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Abstract

Reactive oxygen species regulate several essential physiological processes such as cell
proliferation, differentiation, vascular tone, and inflammation. However, their higher
concentrations can have deleterious effects on many molecules including protein, lipid,
RNA and DNA which leads to cell destruction causing several diseases including
Parkinson’s diseases, inflammatory disease, cardiovascular, cancer, diabetes, Alzheimer’s
disease, cataracts, autism and aging. Most of these diseases involve more
physiopathological indications. Nevertheless, different pharmacological strategies,
including the use of multifunctional drugs, have been designed to prevent or restore redox
imbalances and to treat complex diseases.

The present research project comes from the desire to synthesize multifunctional
compounds with the capacity to present or treat multifactorial diseases such as cancer. For
this purple, isosteric modification was performed on 2-Phenyl-1H-benzimidazol-5-sulfonic
acid (PBSA) and three set of compounds were obtained: benzimidazole, benzothiazole and
imidazopyrimidine derivatives. Synthesized compounds were evaluated for their UV-filter,
antioxidant, antifungal and antiproliferative activites.

Photoprotective capacity was determined using spectrophotometric transmittance
technique, regarding, DPPH and FRAP were performed to determine antioxidant activity.
Diffusion method in Sabouraud Dextrose Agar (SDA) was used to evaluate anti-
dermatophyte activity, while for broth microdilution method in RPMI was used to
investigate anti-candida activity. Finally, MTS essay were performed to determine
antioroliferative activity.

For benzimidazole derivatives, compound DE 35 was found to be a potential candidate in
the development of multifunctional drugs, while for benzothiazole and imidazopyrimidine
we respectively have 4g/4k and 14g. In addition, these set of compoundsmight
havepossible application as a drug for the treatment of neoplastic diseases such as

childhood leukemia, pancreatic cancer and melanoma.



Abbreviation

AcOEt: Ethylacetate

AIDS: Acquired Immunodeficiency Syndrome
APX:Ascorbate Peroxidase

CAT: Catalase

CPD: Cyclobutane Pyrimidine Dimmers
DCM: Dichloromethane

DMSO: Dimethylsulfoxide

DNA: DeoxyriboNucleic Acid;

DPDT: Disodium Dhenyl dibenzimidazoletetrasulfonate
DPPH: 2,2-Diphenyl-1-picryl Hydrazyl

EtO.: Diethyl ether

EtOH: Ethanol

5FC: 5-Fluorocytosine

FDA: Food and Drug Administration

Fe20s: Iron Oxide

FRAP: Ferric Reducing Antioxidant Power
GABA: gammaAmino Butyric acid

GPx: Glutathione Peroxidase

GR: Glutathione Reductase

GSH: Glutathione

HCI: Hydrochloric acid

HIV: Human Immunodeficiency Virus

H3POa4: Phosphoric acid

4-HNE: 4-Hydroxynonenal

MDA: Malondialdehyde

MED: Minimal Erythemal Dose

MeOH: Methanol

MOPS: 3-(N-morpholino)propanesulfonic acid
NADPH: Nicotinamide Adenine Dinucleotide Phosphate
NaOH: Sodium Hydroxide

PBSA: 2-Phenyl-1H-Benzymidazole-SulfonicAcid
POClIs: Phosphoryl Chloride



RNA: RiboNucleic Acid

RNS: Reactive Nitrogen Species

ROS: Reactive Oxigen Species

RPMI: Roswell Park Memorial Institute
SDA: Sabouraud Dextrose Agar

SOD: Superoxide Dismutase

SPF: Sun Protection Factor

RSS: Reactive Sulfur Species

TiO2: Titanium Dioxide

TPTZ: 2,4,6-Tripyridyl-Triazine

UV: Ultraviolet

UVA-PF: Ultraviolet A Protection Factor
ZnO: Zinc oxide
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Introduction

Living species are continuously and inevitably exposed to the attacks of oxidizing agents
which damage the cellular components such as proteins, lipids, DNA. Oxidizing agents
include free radicals that are produced by the cells themselves during normal metabolic
processes or by external factors. Under normal physiological conditions, the body
possesses endogenous defense systems that can enzymatic or nonenzymatic antioxidant. At
moderate concentrations, reactive species have important effects on cellular redox
signaling and defense mechanisms which induce and maintain the oncogenic phenotype of
cancer cells [1], neutrophil function and shear-stress induced vasorelaxation. However, an
excessive production of free radicals breaks the balance and induces the oxidative stress
which is directly related to the development of various pathologies including photo-ageing,
cancer, Parkinson's diseases, Alzheimer's, inflammatory diseases, cardiovascular diseases,
diabetes, cataracts and autism. In addition, reactive species produced under conditions of
oxidative stress can directly damage DNA thus causing mutagens. In the same way they
can suppress apoptosis and promote proliferation, invasiveness and metastasis. Moreover,
the most severe oxidative stress can cause cell death through necrosis [2].

The main external factors that lead to the formation of free radicals are: ultraviolet (UV)
and X radiation, atmospheric pollutants, cigarette smoking, toxic chemicals, fungal, viral
or bacterial infections and lifestyle. Moreover, several biochemical systems of the body are
at the origin of the production of prooxidants. The instability of reactive species due to
their extremely short life span (nano to milli second) makes it difficult to detect them in
different biological system [3]. Indeed, the toxicity of the reactive oxygen species is not
necessarily correlated with their reactivity, in many cases the less reactive species can be at
the origin of a great toxicity because of their long half life that allows them to spread and
cause damage over long distances to their production sites. Therefore, detoxification of
reactive oxygen species is paramount to the survival of all aerobic life.



I. Oxidative stress: Impact on human health

I.1. Free radicals

Free radicals are atoms or molecules containing unpaired electron(s) in their outer orbit.
This unpaired electron(s) are unstable and highly reactive. To achieve stability, free
radicals react with surrounding molecules by subtracting electrons to form a pair of
electrons; in this way also the damaged molecule becomes a free radical and thus begins a
chain reaction. Oxidizing species are often derived from oxygen, called reactive oxygen
species (ROS), nitrogen, called reactive nitrogen species (RNS) and sulfur, called reactive
sulfur species (RSS).

ROS include free radicals such as superoxide (O2), hydroxyl ("OH), peroxyl (ROO),
lipidperoxyl (LOO"), alkoxyl (RO®) and other non-radical reactive species such as
hydrogen peroxide (H20), ozone (Os), singlet oxygen (*O2), hypochlorous acid (HOCI).
While, RNS include nitrogen free radicals such as nitric oxide (NO") and nitrogen dioxide
(NO2") and non radical species such as peroxynitrite (ONOQ), dinitrogen trioxide (N203).
Lastly, RSS are often formed by the oxidation of thiols and disulfides into higher oxidation
states, such agents include thioyl radicals, disulfides, sulfenic acids and disulfidesoxides
[4]. In addition, RSS are also formed from thiols by reaction with ROS.

Morever, the most common reactive species are ROS and RNS that can be produced from
both endogenous and exogenous substances. Endogenous sources include mitochondria,
cytochrome P450 metabolism, peroxisomes, neutrophils and macrophages during
inflammation and excess of transition metals, as iron and copper. On the other hand,
although oxygen is vital for aerobic bioprocesses, about 5% of inhaled oxygen is converted

to reactive oxygen species.
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(O27) is the primary oxygen free radical produced by mitochondria during electron
transport chain (respiratory chain; oxidative phosphorylation). This oxygen reactive
species is rapidly converted into hydrogen peroxide (H20) by the Superoxide Dismutase
(SOD). Nonetheless, in the presence of the transition metals such as iron, H2O2 can
produce ‘OH via the Fenton reaction, reactive hydroxyl radicals a far more damaging

molecule to the cell.



