compound
differentpH solutions 2.0, 7.4 and 8.0, miming thephysiological conditions the Gl tract
(pH = 2.0), human plasma (pH = 7.4), and pancreatic fluid (pH =&03hown in Figure

4, thepH valuestrondy influences the chemical stability and hydrolysis rate of hyt#id

1000 W.....

60,0 -

% Compd. remaining
|-P—‘|
i

40,0

20,0 4 ;

0,0 x r x x x x T r )
0 20 40 60 80 100 120 140 160 180
Time (h)

~.@opH=2 - M--pH=7.4 -k pH=8

Figure 4. In vitro chemical stability of5-FU/HO-1 hybrid @) at different pHs.Data are

representative of three independent experiments and values are expressed in mean + SEM.

Interestingly, hybrid2 displayed good chemical stabiligt acid pHsince it showedhe
lowestin vitro hydrolysis ratecompared to the other tested pH vallddss resultsuggest
that hybrid2 may bestable inthe Gl tract andsuitable fororal administrationBy contrast,
the newly synthesized compouB@dshowedsignificanty reduced stability undealkaline
conditions (i.e., pH = 8.0 Consequentlya smallamountof the free parent compounds
FU andSI1/09 might be available foabsorption through the intestiihmembranelndeed,

the percentage of compound remain2wfter 24 hours was found to be 94.2 % in pH = 2.0,
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77.3 % in pH = 7.4, and 50.4% in pH = 8.0 (FigdjeFurthermorewe investigatedhe
enzymatic stability oR in porcine esterase solutiém confirm the conversion of conjugate
2 into free SI2/09 and 5-FU. In particular 5-FU must undergo biotransformation into
different active metaboliteto become pharmacologically actiy&]. Figure 5 shows a
hydrolysis rate profile for hybri@ that followsthe pseuddirst-order kinetics modainder
the experimental condition®Notably, the rate of hydrolysis o in plasma mimicking
solutionwas quickertg2= 136 mir) than that in buffer solutioriy ;= 1689 min) confirming
the enzyméhydrolysiscontribution. Theséndings suggest that succircid may be used
asasuitable cleavable linkewhich allows the release of the pharmacophoric porfiams
conjugate? in the proper time frame tguarantee biological activityvioreover, the novel

hybrid 2 was not detected 24diterincubation in porcine esterase solutias displayed in

Figure®6.
A) B)
gn' ! - ) - . - -
g + J 1;1

Figure 5. A) Hydrolysis rate oR in porcine esterase solution. A linear pseudo-trrger plot of the
In AUC; vs.time was observed.= 5.07 x 16 min?; t;.= 136 min; r = 0.999B) Hydrolysis rate of
2in PBS buffer (pH = 7.4). A linear pseudo fumider plot of the In AUCVs.time was observed
= 0.41 x 1@ min?; i, = 1689 min; r = 0.979Data are representative of three independent

experiments and values are expressed in mean + SEM
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Figure 6. HPLC chromatograms & A) immediately after incubatioim PBS buffer(tr = 0.948)
B) 24 hours after incubatian PBS buffer(tzr = 0.955) C) immediately after incubatian porcine
esterase solutioftzr = 0.945) D) 24 hours after incubatidn porcine esterase soluti@ia = 0.952).

5.2.4HO-1 inhibition

For inhibitory activity assay{lO-1 wasextractedirom the rat spleen microsomal fraction.
Enzyme activity inhibitiorwasthendetermined by measuring the formation of BR using the
difference in absorbance at 4680 nm,as furtherdescribed in the experimental section.
As a consequence of the increased complexitisatructure hybrid 2 showedower HO-1
inhibitory potency(82 = 2.1¢M) thanthe parent compoun&I1/09 (0.4 £ 0.01eM).
CompoundL, a possible metabolite &f exhibitedeven loweHO-1 inhibitory activity with

an IGovalue 0f104.6 £ 5.& M. These resultare not unexpected sinpeevious SAR studies
outlined that modifications to the central ethanolic chain of abalsed inhibitors are
detrimental to the HE inhibitory activity[33, 34] Nonethelessthe low HGL1 inhibitory
properties of hybrid®2 are not significant since it should release compo8Hd09 after

cleavage, which can properly inhibit the enzyme.
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5.2.5 Effects oncell viability

Hybrid 2 wassubmitted to a preliminary cytotoxicigssayon human prostatébuU145) and

lung cance(A549) cell lines Moreover, oadministration of parent compound$-8 and

S12/09 (1:1 ratig was also evaluated and used for comparison. Brigiyselectedell lines

were treated with different concentratigiis 10, and 5@ M) of the tested compoundisr

72 h. Cell survival at different concentrations was calculated compared to untreated controls.

TheMTT assaywas then used to evaluate tedl viability (Figure7).