Fe’" + 1,0, ——» F' + ‘og + OH

Exogenous factors that can stimulate production reactive species are: pollution of the
atmosphere, UV radiations, X-rays, gamma rays, intense physical exercise.The generation
of reactive species is counterbalanced by the biological system through the action of
enzymatic and non-enzymatic antioxidants, but the overproduction of these species
induced oxidative stress which causes damage to essential bio-compounds such asproteins,
lipids and DNA.

Reactive species have both harmful and beneficial effects. In fact, moderate levels of
reactive species have important effects on cellular redox signaling [1] like activation of
several cytokines and growth factor signaling, non-receptor tyrosine kinases activation,
protein tyrosine phosphatases activation, release of calcium from intracellular stores,
activation of nuclear transcription factors. Reactive species can also defense against
infectious agents by phagocytosis, Kill cancer cells by macrophages gene expression and
help the synthesis of primordial life building blocks [5]. However, higher concentrations
can have deleterious effects on many molecules including protein, lipid, RNA and DNA
which leads to cell destruction causing several diseases such as Parkinson’s diseases,
inflammatory disease, cardiovascular, cancer, diabetes, Alzheimer’s disease, cataracts,

autism and aging [6, 7].

1.2. Oxidative damage to lipid, protein and DNA

The lipids cellular components involving polyunsaturated fatty acid residues of lipids are
very sensitive to the damage caused by free radicals [8], especially glycolipids, cholesterol
and phospholipids [9]. Reactive species such as ‘OH, Ozeand H>Ogareact with lipids
resulting in the formation of various by-products including ketones, alkanes, carboxylic
acids, aldehydes and polymerization products, which are highly reactive with other cellular
components. Among the by-products formed we can mention: malondialdehyde (MDA),
propanal, hexanal, and 4-hydroxynonenal (4-HNE). MDA and 4-HNE are known as
bioactive marker of lipid peroxidation, due to its numerous biological activities resembling
activities of reactive oxygen species [10]. In addition, lipid peroxidation in cell membranes
can damage cell membranes by disrupting fluidity and permeability.

The overall process of lipid peroxidation develops of three steps (Schema 1): initiation,

propagation, and termination.



> Initiation step.
Prooxidant such as hydroxyl radical remove an allelic hydrogen, resulting to the formation
of an unpaired electron on the carbon-centered lipid radical (L*). This radical is stabilized
by rearrangement process to form a conjugated diene.

»  Propagation step.
Conjugated diene can react with an oxygen molecule to form a lipid peroxyl radical
(LOO"). This radical can react with other lipid molecule abstracting a hydrogen to
generating a new L™ and lipid hydroperoxide (LOOH). Through this radical chain process,
an oxidizing agent can oxidize many fatty acid molecules. LOO"can also be rearranged
through a cyclization reaction to form endoperoxides which, by fragmentation, provides
highly reactive compounds such as MDA [11].

»  Termination step.
Radical chain reaction can be broke by antioxidants that donate a hydrogen atom to the
LOO" and form non radical products (LOOH). An example of antioxidant is Vitamin E (T-
OH)which reduce LOO- within the membrane, resulting in the formation of a lipid
hydroperoxide and a radical of Vitamin E (T-O¢). Vitamin E radical (T-O¢) is reduced back
to Vitamin E (T-OH) by ascorbic acid

0, 00.
/\/=\/—K/\ Unsaturated lipid

Lipid peroxyl radical 3
2 m
rearrangement ‘ Lipid hydroperoxide

Unsaturated lipid radical

P
NNV

Unsaturated lipid

Schema 1: Steps of lipid peroxidation
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Proteins can be damaged directly via oxidation on their amino acid residues by ROS or by
lipid peroxidation end-products. Amino acids subject to oxidation reaction are: tryptophan,
cysteine, methionine, tyrosine, lysine, arginine, proline and histidine. However, histidine,
cysteine, and methionine are highly susceptible to oxidation [12]. In some cases, specific
oxidation of proteins may take place, for example the oxidation of cysteine residues can
lead to the reversible formation of disulfide bonds and the methionine can be oxidized in
methionine sulfoxide [13]. In addition, carbonyl groups may be introduced into the
proteins by reactions with reactive aldehydes (MDA and 4-HNE) produced during lipid
peroxidation.

In general, amino acid residues are attacked by ‘OH which tears away the a-hydrogen atom
and form carbon-centered radical. The carbon-centered radical may undergo a crosslinking
reaction to form a protein crosslink or may react rapidly with Oz to form an alkylperoxyl
radical intermediate which in turn undergoes a succession of reactions leading to

fragmentation of the proteins (Schema 2).

Protein cross-linkage

R

o R O R O
OH Lol 0, Il
—NH—(I:—co— ———» —NH—g—C— ————» —NH—C—C—
H I
2++ + )
Fe H OOH
Fe3+> o
(0] .OO 02 p 2
H
R O { R O OOH R O
Ll [ Ll
—NH—C—C - —NH—C—C— <«—— —NH—C—C—
| Y\ e PN |
OH Pet* Fel* +1* o _ OOH
¢ Fe’* + HO Fe*
Peptide bond cleavege

Schema 2: Oxidation reaction of proteins

DNA is essential for life; however, it is subject to damage caused by interaction with
various chemicals and environmental agents. Mitochondrial DNA is more exposed to ROS
attack than nuclear DNA, because it is near to the ROS generated place. Like proteins, ‘OH

iIs known as an important mediators of DNA damage. It reacts particularly with the purine
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and pyrimidine bases as well as the deoxyribose skeleton. DNA modification can occur in
several ways, including base degradation, single- or double-stranded DNA breaks,
mutations, deletions or translocations, and cross linking with proteins. The transformation
products of DNA bases in position C-8 of guanine by the ‘OH radical are 8-oxo-7,8-
dihydro-2'-deoxyguanosine, hydroxymethylurea, urea, thymine glycol, thymine and open
cycle adenine. Most of these DNA modifications are very relevant for carcinogenesis, and
aging process [14], [15].

1.3. Oxidative stress and human diseases

Oxidative stress leads to the oxidation of lipids, DNA and proteins, which is associated
with changes in their structure and functions. Indeed, the oxidative damage of these
biomolecules can theoretically contribute to the increase of the activation of radical
enzymes (cyclooxygenase, lipogenase), free iron, copper ions, or the disruption of the
electron transport chains of the oxidative phosphorylation. These dysfunctions lead to
primary or secondary physiopathological mechanisms of multiple acute and chronic human
diseases such as neurodegenerative, cardiovascular, inflammatory and autoimmune
diseases [14].

Carcinogenesis: in living cells, oxidizing specie such as superoxide anion, hydrogen
peroxide, hydroxyl radical, nitric oxide and their biological metabolites also play an
important role in carcinogenesis. In fact, ROS can cause tissue damage by reacting with
lipids in cellular membranes, nucleotides in DNA, sulphydryl groups in proteins and cross-
linking/fragmentation of ribonucleoproteins. These effects cause cell mutagenesis and
carcinogenesis. Lipid peroxides are also responsible for the activation of carcinogens [16].
Cardiovascular  diseases:  various  pathophysiological ~ conditions, including
hypercholesterolemia, atherosclerosis, cigarette smoking, hypertension, diabetes and heart
failure induce the activation of some enzymatic systems such as nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, xanthine oxidase, lipoxygenase, nitric oxide
synthase (NOS) and myeloperoxidase (MPQO) contributing to increase the production of
ROS. These stress conditions cause endothelial dysfunction by accelerated inactivation of
NOe-. Furthermore, a loss of bioactivity of NOe« in the vessel wall leads to loss of
vasodilation, inflammation, platelet aggregation and growth of Smooth muscle cell that
induce cardiovascular disease such as atherosclerosis and blood vessel stenosis [17,18].
Neurodegenerative: oxidative stress plays a potential role in the pathogenesis of
neurodegenerative disorders. These diseases represent a primary health problem especially

in the elderly population. The abnormal production of ROS and the excessive
10



accumulation of mitochondrial DNA mutations (MtDNA) cause a mitochondrial
dysregulation leading to different pathologies such as Alzheimer’s disease (AD),
Parkinson’s disease, Huntington's disease and amyotrophic lateral sclerosis and optic
atrophy[19].