CELL VIABILITY

CELL VIABILITY

(fold change)

(fold change)

1,2 1

08 -

I

0,6

0,4

0,2

1,4 1

1,2 1

08 -
0,6 -
0,4 -

0,2 4

DU145

CTRL 5-FU 5-FU S-FU SI/09  5-FU:SIM/09

(1 uM) (10 uM) (50 uM) (10 puM) (10 uM) (1 uM) (10 LIM) (50 uM)
A549
*
*
11 I I 1 N
CTRL 5-FU 5-FU 5-FU SI1/09 5-FU:SI1/09
(1 pM) (10 uM) (50 uM) (10 pM) (10 pM) (1 pM) (10 }1M) (50 M)

Figure 7. Effect on cell viability of tested compounds in D45 and A54%ancer cells. Cell viability

is expressed as fold change in viability from the control in treated cells (72 h). Data are presented as

mean + SEMr{ = 8). * Significantvsuntreated control cellgi < 0.05.
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Interestingly, gbrid 2 exhibiteda noteworthy ad dosedependentytotoxiceffect on both
cancer cell lines, similar to thparentdrug 5FU. In addition coadministrationof 5-
FU:SI11/09 showed aimilar effectin terms of cell viability reductiomomparedo both 5
FU and2 at the same dose (Figure By contrastno cytotoxicactivity was exerted by the
HO-1 inhibitor S11/09 onthe tested cancer cellFigure7). The non-cytotoxic responses to
the treatments witbompound511/09 might beexplained bythe different expressiaof HO-

1 on cancer cell lineqd35] or the norselectiveactivity towards theHO isoforms of
compoundSI1/09 (HO-1 ICso = 0.4eM and HO2 ICso = 32.0eM). On the whole A549
cellsresulted more sensitive the treatment with-5U (ICs0=0.98+ 0.13¢M) and2 (ICso

= 1.45+ 1.04eM) in comparison wittDU145 cells (IGo = 31.65 + 0.92 and 46.93 + 2.34
eM, respectively) Finally, to verify thathybrid 2 is not cytotoxic againsthealthycells, it
was alsotested towards the ndgnmorigenic human lung epithelial cell line (BEAB),
which wasselected as a healthy cell model (Fig8ydnterestingly hybrid2 showed lower

cytotoxicity on BEAS2B cells viabilitycomparedo 5FU at the same dose

BEAS-2B
1,2 1
> o .
o "
o 5 1
= d
m _g:ti #
<SE 5 06 . N
22 o :
— = .
W= I
O 0,2 4
0 - v . . . . .
CTRL 5-FU 5-FU 5-FU 2 2 2
(tpM)  (10uM) (50uM)  (1uM)  (10uM) (50 uM)

Figure 8. Effect on cell viability of tested compounds in BEAS cells. Cell viability is expressed as
fold change in viability from the control in treated cells (72 h). Data are presented as mean = SEM
(n = 8). * Significantvs. untreated control cellg < 0.05;* Significantvs. 5-FU treated cellsp <

0.05.
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5.3. Conclusions

In conclusionthis studydescribé the design,synthesisandin vitro stability evaluatiorof

the firstmutual prodrug o6-FU andHO-1. Calculated molecular descriptors and predicted
in silico ADME/Tox propertieshoweda druglikeness profildor hybrid2. Furthermorein
vitro stability studieswere carried ouinh acid and neutral pH conditionResults suggested
that hybrid2 is chemically stable ithe Gl tract and could be suitable for oral administration.
Moreover,the stability of compound3 in porcine esterase solutievas also evaluateand
showedapproximately 50% o2 remaining after two hours (i.dy2= 136 mir). Thisresult
confirmedthatthe new hybrictouldrelease the active componertB8 andSI1/09. Finally,
preliminarycytotoxicity studies were performezh both D45 and A549 cancer cell lines
Notably, hybrid 2 showedenhanced selectivity arefficacy against lung cancer cells @&
normal cellvs. ICsocancer cells)n comparisorto theparentdrug 5FU. Altogether these
outcomessuggest that an azebased HGL inhibitor can beconjugated with U to
develop &-FU/HO-1 mutual prodrug a@ potentialnnovativetool to improve 5-U clinical
use However, tirther detailedstudiesneed to be performed on otheancer cell ling
including 5FU-resistant cedl, to assesshe ability of the nevhybrids in overcoming 5~U

resistance.
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5.4. Experimental section

5.4.1.Chemistry

General information on reagents and materials are descril@thjter 3.

Mass spectra were recorded on a URMMS/MS system consisted of a Waters ACQUFTY
UPLC® (Waters Corporation, Milford, MA, USA) coupled to a Waters TQD mass
spectrometer (electrospragnization mode EStandem quadrupole). Chromatographic
separations were carried out using the Acquity UPLC BEH (bridged ethyl hybrid) C18
column; 2.1 x 100 mm, and 1.7 mm particle size, equipped with Acquity UPLC BEH C18
Van Guard preolumn, 2.1 x 5 mmand 1.7 mm particle size. The column was maintained

at 40 °C and eluted under gradient conditions from 95% to 0% of eluent A over 10 min, at a
flow rate of 0.3 mL mirt. Eluent A: water/formic acid (0.1%, v/v); eluent B:
acetonitrile/formic acid (0.1%, v)v Chromatograms were made using WatessP®A
detector. Spectra were analyzed in-2Z00 nm range with 1.2 nm resolution and sampling
rate 20 points/s. MS detection settingd/Nditers TQD mass spectrometer were as follows:
source temperature 150 °C, destion temperature 350 °C, desolvation gas flowrate 600 L
hl, cone gas flow 100 L} capillary potential 3.00 kV, cone potential 40 V. Nitrogen was
used for both nebulizing and drying gas. The data were obtained in a scan mode ranging
from 50 to 2000 nZ in time 1.0 s intervals. Data acquisition software was MassLynx V 4.1
(Waters). The UPLC/MS purity of all the final compounds was confirmed to be 95% or

higher.
Synthesisod [ 1 (3 bromophenyl) 2 (1H i mil)dazol 1

A mixture of compoun&11/09(0.19 g, 0.70 mmol), succinic anhydride (0.07 g, 0.70 mmol),
and triethylamine (0.116 mL, 0.84 mmol) in anhydralishloromethang10 mL) was

refluxed for6 h. The solvent was removed under reduced pressure, and the crude thus
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obtained was purified by column chromatography using a mixtugt@écmethanol(7:3,
v/v) as eluent t@btaincompoundl (0.39 g, 33%), as a white pure solid: mp 6466.5 °C.