1.4. Antioxidants

To protect cells and body organ systems from oxidizing agents, human organism
developed series of defense mechanisms. These defenses are provided by antioxidants that
may be endogenous or exogenous and are classified according to their nature, origin or
mechanism of action. In this work, is reported the classification based upon the nature of

antioxidant.

1.4.1. Enzymatic antioxidants

Enzymatic antioxidants include superoxide dismutase (SOD), glutathione peroxidase
(GPx), ascorbate peroxidase (APX), catalase (CAT) and Glutathione Reductase (GR).

» SOD

Iron and manganese are the main SOD prosthetic groups in prokaryotes, whereas in
eukaryotes the prosthetic groups of cytosolic SOD are copper and zinc. However,
eukaryotic mitochondrial SOD also contains manganese as a prosthetic group. SOD
enzymes catalyze the removal of superoxide radicals in a dismutation reaction where one

superoxide radical is oxidized and another is reduced.

202 + 2H - HzOz + 02

» CAT

The hydrogen peroxide produced can be degraded to water and oxygen by catalase.

Hzoz L H20 + 02

» GPx
H20. can be metabolized by peroxidase enzymes, such as the glutathione peroxidases
(GPX prefers aromatic compounds like guaiacol and pyragallol), which use reduced
glutathione as a co-factor that is oxidized by hydrogen peroxide. Therefore, glutathione
peroxidase is mainly cytosolic selenoenzyme which attack hydroperoxides. The oxidized
glutathione is recycled to its reduced form by glutathione reductase enzymes, thereby
maintaining a high ratio of reduced/oxidized glutathione (GSH).

H,0, + 2GS-H > 2H,0 + GS-SG
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» GR
GRis a flavoprotein oxidoreductase which uses NADPH to reduce GSSG to GSH in order
to maintain a high cellular GSH/GSSG ratio.

Y

GS-SG + NADPH 2GSH + NADP*

» APX
As GPx, APX reduces H20. to H.0 and DHA, using Ascorbic acid (AA) as reducing
agent. The APX family comprises five isoforms based on different amino acids and

location, i.e. cytosolic, mitochondrial, peroxisomal and chloroplastid [20].

Y

H,0, + AA 2H,0 + DHA
1.4.2. Non-enzymatic antioxidants
The non-enzymatic antioxidants form secondary defense against reactive species and
damage induced by free radicals. In physiological condition, our organism is able to
prevent oxidative stress by endogenous antioxidant systems or by taking antioxidant from
food including vegetables, fruits, grain cereals, teas and other food products. GSH,
Vitamin C, vitamin E, N-acetyl cysteine, carotenoids, coenzyme Q10, alpha-lipoic acid,
lycopene, selenium, flavonoids and phenols are the main non-enzymatic antioxidants that
are often brought from the diet.

»  Glutathione
Glutathione (GSH) protects cells from the free radicals produced through
oxidation/scavenges H20,, 10,, HO", and O, and protects the different biomolecules by
forming adducts or by generating GSSG. It also plays a vital role in regenerating AA to
yield GSSG. GSH is abundantly found in almost all cellular compartments like cytosol,
mitochondria and chloroplasts. As GSH bonds it converts to its oxidized form, called
glutathione disulfide. Then an enzyme glutathione reductase converts it back to its reduced
state.

»  Vitamin C (ascorbic acid) and vitamin E (a-tocopherol)
They are important small molecule antioxidants which react with free radicals to form
stable radicals. Vitamin E [21] terminates the chain reaction of lipid peroxidation in
biomembranes and lipoproteins, whereas Vitamins C scavenges agqueous-phase ROS by
electron transfer and thus inhibit lipid peroxidation as well as reduces the oxidized vitamin
E radicals leading to formation of ascorbate free radical. This radical can form
dehydroascorbic acid by dehydroascorbate reductase. Therefore, vitamin E and Vitamins C
function together to protect membrane lipids from damage [96] (Schema 3).

12
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Schema 3: Vitamin C and E as antioxidant

In addition, vitamin E protects body against colon, prostate and breast cancers, some
cardiovascular diseases, ischemia, cataract, arthritis and certain neurological disorders.
While Vitamin C is required for collagen synthesis by acting as a cofactor for non-heme
iron/a-ketoglutarate-dependent dioxygenases such as prolyl 4-hydroxylase and it is very
important for neurotransmitters biosynthesis.
»  Carotenoids

Carotenoids (Crt) are highly lipophilic molecules typically located inside cell membranes.
The most important Crt present in human plasma include -carotene, a-carotene, lycopene,
lutein, zeaxanthin, B-cryptoxanthin, a-cryptoxanthin, y-carotene, neurosporene, {-carotene,
phytofluene and phytoene [22]. Crt are known to be important precursors of ratinol
(vitamin A) which is essential for vision and (photo) protection. They are very efficient
physical quenchers of singlet oxygen and scavengers of other reactive oxygen species. In
fact, Carotenoids exhibit their antioxidative activity by protecting the photosynthetic
machinery in several ways: inhibition of lipid peroxidation to end the chain reactions;
scavenging 02 [23] and generating heat as a by-product; preventing the formation of 'O,
by conversion of excess of energy to heat or dissipating the excess excitation energy, via

the xanthophyll cycle.

o, + Ct —— 30, + crt

et — crt + Heat
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Carotenoids scavenge ROS and other free radicals following three main mecanisms:
electron transfer between the free radical (R") and Crt, resulting in the formation of a Crt
radical cation (Crt™") or Crt radical anion (Crt™); radical adduct formation (RCrt") and

hydrogen atom transfer leading to a neutral Crt radical (Crt") [24]

® - o+ + —
R + Crt o R + Crt or R + Crt

o [ J
R 4 Crt . RCrt
® [ ]
R + Crt = RH + Crt

» Phenolic compounds

They have received considerable attention due to their antioxidant property. Their main
source is dietary and they are widely present in the fruits such as apples, blackberries,
blueberries, cantaloupe, pomegranate, cherries, cranberries, grapes, pears, plums,
raspberries, aronia berries, and strawberries. They are also present in red wine, chocolate,
black tea, white tea, green tea, olive oil and many cereal grains. Polyphenols are natural
anti-oxidants and are classified in flavonoids and non-flavonoids.

Flavonoids are widely present in the plant kingdom, commonly found in fruits, vegetables,
grains, bark, roots, stems, flowers, tea. Flavonoids are devised in subgroups, following the
substitution of the C ring on which the B ring is attached and the degree of unsaturation
and oxidation of C ring there are: flavones, flavonols, flavanones, flavanonols, flavanols or
catechins, anthocyanins and chalcones, In addition, flavonoids are considered important
components in several nutraceutical, pharmaceutical, medicinal and cosmetic applications.
This can be attributed to their anti-oxidant, anti-inflammatory, anti-mutagenic and anti-
carcinogenic properties coupled with their ability to modulate cellular enzymatic function
(Table 1).
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Name

Structure

Function

Flavone

Baicalein protected H9c2
cardiomyocytes and also human
embryonic stem cells-derived
cardiomyocites (hESC-CMs) against
oxidative stress-induced cell injury. It
is exhibit anticancer activity against
several cancers in vitro. Baicalein also
decreased ROS generation and the
number of death cells and activated
Nrf2 pathway [25].

Flavonol

Flavonol decreased the DOX-induced
apoptosis, ROS production, lipid
peroxidation and NADPH oxidase
activity. Isorhamnetin increased the
production of anti-oxidant enzymes
and modulated MAPK activity [26].

Flavanone

Hesperidin induced antiarrhythmic
effects, reduction of inflammation,
oxidative stress and cardiomyocytes
apoptosis. Naringin restored
ischemia/reperfusion injury inflicted
by reactive oxygen species (ROS) by
the increased activity of anti-oxidant
enzymes [27].