IR (neat, selected lines) ¢m3126, 2930, 2738, 1738, 1574, 1428, 1371, 1155, 836.
NMR (200 MHz,CDz0D): U 7.62 (s, 1H, imidazole), 7.5%.41 (m, 2H, aromatic), 7.80
7.20 (m, 2H, aromatic), 7.13 (s, 1H, imidazole), 6.97 (s, 1H, imidazole), 6.03 &4 Hz,
1H, CHOHCHy), 4.45 (d,J = 5.5 Hz, 2H, CHOKH,), 2.722.45 (m, 2H + 2H,
COCH2CH2CO). UPLC/MSpurity 98%, tr = 3.543min. MS (ESI) m/z: 367.2 [M + H]
Anal. Calcd. for GsH1sBrN2O2: C, 49.06; H, 4.12; N, 7.63. Found: C, 48.99; H, 4.09; N,

7.60.

Synthesis of 1 [ 1 (3 bromophenyl) 2 (1H imidazol

1234t etrahydropyrimidin2l yl)methyl but anedi

To a stirred suspension of(fhydroxymethyl}5-FU (0.09 g, 0.56 mmol) ia mixture solvent

of dry dichloromethan&cetonitrile (2 + 2 mL), compourid(0.25 g, 0.67 mmol), EDC-HCI
(0.13 g, 0.67 mmol), and a catalytic amount of DMAP were added under a nitrogen flow,
and the mixture was then stirred at room temperaturéZdr. The solvent was removed
under reduced pssure, and the crude thus obtained was purified by column chromatography
on silica gel using a mixture &tOacmethanol(9:1, v/v) as eluent to afford compoud

(0.06 g, 22%),as a white pure solid: mp 172104.5 . IR (KBr, selected lines) ¢t 3448,

3122, 1732, 1671, 1509, 1412, 1366, 1265, 1143, ‘998IMR (200 MHz, DMSGds): U

8.11 (d,Ju.r = 6.6 Hz, 1H,CHCF), 7.®i 7.44 (m, 1H + 2H, aromatic), 40 7.25(m, 2H,
aromatic),7.12 (s, 1H, imidazole), 6.85 (s, 1H, imidazole), 5.95J(t= 5.7 Hz, 1H,
CHOHCHy), 5.56 (s, 2H, €20), 4.37 (dJ = 5.8 Hz, 2H, CHOKEHy), 2.712.55 (m, 2H +

2H, COQH,CH2CO). UPLC/MS purity ®%, tr = 3.773min. MS (ESI) m/z: 509.03 [M +
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H]*. Anal. Calcd. for @H1sBrFN4Os: C, 47.17; H, 3.56; N, 11.00. Found: C, 47.03; H, 3.49;

N, 10.95.

5.4.2.HPLC methods

The HPLC analysis of samples at various time intervals fromitro stability in different
buffers and porcine esterase solution was performed on Shimadzu Proribh€i2630C

3D Plus equipped with RID20A. Detector Chromatographic separation were carried out
using Chromolith SpeedROD RP 18.5 um, 1.6 x 50 mm, Merck. Spectra were analyzed in
2001800 nm range with 1.2 nm resolution. The column was maintained at 30 “luasd

under gradient conditions from 100% to 0% of eluent A over 3 min, at a flow rate bf 5 m
mint. Eluent A: water/trifluoroacetic acid (0%, v/v); eluent B: acetonitrile/ trifluoroacetic

acid (0.1%, v/v).

5.4.3.Chemicalstability of 2
Chemical stability anéh vitro stability assessment in porcine esterase solution were carried
out thanks to the collaboration with tBepartment of Organic Chemistag Jagiellonian

University Medical College

A stock solution of compoun& in DMSO (3.0 mg/mL) was prepared. To a test tube
containing 0.9 mL of the corresponding Acetate (pH = 2.0) or PBS buffer solution (pH =
7.4, and 8.0), 0.1 mL of stock solution was added, and the mixture stirred and thermostated
in a sand bath at 37 °@liquots (0.1 mL) were withdrawn at specific time intervals and
transferred to sample vials containing acetonitrile (0.9 mL). The percentage of compound
remaining was followed by HPLC analysis. Tie¢ention timetg) of compounds11/09, 1,

and2 were 0.74, 0.8, ard 0.% min, respectively. All the experiments were performed in

triplicate.
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5.4.4.In vitro stability of 2 in porcine esterasesolution

0.001g of lyophilized powder of esterase from the porcine liver (Sigaaich, St. Louis,
Missouri, USA) was reconstituted in 1.0 mL PBS bufférO1 M, pH 7.4}0 make a aqueous
porcine esterase solution (5 U/mL), and thentpegmostated at 37 °A.o a test tube
containing 1.85 mL of PBS buffer, 0.15 nfilom the stock solution of the test compdu

was added. The mixture was then stirred and thermostated in a sand bath at 37 °C, and 1.0
mL of the porcine esterase solution was added to initiate the enzymatic reaction. For the
negative control reaction, the volume of porcine esterase solutionplasae by phosphate

buffer. Aliquots (0.3 mL) were withdrawn at 0, 30, 60, 120, 180, and 240 min, and quenched
with cold acetonitrile (0.7 mL)86]. The samples were centrifuged for 6 min at 10,000 rpm,

and supernatants were analyzed by HPLC to check the amounts (area under the curve, AUC)
of the remaining intact compound. All the experiments were performed in triplicate. Pseudo
first-order rate constant for the hydrolysis was determined from the slope of linear plots of
the natural logarithm (In) of the AUC of the peak at time t (QLHgainsttime. Half-life

(tu2) was calculated according to equation 1:

tz= In 2/K (1)

werek is the pseuddirst-order rate constant.