Flavan-3-ol

OH

Theaflavin-3,3'-digallate  decreased
ROS production, cellular damage and
apoptosis [28].

Catechin has antioxidant properties
and reacts as a scavenger of free
radicals. Catechins can also act as
indirect antioxidant in conjunction
with vitamins C and E and antioxidant
enzymes, such as  superoxide
dismutase and catalase. [29]
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Isoflavone Isoflavone has positive effects on
oxidative stress-induced apoptosis in
H9c2 cardiomyocytes.  Calycosin
enhanced the  expression  and
activation of ERo/pB and Akt
phosphorylation and inhibited H20--
induced cell injury and apoptosis[30].

Anthocynin Malvidin increases left ventricular
pressure, reduces cells apoptosis and
Necrosis. Anthocyanin reduces
activation of Calpain and apoptosis

and increases the activity of

antioxidant enzymes [31]

Chalcone Chalcone decreases the levels of pro-
inflammatory cytokines and ROS in
. H9c2 cardiomyocytes. In addition,
O O isoliquiritigenin improves the
dysfunction of hypoxic
cardiomyocytes [32].

Table 1: Flavonoid compounds and their activities

Non-flavonoid compounds include several subclasses and the most important classes are
phenolic acids, stilbenes and lignans (Table 2).

Phenolic acids include benzoic acids such as protocatechuic acid and gallic acid, and
cinnamic acids such as caffeic acid, ferulic acid, p-coumaric acid and sinapic acid. They
are present in plants, fruits, coffee, and cereal grains [33]. These compounds may have
beneficial effects on human health, and thus their study has become an increasingly
important area of human nutrition research. Stilbene analogues are a heterogeneous group
of natural phenols, abundant in grapes and berries and are widely known for their anti-
inflammatory, cardiovascular protection, antiviral, antimicrobial and antioxidant properties
[34].

The most common lignans are pinoresinol, lariciresinol, secoisolariciresinol, matairesinol,
hydroxymatairesinol, syringaresinol and sesamin. Diets rich in foods containing plant
lignans (grains, nuts and seeds, legumes, fruit, and vegetables) have been consistently

associated with reductions in risk of cardiovascular disease [35] and cancer. Enterolignans,
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which are the metabolites of the lignan plant derived from their conversion by intestinal

bacteria, have several biological activities, including tissue-specific estrogen receptor

activation, anti-inflammatory and apoptotic effects [36].

Compounds Structure Function
Phenolic acids Phenolic acids protect
(Ferulic acid) cardiomyocytes  against  H>O»-
induced injury. Pyrrolidinyl
o caffeamide restores
0 ischemia/reperfusion -induced
- X-""0H
oxidative stress in rats. It also
HO

reduces the levels of troponin and
lipid peroxidation, improved cardiac
functions [37]. Ferulic acid reduces

oxidative stress.

Lignans
(Hydroxymatairesinol)

Lignans(in  particular ~ sesamin)
reduce the Ang ll-induced apoptotic
rate and ROS production in H9c2
cardiomyocytes. Sesamin also have

anticarcinogenic and antioxidative

properties.
Lignans have anti-inflammatory
potential via reduction of

lipopolysaccharide-induced cellular
oxidative stress.

Schisandrin B significantly increases
the levels of GSH redox cycling
enzymes [38].

Stilbene (Resveratrol)

H9c2
cardiomyocytes from H>O--induced

Resveratrol protects
cell injury, apoptosis necrosis and
mitochondrial dysfunction.
Resveratrol reduces ROS production
and protects cell from fungal attack

and sun damage. [39]

Table 2: Examples of non-flavonoid compounds
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I1. Sunlight, skin damages and and ossidative stress

I1.1. Generality of sunlight

The sun is a solar-type star located at 1.496 x10* m from the Earth and its electromagnetic
spectrum is very broad. It is from high frequencies such as X-rays and Gamma to low
frequency waves such as radiofrequencies and microwaves. Ultraviolet rays, visible light,
infrared are intermediate (figure 1). Energy and wavelength of these radiations can be
related using a mathematical expression.

Equation 1:E=hxv=hx§

Where E is the energy, h is the Planck’s constant, v is the frequency of electromagnetic
radiation, c is the velocity and A is the wavelength. Frequency is related to the wavelength
by the relation v = ¢/A and c is about 300000 Km/s in the vacuum. Thus, the greater the
wavelength of a radiation, the lower its frequency and consequently, lower is the energy

transported by each photon.

400 nm 500 nm 600 nm 700 nm
| Bue | Green Yellow|

Visible Light
uv Infrared Radar FM| TV Short | AM
rays rays wave Wavelength
N
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10°* 10% 10+ 102 1 102 104 (meters)

Figure 1: Electromagnetic spectrum

The Earth’s atmosphere absorbs and disperses certain radiations, preventing all sunlight
radiation from reaching the ground [40]. So sunlight that reach the Earth is constituted of
56% are infrared light photons (wavelength, 780-5000 nm), 39% visible light (400-780
nm), and 5% UV light (290-400 nm). These percentages may vary according to: altitude,
latitude, atmospheric ozone content, cloud cover and season [41].

Latitude: The solar radiation varies according to our position on Earth. Closer to the

equator, the sun's rays have a shorter distance to move into the atmosphere and therefore
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less UV radiation can be absorbed. For each degree of latitude decrease, there is a 3%
increase in UVB transmission [41

Altitude: With increasing altitude, less ozone is available to absorb UV radiation. For each
300 m elevation, there is a 4% increase in UV radiation reaching the surface [43]. Any
phenomenon leading to the alteration of the ozone layer causes a substantial increase in the
transmission of UV to the Earth's surface.

Among electromagnetic radiations, the area that is of our interest is UV range. Ultraviolet
radiation is the part of the electromagnetic spectrum located between the X-ray and the
visible light. In fact, like all solar radiation, UV radiations move at the speed of light and it
is undetectable by the human eye, but some animals, particularly some insects, can see
them. UV rays range from 200 to 400 nm and classified in 3 bands according to their
wavelength. Short wavelength UVC (200-290 nm) is the most harmful type of UV
radiation. However, it is does not reach the earth's surface because it is completely filtered
out by the ozone. UVB (290-320 nm) constitute between 5 and 10% of the UV rays
reaching the surface of the Earth. So, about 90% are absorbed by ozone. UVA (320-400
nm) is subdivided into two groups: UVA1 (340 nm < A < 400 nm) and UVA2 (320 nm <
A< 340 nm). UVA represents 90 to 95% of terrestrial UV radiation. Therefore only 5-10%
are blocked by the ozone layer [44].

11.2. Cutaneous physiology

The skin is one of the most important and largest organs of the body. In humans, it
accounts for 16% of body weight and is composed on average of 70% water, 27.5%
protein, 2% fat, 0.5% mineral salts and oligo-elements. It is the first barrier of protection of
the body. In fact, the skin protects the body from harmful environmental factors [45] such
as humidity, cold, sunlight, chemical and biological aggressions. In addition, the skin
receives sensory stimuli from the external environment and regulates body temperature. It
is the site of the synthesis of essential vitamin D thanks to the sunlight. The skin has a
heterogeneous structure composed of three superimposed layers: epidermis, dermis and

hypodermis.

11.2.1. Epidermis

The epidermis is the outermost layer of the skin; it is visible to the eye and constitutes a
protective barrier of the surface of the body. I t is responsible for the water-resistant barrier
and preventing the entry of pathogens into the body. Its thickness depends on the region of

the body; it is thinner on the eyelids and thicker on the palms of the feet and hands.
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Moreover, the epidermis is mainly made up of epithelial cells called squamous cells. It is
composed of four or five layers according to the area of the skin: cornified layer (stratum
corneum, this is relatively waterproof and most of the barrier functions of the epidermis are
localized there) [46],translucent layer (stratum lucidum, only in palms and soles), granular
layer (stratum granulosum), spinous layer (stratum spinosum) and basal layer (stratum
basale, they are closely associated with cutaneous nerves and seem to be involved in light
touch sensation, it is lies next to the dermis). The epidermis is constantly renewed to
replace the damaged cells. The mainly function of epidermal layer is the "barrier" means
physical, chemical, micro-biological, and immunological protection. The epidermis
consists of 4 types of cells: Keratinocytes, Melanocytes, Lymphocytes / Langerhans cells
and Merkel cells.

Keratinocytes are the most numerous, representing about 90-95% of the cell population of
the epidermis. It produces keratin, a resistant protective protein that constitutes the
majority of the structure of the skin, hair and nails. Any defect in the expression of keratin
lead to various diseases of the epidermis such as epidermolysis bullosa simplex,
epidermolytic hyperkeratosis [47], hair such asmonilethrix, pseudofolliculitis barbae
[48].The keratinocytes originate in the stratum basal, gradually they mature and move
towards the stratum corneum. Once reached the most superficial layer, undergo a process
of keratinization (keratinocytes to corneocytes), creating the hard outer layer of the skin.
This layer thus forms squamous cells that are flattened horizontally and replace dead cells,
constitutes an effective barrier preventing the entry of infectious agents into the body. One
of the main roles of keratinocytes is the production of cytokines, involved in the initiation
of the inflammatory response [49].

Melanocytes are cells located in the deepest layer of the epidermis. They are the second
population (about 13%) of the epidermal cells. These cells are responsible for the synthesis
of the melanin pigment which determines the color of the skin. Melanin is also found in
hairs, eye, and some internal membranes. There are many different types of melanin with
differing proportion. However, pheomelanin, eumelanin ad neuromelanin are the most
frequent. Both pheomelanine and eumelanine are found in skin and human hair, but
eumelanine is the most abundant melanin in humans. Pheomelanine is found in red hair
and red feathers while eumelanin is found in human black hair and in the retina of the eye
[50], [51].

In the human skin, melanogenesis which is the production of color pigments eumelanin
and pheomelaninoccurs in the melanocytes, especially inside the organelles melanosomes

by enzymatically or non-enzymatically reactions. In fact, upon exposure to UV radiation,
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melanocytes increase the production of intracellular nitric oxide (NO); the latter triggers
signal transduction cascades leading to a series of oxidative reactions involving the amino
acid tyrosine [52]. Enzymatic pathway is regulated by at least three melanocyte-specific
enzymes: Tyrosinase, TRP1 (Tyrosinase-Related Protein-1) which is 5,6-dihydroxyindole-
carboxylic acid oxidase [53] and TRP2 (Tyrosinase-Related Protein-2) which is
dopachrome tautomerase [54] but enzyme tyrosinase is known as the key enzyme in
melanin synthesis. The oxidation of L-Tyrosine to L-DOPA is then catalysed by the action
of tyrosinase enzymes. In the next step L-DOPA is oxidized to DOPA quinone, a key
intermediate compound of two synthetic pathways. Depending on the conditions,
DOPAquinone leads to the synthesis of eumelanin or pheomelanin (Scheme 4). The
pathway of pheomelanin production involves cysteine or glutathione which, under the
action of a glutamyl transpeptidase, can release a cysteine. The spontaneous reaction of
cysteine with DOPAquinones results in the formation of 5-S-cysteinyl DOPA which
polymerizes to form pheomelanins. The pathway of eumelanin production starts with the
conversion DOPA quinone to leuco DOPAchrome and then DOPAchrome through auto-
oxidation, and then in the presence of DOPAchrome tautomerase and dihydroxyindole-2-
carboxylic acid oxidase, DOPAchrome is converted to 5,6-dihydroxyindole. Finally, the
oxidation of 5,6-dihydroxyindole (DHI) to indole-5,6-quinone by tyrosinase leads the
polymerization and the formation of eumelanin. The polymers of eumelanin would
comprise many 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
(DHICA) cross-linked polymers[55].
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Scheme 4: Biosynthesis of eumelanin and pheomelenin

Synthesized melanin is then transferred from the cytoplasm of the melanocytes to the basal
cytoplasm of the keratinocytes through melanocytic dendrites. Various hypothetical modes
of melanin transfer have been demonstrated, such as cytophagocytosis, exocytosis, fusion
of plasma membranes and transfer via membrane vesicles [56]. Most of these modes
involving a phagocytosis step. In addition, melanogenesis and melanin transfer are induced
by UVR which stimulate the production/secretion of autocrine or paracrine factors by

keratinocyte [57, 58]. In fact, UV-induced pigmentation, leading to increase the dendricity
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of melanocytes and the phagocytic activity of keratinocytes by upregulation of
melanogenic enzymes. Therefore, keratinocytes and melanocytes are then known as the
epidermal melanin unit.

Eumelanin and pheomelanin are chemically and physically different, eumelanin is a
heterogeneous macromolecule form by units of 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA). The order of these units is aleatory and the
ratio of DHI to DHICA depends on the origin of the pigment. Darker eumelanines are
enriched in DHICA and Light-brown eumelanines contain more DHI units. Pheomelanin is
derived from the sulphur containing cysteinyldopamelanin which lead to benzothiazine
units. Eumelanin is a dark-brown to black pigment, insoluble in acid and alkali and
contains nitrogen (6-9%) but no sulfur (0-1%), whereas pheomelanin is a yellow to
reddish-brown pigment, soluble in alkali, and possesses both nitrogen (8-11 %) and sulfur
(9-12%) [59]. On the other hand UV irradiation of pheomelanin produce free radical
greater than those produced by eumelanin [60].

Melanin protects against sunlight induced burns, DNA damage, and skin cancer. These
attributes of melanin are due to broad absorption spectrum. Eumelanin has been considered
to perform a UV-protection function more than pheomelanin, because it has more
chromophores, and it is more densly packed due to the branching of the polymer. Although
melanin plays important protective roles, pigment can act as a potent photosensitizer
leading to intense production of reactive oxygen species. Furthermore, during
melanization, particularly in steps that can proceed without enzyme, toxic intermediates
such as semiquinones, dopaquinone, indole-quinones are produced [61].

Lymphocytes or Langerhans cells constitute the third population of the epidermis layer
and represent 1 to 3% of the total population. They are a subtype of white blood cells and
are dendritic cells of medulla origin. There are three main types of lymphocytes: B (bone
marrow) cells, T (thymus) cells, and natural killer cells. B cells produce antibody
molecules, they are primarily responsible for humoral immunity, while natural killer cells
are innate immune systems, they destroy cells infected by virus and tumor cells [62], and T
cells ensure their own destruction as well as viruses and cancerous cells. In response to the
pathogen, lymphocytes in particular Tcells can produce cytokines, which are small proteins
that are important for immune system responses, inflammation and infections [63].

Merkel cells are found in the basal stratum of the epidermis separating the epidermis from
the dermis layer and they have no dendrite [64]. These cells are very close to the nerve
endings that receive the contact sensation and are more common in the skin exposed to the

sun than in the covered skin. The richest regions of Merkel Cells such as the lips, palms,
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fingers and soles of the feet are involved in tactile perception [65]. Merkel plays an
important role in the secretion of neuropeptides and specific protein neurons, so they have

a neuroendocrine function [66].

11.2.2. Dermis

Dermis is the second and thicker layer of the skin. It is located between the epidermis and
the subcutaneous tissues. The dermis is composed mainly of connective tissues containing
collagen and elastic fibers. Its structural tissue is divided into two sections: the thin upper
layer called the papillary dermis and a thick lower layer called the reticular dermis. The
papillary dermis, at the surface area of the skin, increases and seem as fingerprints called
dermal papillae. Dermal papillae contain tactile receptors which are corpuscles of touch
and nerves sensitive to heat, cold, pressure, pain and itching. The reticular dermis is the
main site of dermal collagen and elastic fibers. The high concentration of these dermal
proteins in the reticular region gives to the skin the properties of strength, extensibility and
elasticity. Moreover, the spaces between the fibers are occupied by the roots of the hair, the
sebaceous glands, the sweat glands, the skin receptors and the adipose cells [67], [68].
Properties of the dermis confer on it several functions, in particular sweat and oil

production, blood bringing and hair growing [69].