5.4.5.Biological evaluation
The preparation of spleen microsomal fractions, biliverdin reductase, and the measurement

of HO-1 enzymatic activity in microsomal fraction of rat spleen were performed as described
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in Chapter 3.Experimentswere performed by the biochemistry research grati the

Department of Drug and Health Sciences ofuinéversity of Catania
Cell Cultures and Cell Viability Assay

Experiments were performed on human prostate cancer cells (DU145; ATCE&HTB
human lung cancer cells (A549; ATGTCL-185LUC?2) and human bronchial epithelium
cells (BEAS2B; ATCC CRL-9609). Cells were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% of hémédctivated fetal bovine serum (FBS),
100 U/ml penicillin and 10@g/ml streptomycin (§maAldrich, Steinheim, Germany).
Cells were incubated at 37 °C in a humidified atmosphere with 5%IG©®effect of 5FU,
compoundSi1/09and?2 on cell viability was assessed by performing MTT assay. Cells were
seeded into 96vell plates at a density of 7,0 »XL€ells/well in 100 pl of culture medium.
After 24h cells were treated with the compounds at three different concentratidvis 10

MM and 50uM) for 72h. Following treatments, 0.5 mg/ml of8 5-dimethylthiazol2-yl] -
2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich) was added to each well and
incubated for 4h at 37 °C. Finally, DMSO was used to dissolve formazan salts and
absorbancevas measured at 570 nm in a microplate reader (Biotek Syhr&ErgyEight

replicate wells were used for each grokpur independent experiments were performed.
Statistical analysis

Data are represented as mearstandard error (SEM). Ongay analysis of variance
(ANOVA) was used to compare differences among groups, and statistical significance was
assessed by the Tuk&amerpost hodest. The level of significance for all statistical tests

was set ap 00.05.
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Chapter 6. Novel tyrosine kinasé heme oxygenasd (TK/HO -1) hybrid

inhibitors to target chronic myeloid leukemia

6.1. Introduction

CML is a myeloproliferative disease characterizedh®abnormal growth of myeloid cells

in the bone marrojd]. This malignancyccounts for abouit5% of leukemia in aduliand

its oncogenesibas beemnvidely stulied. Most cases of CML are caused by a chromosomal
abnormality. The abnor mal c(Rh) andderives fran ai s ¢ a |
translocation involving the Abelson murine leukemia (ABL1) gene on chromosome 9 and
the breakpoint cluster region BCgene on chromosome Z2]. This rearrangement
generatean oncogene, BGRRBL, whose product is the BCRBL oncoprotein The latter
showsaberrant hig TK activity, which causesncontrolled proliferation of myeloid stem
cells, with consequent initiation, maintenance, and progression of .AMe diseasés
characterized by three different clinical phases: chronic phase, acceleratecaptidsast
crisis. Thechronic phasés theinitial stage ofCML, generally longasting in which it is
necessary toperateto arrest the acute phase and the fakast crisis Most patients are
diagnosed in thehronic phas€90%-95%), when common symptoms appear, including
fatigue, weight lossgeneral malaise, asconsequence adnemiaand splenomegaliB].
Treatment of CML was limited to nonspecific agemsisch asusulfan, hydroxyurea, and
interferorU until 2000 [4]. The approal of tyrosine kinase inhibitors (TKIs) radically
changed the lifespan of patieff§. The first TKI was IM, approved by the FDA in 2001
and it has been usedfasnt-line therapy fochronic phas€ML since2003[6]. IM, as well

as a generic TKlinhibits the BCR-ABL cascade as shown irFigure 1 [7]. BCR-ABL

normally bindsto adenosine triphosphate (ATP), necessary to phosphorylate downstream
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proteins that sirt cell division. WherlM is bound tothe catalytic domain oBCR-ABL
protein the ATP binding site is occupiednd phosphorylatiomf tyrosine residues on

various substratesannot occurthereby IM hindess cancer cells proliferation.

SUBSTRATE SUBSTRATE

EFFECTOR
~ EFFECTOR

Figure 1. Mechanism of TKimediated inhibition of BCFABL. ATP is normally bound to BCR
ABL, leading to phosphorylation and activation of an effector protein (left panel). When a TKI is

bound to BCRABL, it inhibits the transfer of a phosphate functional group fROR® to a tyrosine
residue in another protein (right panel). Figure adapted fronTRef

However treatment with IM is limited by the outbreak of mutations that generate resistance
mechanisms. The most common cause of resistapo@ismutations in the BCIRBL gene

itself. Other causearethegenomic amplification of BCFABL , aberrant modulation afrug

efflux or influx transportersetc. [8]. Moreover,the expression oBCR-ABL has been
associatd with increased DNA doublstrand breaksaccumulation of mutationsand

disruption of several antipoptotic proteins anothersignalingpathwayd9].

The onset of drugesistance and the necessity méreasing the dagewith moresevere
side effectsare the main limitations of IM. Indeed, ottérd of patients treated with IM

shows drug reistance, with no optimal outcome. For this reasem generation TKls have

146



been developed and approyettludingdasatinibNIL, bosutinib, and ponatini@-igure 2)

[10].
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Figure 2. Chemical structures dM and the most representativeew generation TKIsApproval
years are indicated in brackelSsovalues related to cell growtissays of TKls againstild-type
Abl kinase are taken from Rdi1].