11.2.3. Hypodermis

The hypodermis or subcutaneous layer is the deepest layer of the skin. It is a fatty tissue
composed of fibroblasts, adipose cells, connective tissue, larger nerves, blood vessels and
macrophages. The distribution and thickness of the fat layer varies according to the
personal diet, parts of the body and the sex of the individuals. In men, adipose tissue
mainly develops in the abdomen and shoulders, whereas in women it is present mainly at
the level of the belt, hips, thighs, buttocks and under the abdomen. Apart from the storage
of the fat, hypodermis can also seal the skin to the underlying surface, provide thermal

insulation, product the Leptin hormone and absorb shocks from impacts on the skin.

Of all the foregoing, the main functions of the skin are: protective barrier against external
aggressions (physical, chemical and biological protection), regulate body temperature/
thermal insulator, infection protection site, immunological role (adaptation and activation
of the immune system), sensory role (sensory nerves, thermoreceptors, etc ...) by means of
the various receptors present on the surface of the skin and synthesis of vitamin D due to

exposure to UV rays from the sun.
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11.3. Skin damages by UV irradiation

As previously described, UV radiation range from 290 to 400 nm and it is the absorption
range of many chromophores of the skin including DNA [70], RNA, proteins, lipids, trans-
urocanic acid, and aromatic amino acids [71]. Skin, when excited by solar energy, emits a
response, the extent of this response depends on the type and the quantity of UV absorbed,
the color of skin. It follows that; effects from exposure to ultraviolet (UV) radiation can be
harmful or beneficial. Indeed, moderate exposure to UV stimulates the secretion of
tryptamines (melatonin) and the synthesis of melanin and vitamin D [72]. While
overexposed to UV radiation causes harmful effects that can be acute or chronic. The
major acute clinical effects of UV irradiation on human skin are sunburn in particular for
the red skin (erythema), immunosuppression, mutation and tanning (darkening by
improving melanogenesis) [70]. Chronic UV effects include premature aging of the skin,
suppression of the immune system, damage to the eyes and skin cancer [73] which induced
by mutation and immunosuppression. DNA photodamage is induced by both UVA and
UVB radiations but with different mechanism. UVB radiations are absorbed directly by the
DNA chromophores and induce base structural DNA damage, while UVA radiations cause
the production of free radicals or ROS in the deep cells of the skin. These oxidizing species
are toxic and, in turn, attack the DNA, and alter the functioning of the cell. Therefore,
UVB radiation is more cytotoxic and mutagenic than UVA [72]. In addition, UVA causes
premature cutaneous aging, by degrading collagen and inducing the production of free
radicals in skin cells, causes premature cutaneous aging which results in the appearance of
spots, thinning of the skin and the appearance of wrinkles 10 to 20 years after exposures.
UVA and UVB lead to a weakening of the immune system and inflammation phenomena

that could contribute to the promotion of cutaneous tumors [74]
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Figure 2: Effect of UV on the skin

Sunburn or erythema is abnormal redness of the skin, caused by UV after overexposure to
the sun. This phenomenon occurs a few hours after exposure. Biologically, it is a reaction
of the body due to the direct DNA damage from mainly UVB [75], thus creating mutations
in the cells and the superficial vessels of the skin. These mutations lead to the formation of
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts
(64 PPs) [76, 77]. The reaction is associated with certain infections, inflammation, and
pain, hot or warm to the touch due to increased blood flow to the skin caused by dilation of
the superficial blood vessels of the dermis. In some cases, body triggers several defense
mechanisms, including DNA repair to reverse damages, apoptosis and peeling to remove
irreparably damaged skin cells and increase melanin production to prevent future damage.
UVA also contributes to the sunburn reaction in the summer months but its participation is

low.
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Tanning is the process whereby skin color is darkened. It can be the result of an increase
in the number of melanocyte functions (pigment cells) which is the consequence of the
increased in the activity of the enzymes tyrosinase. It is the auto-protection mechanism of
the skin in response to UV radiation exposure that leads to the formation of a new melanin
and an increase in the number of melanin granules in the epidermis. The process of tanning
is caused by UVA and UVB. UVA radiation induces the oxidative stress, which in turn
oxidizes existing melanin and leads to rapid pigmentation or darkening of the melanin, but
without any increase in melanin quantity [78]. UVB cause damages of DNA by absorbing
cellular chromophore in direct action, increasing the production of melanin, tanning step is
delayed and becomes visible two or three days after exposure[79].

Skin cancer is caused by abnormal growth of skin cells with the ability to invade
neighboring tissue or metastasize. It occurs when unrepaired DNA lesions cause mutations
(most often p53 tumor suppressor gene) [80] or genetic abnormalities promoting invasion,
metastasis, proliferation and cell survival. Indeed, p53 is a nuclear transcription factor
involved in many fundamental processes of the cell, such as genomic integrity
maintenance, cell cycle arrest /apoptosis and DNA repair. Under normal conditions, p53 is
expressed at an extremely low level whereas under the stress conditions p53 is altered and
induces DNA damage leading to generation of mutations. In human malignancies, p53
mutation is found in over 50% of cancer [81]. Skin is protected from sunlight damage by
melanin that forms a plug on the DNA in the cells. The injuries of UV radiation exposure
vary depending also on ability to block or repair sun induced damages. For this reason,
darker skin has up to five fold the protection of lighter skin and a much lower risk of skin
cancer. Certain types of skin cancer can spread to other organs and tissues, such as
lymphonodes and bone. There are different types of skin cancer including basal cell
carcinoma (BCC), squamous cell carcinoma (SCC) and melanoma which originates from
the pigment-producing skin cells (melanocytes). Basal cell carcinoma (BCC) is the most
common type of skin cancer. They are commonly found on the head, neck and areas
subject to chronic sun exposure. Squamous Cell Carcinoma affects cells in the outer layer
of the epidermis. It is the second most common form of skin cancer and it is typically more
aggressive than basal cell carcinoma. It can spread to other body parts such as tissues,
bones, and nearby lymph nodes. Squamous cells are found in many places of the body such
as hands, head, neck, lips, and ears. Melanoma is the least common of skin cancer, but it is
more likely to grow and spread. However it is the most dangerous, causing about 73
percent of all skin cancer-related mortality [82]. Melanoma originates in the pigment-

producing melanocytes in the basal layer of the epidermis. The UV effects on human skin,
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including DNA damage through the formation of dimeric photoproducts, gene mutations,
oxidative stress, and immunosuppression, contributing to melanomagenesis [83].
Photoaging develops gradually with many years of regular exposure to intense solar
radiation. It is manifested by abnormality damage such as loss of dilation of blood vessels
and degradation of collagen and elastin fibers. This degradation is related to the formation
of the enzyme metalloproteinase which lead to the decomposition of dermis constituents
(Keratinocytes, melanocytes, fibroblasts and langerhan cells). The photo-aging
phenomenon manifests itself both on the face and on the body, with fine wrinkles in the
areas around the eyes, lips and nose, marked freckles, broken capillaries, spots and
especially the solar elastosis, the cutaneous sagging that makes the skin soft and falling.
Both UVB and UVA radiation contribute to photoaging, while, UVA has been shown to
play a much larger role in photoaging than UVB [84].

Eyes damaged from UV absorption by the cornea can cause conjunctivitis or keratitis.
These lesions are reversible and disappear in 1 or 2 days. However, repetition of eye
disorders can lead to irreversible damage. Overexposure to UV can also increase the risks
of eye diseases, including cataract, growths on the eye, retinal dystrophy and eye cancer
[85].