Seconegeneration TKIs dasatinib,NIL, bosutini) are effective and safagainst awvide
spectrum of mutations resistantikd. Clinical trial datashowed igherrates of responde
therapy withNIL and dasatinilthanIM. Indeed, it was evaluated the percentage of patients
with chronic phas€€ML who showed molecular responig five years 42% of patients
treated withdasatinib versus 33% who receivdd [12]. The EvaluatingNilotinib Efficacy

and Safety in Clinical Trialsnewly Diagnosed Patient$ENESThd) study revealed
molecular response bgix years in55% of patientdreated withNIL versus45% who
receivedM [13]. Bosutinibis alsoeffective in case of resistance to,INIL, and dasatinib.

However, patientsarrying T3151 mutationdid not respond to treatmemtith seconéd
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generation TKIsThereforea thirdgeneration inhibitgrponatinib,was introduced and gave
remarkableresultsin terms of responses in most case§ 815] mutation[14]. Although
new-generation TKIs radically changed the outcome of Ct¥lerapy is potentially lifelong
and future efforts should be made to contro
life. Pleural effusion cardiovascular eventglevations in blood cholesterol and glucose
levels fatigug andmusculoskeletal paiare some of the most commside effect415]. In
addition,a high percentage of CML patients remains resistant to all kinds of TKIs, justifying
further efforts in the development of new dry@6]. For instance, possible mechangsm
implicated inNIL-resistant K56R cells were studied. Among theMJang Jishj et al
identified BCRABL, HO-1, Multi-Drug Reactivity 1 overexpression along with
downregulation of caspasemRNA and protein level®, 16]. Many studieslemonstrated
thatthe oncoprotein BCRABL affects the expression of HOin CML cells[17, 18] Higher
levels of HO1 were found in IMresistant cells compared to isénsiive ones[19].
Interestingly, silencing H& with siRNA or inhibition of HO1 by azolebased inhibitors
restored the sensitivity of1-resistant cell§19, 20] Moreover, Cerny-Reiterer Sabinet al
reported that compounds that inhibit HQorotein were able to enhanuat onlyIM but also
NILand bendamustine effects i n2ljdeearesaltsi ng |
suggestedhatHO-1 could bea suitablenoveltargetfor the treatment o BCR-ABL TKIs-
resistant CML On ths basis,hybrid compounds with an aryloxyalkylimidazole group for
the interaction with HEL, and an IMlike portion for inhibition of BCRABL protein were
developedin a previous studyy our research grouf22]. The dualtarget strategy was
adopted to avoid the potential limits ob-administration of HGL inhibitors and TKiIs,
mainly negative patient compliance and the risk of diugy interactionsNotably, many
hybrids inhibited both targets andeducel the viability of CML IM-resistant cells by

apoptosis and increag ROS levels as discussed iParagraph 1.2.[22]. This study
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provides the rational design and synthesis of cempoundsBai j (Figure3), whichbear a
NIL-like portioninstead ofthe IM-like moiety of the previous serie3herefore, the main
structural modification is the inversion of the central amide group. BMihga new
generation TKImore potent thatM, the newderivativesshould provide higher cytotoxicity
in CML cell lines. The new compounds s possessan aryloybutylimidazole portion
required for HOL inhibition, which is well tolerated inside the BGRBL binding pocket.
To gain insighinto SAR studiesthenewy synthesizedlerivativescarrya benzamide ring
with varioussubstitientsandthe aryloxybutylimidazolemoiety at different positionson the
same ring Measurement of HQ and TKinhibitory activity of the new compounds was
assessedind th& cytotoxicity in both NIL -resistant and sensitiv@ML cells (K562) was
evaluatedDifferently from IM-resistance, few studies regarding the involvement ofIHO
overexpression in NHresistance have been described, therefore a KBbzesistant line
was developedand HO1 levels veredetermined by western blot analydiocking studies

were also performed to gain informationthe binding mode at both targets.

@»/7 BCR-ABL ’w
Br\@/O\/\/\N/\\N ]
Ls/0
HO-1 1Cg0 = 2.10 uM — =%
HO-2 IC5y = 2.2 uM (\‘ HO-1 @
FsC N o
\§< O\/\/\N/\\N \/\/\N/\\

| =/

Nilotinib LS1/71 8a-j

r

HO-11Cso = 1.0 uM
HO-2 ICs = 10.0 uM

Figure 3. General structure of hybridai j and their parent compounds.
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6.2. Resultsand discussion

6.2.1.Chemistry

Reaction conditions for synthesizingprapounds8aij are described inScheme 1
Commercially availablenitro phena$ were etherified with 1,4dibromobutanen acetone
andin the presence oK>COzto give bromobutoxynitrobenzenedai j. Imidazolylbutoxy
nitro analog 5ai ] were obtained throughenucleophilic displacement of intermediatie$

j with imidazole inTHF using NaH.The reduction of the nitro group to give aniline
intermediate$ai j occurred usingron powderammonium chloridéNH4CI) in a mixture
of methanalwater In the final step, condensation @dmpoundsai j with ethyl 4methyt
3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)benzoate7 in dry THF and in presence of
potassiuntert-butoxide (BuOK) gavethefinal hybrid compound8ai .