11.4. UV-photoprotection

Protecting the skin against the harmful effects of ultraviolet radiation is important for
maintaining the health of the skin. Despite natural photoprotection methods such as skin
pigmentation, wearing clothes, hats and glasses, UV rays are able to penetrate and damage
the skin. Therefore, the use of sunscreens becomes essential to protect the skin from
several harmful effects.

In Europe, sunscreens are considered as cosmetic products. For this purpose, all UV filters
before being placed on the EU market must be evaluated by the Scientific Committee for
Consumer Safety and authorized by the Commission [86], [87], while in the United States
suncreens are considered as over-the-counter (OTC) drugs and thus evaluated by the US
Food and Drug Administration (FDA) [88].

The Cosmetics Directive 76/768/EEC, annex VII, the council of the European
Communities has established 26 filters that can contain the sunscreen products and sets the
maximum permitted concentrations and conditions of use for each one of them. In the
United States, only 16 are authorized by the FDA. This could be explained by the fact that
in the European Union the solar products are classified among the cosmetics product for

which the acceptance process is faster. To provide suitable protection an UV filter should
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be photostable, water resistant, nontoxic, photochemically inert, not penetrate through the
stratum corneum and easy to formulate. Solar products may contain one or several UV
filters active ingredients that can absorb, reflect or disperse photons from the sun. There

are two types of filters: organic or chemical filters and inorganic or physical filters.

11.4.1. Organic or chemical filters

The organic filters are aromatic compounds sometimes associated with a carbonyl group
designed to absorb UV radiation light and convert it into a small amount of heat. The
absorption of UV radiation by the filter leads to transition of the molecule from a ground
and stable state to an electronically excited and unstable state. If loss of energy is great, the
excited electrons release the energy in the form of heat or fluorescence thus allowing the
molecule to return to a stable state and the filter is defined “photostable” and assures its
role of photoprotector. On the other hand, if excited electrons do not have sufficient energy
to return to an initial state, the molecule remains in their unstable position and their
structure can be modified or their chemical bonds can break, resulting in activity loss. In
this case, the filter is “photounstable” (Figure 3). Photounstable filter induce phototoxic or
photoallergic responses which, in the long term, may increase the risk of skin cancer or

photo-aging. [89].

Photodegradability of the filter: Loss of
the photoprotection function

[

Excited state:
Unstable

N Release of energy
uv

: Photostability of the filter
Fondamental state

Figure 3: Operation of an organic UV filter

Chemical organic filters are classified into either UVA (benzophenones, anthranilates and
dibenzoylmethanes) or UVB filters (PABA derivatives, salicylates, cinnamates and
camphor derivatives) and broad spectrum UVB-UVA (Meroxyls, Tinosorb’s derivatives).
These filters are almost always used in combination, especially with inorganic filters, since
no single active agent, used at the levels currently permitted by the FDA [88] provides

sufficiently high SPF (sun protection factor) protection or broad-spectrum absorption.
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In addition, organic filters can be found not only in cosmetics but also in other personal
care products, food packaging, pharmaceuticals, plastics, textiles, and vehicle maintenance
products to prevent photodegradation of polymers and pigments.

1.4.2. Inorganic filter

Inorganic or physical UV filters work by reflection, absorption and scattering of both UV
and visible light. The inorganic UV filtersprotect skin reflection or scattering [90].
However, some authors argue that even though inorganic UV filters diffuse, reflect, and /
or absorb solar radiation, they protect the skin only by absorption [91]. Inorganic filter are
zinc oxide, titanium dioxide, iron oxide, kaolin, ichthammol, talc [92]. By far, the most
common are titanium dioxide (TiO2) and zinc oxide (ZnO). Occasionally, iron oxide
(Fe203) pigments are added to give the cosmetic a brown tinge to improve the appearance
of the suncare product. In Europe only Titanium dioxide is permitted in sunscreen
formulations. However, physical filters are not often cosmetically appreciated because they
tend to be opaque and white on the skin due to high refractive index (ZnO refractive index
= 1.9 and TiO2 refractive index = 2.6) and the size of the molecules make their appearance
unattractive. To overcome these disadvantages, some inorganic filters contained in
sunscreen products are micronized and encapsulated in microspheres of dimethicone and
silica. Micronization allows them to reach a nanometric size (20 to 30 nm for titanium
dioxide and 60 to 120 nm for zinc dioxide), which leads to reduce the dispersion of light
and to give transparency to creams. Considering that microparticles are in dispersion, they
tend to agglomerate leading to the loss of the efficacy of the formulation [93]. In addition,
The UV protection spectral range provided by TiO2 is broad, extending from UVB to
UVA region while the ZnO protection range peaks in the UVA spectrum.

However, TiO2 and ZnO may undergo photochemical reactions generating highly
oxidizing agents such as ‘OH, 0% H.0, and 'O,, which are known to cause damage to

DNA and RNA or alter the alteration of cellular homeostasis. To avoid this, the TiO2 and

ZnO particles are coated with dimethicone or silica, to stabilize them.
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I11. Infectious diseases induce oxidative stress

Infection is any damaging invasion of an organism's body tissues by harmful
microorganism. These infectious organisms use host tissues to sustain itself, reproduce and
colonize. They are known as pathogens and include bacteria, viruses, fungi and prions. The
infection can be transmitted in various ways: contact with the skin, body fluids, contact
with the feces, airborne particles and infected objects. The spread of the infection and its
effect on the human body depend on the type of agent. However, mammalian hosts react to
infections with an innate response, which often leads to inflammation, followed by an
adaptive response (immune system), but sometimes colonies of pathogens pass through the
body, at this stage infections become harmful causing an infectious disease. Infections by
harmful microorganism can be either acute or chronic. Acute infections come and go

rapidly; chronic infections develop more slowly and last longer.

111.1. Fungi

The organisms in kingdom fungi form several groups such as: mushrooms, yeasts, molds,
rusts, smuts, puffballs, truffles and morels. They are eukaryotic organisms with sexual or
asexual reproduction. These organisms are devoid of chlorophyll, they are therefore
heterotrophic organisms and feed by absorbing nutrients from the organic material. But
before absorbing, the hyphae of the fungus first release hydrolytic enzymes or acid to
break down the organic material into smaller, easily ingested compounds. They can be
saprophytes, commensal, parasites, symbionts and live in air, in water, on land, in soil, and
on/or in plants and animals. Fungi are immovable like the vegetables, with the exception of
some species of aquatic fungi that produce zoospores able to move through a scourge.
They prefer to live in the presence of oxygen, but it is also possible to find optional
anaerobes. The cell wall of fungi is constituted of chemical elements such as:
polysaccharides, proteins, fats and waxes. Chitin is a very rigid polysaccharide consisting
of N-acetylglucosamine residues. This polymer is the main cell wall constituent of all fungi
[94].

For a long time, they have been placed with plants and included in the group of tallophytes
despite being very different organisms. Then, they were placed by biologists in a kingdom
in their own and their classification is constantly changing. But only five phyla are
accepted today including the Chytridiomycota, the Zygomycota, the Ascomycota, the
Basidiomycota and the Glomeromycota [95].
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Chytridiomycota is a phylum of fungi with flagellated cells. It is the oldest evolutionary
line of fungi, having aerobic zoospores [96]. This property gives them a saprotrophic or
parasites character on a wide array of hosts such as algae, plants, mosses, insects,
vertebrates and invertebrates [97]. The organisms of this phylum are presented in
freshwater, brackish and marine habitats, and are also abundant in the soil. They are often

microscopic but can also produce a mycelium.

Figure 4: Chytridiomycota structure
Zygomycota is the most ecologically diverse group of fungi, it represent approximately
1% of the described species of true Fungi [98]. Contrairy to Chytridiomycota, Zygomycota
is the zygospore. This phyla is more evolved because it is completely disconnected from
the aquatic environment and have no flagellate form. The organisms of this division act as
saprophytes on substrates such as fruit, soil, and dung. While some are parasites of plants,
insects, and small animals, while others form symbiotic relationships with plants [99]. In
most zygomyceta, asexual reproduction through the formation of sporangiospores within
sporangia cell is the most common form of reproduction. Sexual reproduction occurs when
gametangials of different types of mating merge to form zygospores. Like all true fungi,
zygomyceta produce cell walls containing chitin. It is grow primarily as mycelia, or

filaments of long cells called hyphae.