NOZ N02

D
OH —— 0 —

R R \—\_\

NO, ’ NH,

5~ &

Br N N
4a 5a.j &) 62 Q)
N N
NN
N
\ o
~
iv)
cpd| R 7N o o™
a H | 4-oxybutyl N
b H 3-oxybutyl H 7
c H | 2-oxybutyl | N\W/N
d | 2-Br | 5-oxybutyl _N
e | 3-Br | 4-oxybutyl
7
f | 4-Br | 3-oxybutyl oo
4-Br ybutyl SN
g | 5-Br | 3-oxybutyl o
h |5-CF4| 3-oxybutyl R \—\_\
i 4-Br | 2-oxybutyl N
- e 8a-j "\
J |5-CH3| 2-oxybutyl K/N

Scheme 1.Reagents and conditions: i) idédbromobutane, acetone ,BO;, MW 90AC, 4560 ;
imidazole, NaH, THF, rt, 24 h; iii) iron powder, NEl, CHzOH/H0, 65 , 3 h;7,iv) i n
dry THF,tBuOK, rt, under nitrogerovernight
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6.2.2.Biological evaluation

Assays towards the elucidation DK/HO-1 inhibition and structureactivity relationships
(SARS)

The structure of the novalIL derivatives8ai j joinsthe pharmacophorielementsequired
for inhibition of BCR-ABL TK and HO-1: a phenylamingyrimidine portion and an
additional aryloxyalkylimidazole moietyrespectively Therefore, the novel compounds
were tested to investigate thability to inhibit both targets.

A FRET-b a s e-ldjte Zséayas used to evaluate the Tiibitory activity of compounds
8al j. The obtained results are reported in Tablnd are expressed H3so values (M),
compared to that of NIL and IMNotably, mostof the novel compoundshibited BCR
ABL at micromolar concentrations, whereas hybréds 8e, and 8g stand out for their
activity in thenanomolarange Indeed, e last threalerivativeswere more potent TKIs
compared to IM with 16 values ranging fron®.087 t00.109 M. In particular,8eis the
most potentompoundof the series, showing an d€value of0.037 M, similar to NIL
(ICs0 = 0.039 mM). The position of the oxybutylimidazole moiety in the benzamide ring
strongly affected the activityn general, the most potetierivativesn terms ofTKI activity
carry the oxybutylimidazole portion at-4r 3- position (TK ICso 8a, 8e and8g = 0.109,
0.037, and 0.07WM respectively), whereas derivatives with the lowest TKI activity were
2-oxyalkyl-substituted (TK 16 8c and8i = 14.65 and 13.6%M, respectively)except for
8d (TK ICso= 16.16nM). Theseresults suggeghat the binding witlthe protein is not
favorited by the presence of any type afo-substitution of the benzamide ringhe
introduction of a bromine, methyl, or trifluoromethyl substituent R at various pasdfon
the benzamide ring oBaic did not give homogeneous resultdndeed, 4-oxybutyl

derivatives 8e vs 8a), 3-oxybutyl analogs8b vs 8g and8h), and 2oxybutyl analog &c vs
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8j) showed improved activitywhereas an opposite trend was observed in the case of 3
oxybutyl 8b vs8f) and2-oxybutyl analog &c vs8i).

8aij were also tested to evaluat¢éheir HO-1 inhibitory activity, as demonstrated for
previously synthesizedM derivatives [22]. HO-1 was obtained from the microsomal
fractions of rat spleeras described in the experimental secfiz8]. Determination of HO

1 activity was performed by measuring the bilirubin formation using the difference in
absorbance at 46830 nm.HO-1 inhibitors LS/0 and LS1/71 were used as reference
compounds Theinhibitory activity is expressed as g€ values(nM), andthe results are
shownin Tablel. Thenovelcompoundshowededuced potency comparttithe reference
compoung andthe previous IMbased hybrid§22]. Nevertheless, differences in the results
allow us to discuss SAR as followsO-1 inhibition dependsnainly onthe position of the
oxybutylimidazole moietysecondarypn the substituent R on the benzamide ri@g. the
whole, he best result was obtained when the oxybutylimidazole misiatythe 4position

of the benzamide ring, as shofor compounda (HO-1 ICso = 44.79nM). On the contrary,
derivatives withthe oxybutylimidazole moietyt the 3- and 2position (8b and 8c) gave
higherHO-1 1Cso values suggestinghat HO1 inhibition decreases movingfrom parato
orto position. These results are in contrast witte previous IMbasednhybrids wherethe
orto aryloxyalkyl derivatives were more potent thpara and meta substitutedanalogs.
Moreover, selectedsubstituentschosen based on previous results on IM hybndsre
introduced to investigate their effect on HOnhibition. The introduction of a substituent
on the benzamide ring did not remarkably change this rulebfidmineresiduegenerally
gave the best contributioRor instancecompoundewith theoxybutylimidazole moietyt
the4- positionand a 3bromine substituent gave B©O-1 ICsovalue 0f55.14mM. This result

is similar to that obtained whehe oxybutylimidazole moietig atthe 3- positionand inthe

presence of a-bromine substituendn the benzamide ring8g, HO-1 1Cso = 50.95nM).
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However, for the romine2-oxybutyl derivativesi a drop in HGL inhibition was observed

(HO-1 1Cs0 = 83.44 nM); this trend was further emphasized foirmg&thyl2oxybutyl

derivative8) (HO-1 1Cso about 3mM). The introduction of atrifluoromethyl substituent

(present in thetructure oNIL) gaveonly moderate HEL inhibitory activity 8h, HO-1 1Cso

= 65.36nmM). Anotherdifference fromthe previousM-basedseries is the lower activity of

substitutedccompounds3di j (except for8e and8g) compared to unsubstituted anal@gs

and8b.

Table 1.Inhibition potency of hybrid8ai'j towards HG1 and BCRABL Kinase.

Compound BCR-ABL Kinase inhibition HO-1 inhibition
ICs0 (MM) % SD ICs0 (MM) + SD
8a 0.109 + 0.0016 44.79 £ 2.58
8b 4.19+0.16 64.56 + 0.69
8c 14.65 £ 0.283 149.38 £ 8.1
8d 16.16 £ 0.208 116.00 £5.24
8e 0.037 + 0.0012 55.14+0.71
8f 5.21 +0.224 100.24 £ 3.29
89 0.077 + 0.0036 50.95+ 0.99
8h 0.77 £ 0.042 65.36 £ 1.39
8i 13.67 £0.139 83.44+23
8j 5.45+0.223 3059 + 201
NIL 0.03%7 T
IM 0.309 T
LS/0 ) 2.10+£0.2
LS1/71 ) 1.00+ 0.01°

a2 Data taken from Ref24]. ® Data taken from Ref20].
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In vitro cytotoxic activity on K562S and K562R cells

8ai ] weredesigned apotential anticancer agentBherefore, the newWlL-based analogs
were tested to evaluate their cytotoxactivity in K562 CML cells, both NIL -sensitive
(K562-S) and resistant(K562-R). Since HO-1 overexpression was found in Hvesistant
cells [17, 18, 25] and TK/HO-1 IM-based hybridgreviously publishedvere effigent
against K562 IMresistant cell§22], we hypothesized that new Nthased hybridSai |
could be effective also ithecase of Nll-resistanceln addition, &ew literature dataeport
on the involvement of HQ also inNIL -resistancg21]. To this extentwe established K562
cell line resistance thIL and investigated th@avolvement of HG1 overexpression as one
of the possible mechanisms of resistance. In our experimental conditiorggvb®pment
of NIL-resistant cellsequireda longer period than expected26, 27} meanwhile, the
compoundswere also tested in sensitive cellhe obtained data showed thaany
derivativesinfluencedthe proliferation of sensitive cell$n particular,8g and8h showed a
significant reduction of K563 cellsviability, comparable tdNIL and betteritanIM at the
same concentrations (Figu#e OnceNIL-resistance was achieveshympoundsai j were
tested on K56:R cellsat a 20 nM concentration (close enough to NlsgJCHowever,in

this casethey did notsignificanty reduce theell viability, as displayed in Figurdb.
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Figure 4. A) Effects of hybrids8aij on cell viability of K562S cell line at 0.5 and &M
concentrationB) Effect of hybrids on cell viability of K56& and K562R cell lines at 20 nM.
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Moreover,westernblot analysis was performed tdarify the HO-1 involvement inK562
NIL-resistage As shown in Figures, HO-1 expression did not change depending on
resistance establishmedgmonstrating that HQ overexpression is not involved in K562
cell NIL-resistance anduggesting an HQ-independent mechanism behindHbwever,
compounds8g and8h reportedin this thesistand out for their potency as antiproliferative
agents, resultingorepotentthan IM in K562S cells. Therefore, these nelerivativesmay

be considered as promising lead compounds for the development of newABICR

inhibitors as anticancer agents.
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Figure 5. HO-1 expression followindNIL -resistance induction.

6.23. Docking studies

Moleculardocking was performed to highlight the interaction of the new dettmidswith
BCR-ABL kinase and H@GL. Compounds3a, 8c, 8e, 8g, and8j were selected among the
new series of molecules as representativthefwhole range of potency against the two
proteinsand submitted tohie molecular docking study. The binding modes of the selected
molecules were studied in comparison with IM in BEBL kinase and (R,49)-2-[2-(4-
chlorophenyl)ethyH2-[(1H-imidazol1-yl)methyl]-4-[((5-trifluoromethylpyridin2-
yhthio)methyl}1,3-dioxolane (QE80) in HO1. The Xray crystal structures of the BER
ABL kinase domain in complex with IM (PDB ID: 1IEF)8] andHO-1/QC-80 (PDB ID:
3HOK) [29] were used as the protein structures. The docking procedure was validated by
comparing the experimental and calculated binding potencies and the RMSD of IM and QC
80 to their original binding sites of the respective pratelio validate the BCHRABL kinase
model, we compared our results with that of &fral [30] and the ones previously reported

by our research grouR2]. In addition we usedhe validated docking procedure previously
published by our research group for validating the-H@odel[31-33]. Our docking

derived calculated binding potencies are in good agreement with the experimental ones as
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reported in Tables 2 and 3. The simulated complexes of IM anr804dth the respective

co-crystallized protein show high correspondence to theesponding crystallographic

structure with an RMSD value of 0.76 A and 0.75rdspectively. Once the models were

validated, the set of selected compourftts 8c, 8e, 8g, and 8j) were docked inside the

binding pocket of BCRABL kinase and H@L. The calculated binding energies and the

poses of the studied compounds forRBEBL kinase are shown in Table 2 and Figére

Table 2.Docking calculated energi®@$ bindingfor the selecté compounds in BCRRABL Kinase.

Compound ICs0 (M) Calc. DGg (kcal/mol) Calc.K; (m\v)
8a 0.109 19.59 0.092

8c 14.65 16.33 22.789
8e 0.037 110.29 0.028

89 0.077 19.26 0.161

8 5.45 17.05 6.756
NIL 0.039 110.01 0.045

IM 0.309 18.99 0.255

Figure 6. 8a, 8c, 8¢ 8g and8j (yellow) inside the binding pocket of BEABL. IM (blue), NIL

(green).
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Results of calculated binding energies for molec8&s$c, 8e, 89, and8j showed in Table

2 indicate a high correlation between the estimated free energies of binding and the
experimentally measured 4 All the studied molecules are able to interact with the protein

in a similar way to that of reference compounds IM &itd. Interestingly, only the less
potent compoun8c cannot correctly allocate the Hike portion of the molecule inside the
binding po&et and cannot achieve the optimal interactions for the kinase inhibition.
Particularly, compound8a, 8e, and8g resulted better than IM in reducing TK activity,
rather than compounde and8j that possess a lower activity than IM. Tk€4-methy}3-
((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl) moiety of molecule®a, 8e, 8g and §j is
always located in the same pocket formed by 1le313, Tyr253, Leu248, Phe317, Met318,
Leu370, Val256 and Thr31Rifferently, as already mentioned, the less potent compound
8c, due to the presence of the oxybutylimidazole 4po2ition, is not able to allocate the
same portion correctly inside the binding pocket, pushing the molecule more externally
towards the surfice of the proteifFigure 7) Otherwise, the oxylbutylimidazole group may

be directed in different ways in relation to its position on the benzamide ring but always

points to the proteinds external surface
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Figure 7. Up) 8c 2D interaction with BCRABL kinase. Down) Docked poses il (blue), NIL
(green) andc (yellow) inside the binding pocket of BERBL kinase (PDB ID: 1IEP).

Judging by the molecular modeling result and looking at the experimentalwWe can

conclude that the oxylbutylimidazole moiety can be placed in 3 and 4 positions without any

loss of activity and any relevant charigehe locationof he -IfilkM por t iRoeno i n:
ABL. Differently, the positioning of the oxylbutylimidazole Bxposition will result in a

steric hindrance of the molecule that will not be able to allocate itself properly, resulting in

a loss of activity. Nevertheless, some significant differences can be achieved with a different
allocation of the R substituentsofexample, the methyl group irg®sition of8j decreases

the moleculeds activity for a st erpogtionc| ash
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of 8e and8g is well accommodated in a near pocket formed by 11293, Val299, His361 and
Ala380. When he bromine is allocated in this pocket, both molecules can interact with
Asp381 (Hbond donor) and Glu286 (blond acceptor); moreover, the sagotent
compoundeis able to allocate the INlke portion exactly like the IM and NIFigure 8)

and it can daieve another set of stabilizing interaction inside the binding pocleat (

Met318 (Hbond donor), Val256 (HPi interaction) and Thr315 Hond acceptor).

Figure 8. Up) 8e 2D interaction with BCRABL kinase. Down) Docked poses bl (blue), NIL
(green) ande (yellow) inside the binding pocket of BERBL kinase (PDB ID: 1IEP).
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The results of the docking calculation and the docking poses fet B® reported in Table

3 andFigure9, respectively.

Molecules8a, 8c, 8e, 8g, and8j were initially docked into the binding site of HD and then

the best pose was minimized toward an MD simulation of 50 ns. After the MD simulation,
a rescoring of all the molecules allowed obtaining a good agreement between the final
calculated energiesf binding and the 165 experimental values that emerged from thee HO

1 inhibition assay, as reported in Table 3.

Table 3.Docking calculated energies of binding for the selected compounds-th HO

Compound ICso (M) Calc. DGg (kcal/mol) Calc.K; (mv)
8a 44.79 15.99 40.46505
8c 149.38 15.18 158.89648
8e 55.14 15.69 67.15722
89 50.95 15.94 44.03001
8 3059 14.05 1071.09684
QC-8¢# 2.1 17.55 2.904

aData taken from Ref29].

Figure 9. 8a, 8c, 8¢, 8g, and8j (yellow) inside the binding pocket of HD. QG80 (green).
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The iron(ll) of the prosthetic group in HD is precisely coordinated by the imidazole
(nitrogen atom) ring of all the studied compounds in the eastern pocket. The result of this
interadion is that the coordinated iron is now protected from oxidation by the disruption of
an ordered solvent structure involving the crucial Asp140 hydrbged network (Tyr58,
Tyrl14, Arg136, and Asn210) and resulting in a displacement of water moleitestime
binding pocket needed for the physiological catalysis. On the other hand, the position of the
oxylbutylimidazole and the R group can slightly influence the potency and the dual activity
of molecules, but still, none of the molecules were founte@otent HGL inhibitors,
differently fromthe previouset ofhybrid compounds published lpur research groughat
revealed a good to excellent inhibition of HP22]. In the case at hand, the MD simulation
studies allowed us to understand the lower activity. In fact, despite the good initial static
occupation of the catalytic site obtained by the docking calculation, thesimiDlation
allowed to study the compounds over time dynamically and, in 50 ns, none of the studied
compounds was able to effectively remain in the western or northeastern regions of the HO
1 binding pocket. As shown by the binding poses in the reportedg@ighe only stabilizing
interactions of the whole set of mol ecul es
surface, generally resulting in low potency. The less potent com@pRajure10) due to

the steric hindrance caused by the positidnth@ oxylbutylimidazole group and the
substituent R is unable to perform any stabilizing interaction, not even with the surface of
the protein; thizausegshe very low activity found, unlike all the other compounds stydied

which are partially able to taract with the surface of the protein.
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Figure 10. Up) 8j 2D interaction with H@L. Down) Docked poses of Q8D (green) an8j (yellow)
inside the binding pocket of HO (PDB ID: 3HOK).

In conclusion, the docking calculation and Miulation allow explaining the low activity
toward the HGL, indicating that despite some interactiavith the surface of the protein,

the molecules are not able to achieve good potency due to the impossibility to interact
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