Figure 5: Zygomycota structure

Glomeromycota was formerly included within the Zygomycota, more recent genetic
evidence shows that they are quite distinct from other fungi, which has made it possible to
erect a new phylum [100]. It is a group of arbuscular mycorrhizal fungi, very important in
the ecology and physiology of land plants.Glomeromycota is asexual organism and live in
obligate symbiosis with plants [101]; More than 80% of extant land plants have a
symbiotic with mycorrhizal fungi in their roots [102]. Theses microorganisms explore the

host with mycelium.
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Figure 6: Glomeromycota structure

Basidiomycota is a phylum of filamentous fungi composed of hyphae. Organisms of this
phylum are unicellular or multicellular, sexual or asexual, and terrestrial or aquatic.
Multicellular fungi are composed of networks of long hollow tubes called hyphae. They
include mushrooms which are sexual reproductive structures. However, they also contain
some microscopic fungi, such as rust and smut fungi that parasitise plants and some yeasts
In addition, They are found in terrestrial ecosystems, freshwater and marine housing [103].
Several Basidiomycota have a symbiotic stylelife form. For humans, some Basidiomycota

are a source of food nevertheless others cause human and animal diseases [104].

Figure 7: Basidiomycota structure

Ascomycota also known as Sac Fungi, include morels, truffles, brewer's yeast and baker's
yeast, dead man's fingers, and cup fungi. Ascomycota and Basidiomycota form the
subkingdom Dikarya. The mycelium of ascomycetes is usually made up of septate hyphae.
Microscopic sexual reproduction by ascosporestakes place in an ascus. However, some
species of the Ascomycota are asexualby conidia. In synbiosis with algae most of

Basidiomycota form lichens

Figure 8: Ascomycota structure

In short, the mycelium of Zygomycota and Chytridiomycota is not septated while that of
Ascomycota and Basidiomycota is septated.
Fungi play a very important role in biotechnological applications such as the discovery in

1928 of penicillin produced by a fungal strain Penicillium notatum (Trichocomaceae,
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division of Ascomycota), which is used for the biosynthesis of antibiotics used in
pharmacopoeia [105]. In the same way, it has been shown that fungi have antibiotic and
non-antibiotic bioactivity and the majority of organisms producing bioactive molecules are
filamentous and a very small part of yeast organisms would be involved. Fermentation
processes of certain yeasts such as brewer's yeast and baker's yeast (Saccharomyces
cerevisiae) are used in many areas of the food industry and genetics / molecular biology
[106].

However, fungi invade and grow in moist areas of the human body and plants causing
fungal infection. Fungi utilize various mechanisms to deceive or destroy the immune cells
and spread to various organs. Strangely, fungal infections on one part of the body can
cause rashes on other parts of the body that are not infected. For example, a fungal

infection on the foot may cause an itchy, bumpy rash on the fingers.

I11.1.1. Fungal infection

Fungi infect billions of people every year, but still remain largely under-appreciated as
pathogens of humans [107]. The types of infections caused by fungi can be classified in
different ways: superficial infections, opportunistic infections and disseminated infections
[108].

Superficial infections: the skin produces secretions, including sweat, sebum and
antimicrobial peptides to defend against bacterial and fungal attacks. However some fungal
species succeed in surpassing this defense and colonize the surface of the skin. At this time
they become harmful and responsible for several skin infections such as pityriasis
versicolor and tinea nigra. In addition, superficial fungal affect the outer layers of the body
such as skin (epidermis), nails, hair and mucosa. The main groups of superficial fungal
infections are: dermatophytosis (ringworm e tinea capitis, tinea pedis), superficial
candidiasis (cutaneous, oropharyngeal, vaginal), diseases caused by Malassezia (pityriasis
versicolor, seborrhoeic dermatitis) [109]

Dermatophytosis is fungal infection caused by dermatophytes that digest keratin of the
epidermis and the integuments (nails and hair). Dermatophytes constitute a group of
filamentous fungi adapted to keratin [110]. The dermatophytosis has proved to be among
the most common and frequent fungal infections in the world, although other fungal
infections such as Candidiasis, Cryptococcosis, Coccidiosis and Aspergillosis are
becoming increasingly important. Depending on the stages of their life cycle,
dermatophytes can be present in three anamorphic genera, identified as Microsporum,

Epidermophyton and Trichophyton [111]. The predominant cause of dermatophytosis is
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Trichophyton followed by Epidermophyton and Microsporum and within the genus
Trichophyton, Trichophyton rubrum is the most predominant (69.5%)[112]. They are also
grouped according to their sources of infection: geophilic (soil, generally saprophytic),
zoophilic (animals) and anthropophilic (humans) [113]. Moreover, dermatophytosis is
comomly know as tenia or ring-worm infections due to the characteristic ringed lesions
[114]. Infection of humans is favoured by heat, humidity and poor hygiene. Clinical
descriptions are based on the site of infection and we can distinguish: tinea pedis (foot),
tinea capitis (scalp), tinea ungium (nail), tinea mannum (hands), tinea corporis or tinea
circinata (non-hairy, glaborous region of the body), tinea barbae (bearded region of face
and neck), tinea incognito (steroid modified), tinea imbricata (modified form of tinea
corporis), tinea gladiatorium (common among wrestlers’) and tinea cruris (“Jocks’ itch”;
groin)[115]

Superficial candidiasis is usually caused by Candida albicans [116]. This organism is a
common commensal in the mouth, vagina and gastrointestinal tract in healthy individuals.
Superficial candidiasis can be classified as cutaneous, mucosal (vulvovaginal,
balanopreputial, or oral), paronychial or onychial and chronic mucocutaneous candidiasis.
Common sites of involvement include the skin folds (under the breasts, within the gluteal
and inguinal folds, diaper area, under pannus, and the armpits). Most superficial infections
result from some predisposing factors include heat, humidity, infancy, pregnancy,
occlusion of epithelial surfaces, diabetes, obesity, and corticosteroid, Iron deficiency
anemia and chemotherapy. In addition, vulvovaginal can occur at any age but is mainly
seen in pregnant women and in women taking oral contraceptives.

Malassezia infection: Malassezia species are common lipid-dependent and lipophilic yeast
that grow on normal human skin flora such as face, scalp, and chest. But abnormal
overgrowth of some species can cause skin disorders, including pityriasis versicolor,
seborrhoeic dermatitis, atopic eczema and folliculitis. Humidity and heat can promote
yeast growth and some predisposing factors enclosed concomitant infections and food and
flea allergies. Malassezia infection can complicate chronic central venous cannulation,
mainly in neonates, manifesting as pulmonary infiltrates on upper trunk [117].
Opportunistic infections areinfections that take advantage of weakness in the immune
defenses. Opportunistic organisms are normal flora resident, they become pathogenic only
when the immune defenses of the host is compromised. Immune-compromise can induced
by chronic diseases such as diabetes mellitus, lymphoma, leukemia, other hematologic
cancers, burns, and therapy with corticosteroids, immunosuppressants, or antimetabolites,

drug addiction, transplant and AIDS. The order of most common opportunistic fungal
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infections are: Candidiasis (Candida), Aspergillosis (Aspergillus) and Cryptococcosis
(Cryptococcus). Among Candida species, Candida albicans (75.8%) was the most
prevalent species [118]. Furthermore, HIV-infected people are defenseless to opportunistic
fungal infections that lead to morbidity and mortality. These weakened immune systems
could be ascribed to the decreased of CD4+ cells level [119].

Disseminated fungal (also called systemic or deep-seated) infections are characterize by
the presence of the fungal pathogen in the blood. The organisms responsible to the
systemic fungal infection can be opportunistic fungal or true pathogenic fungi capable of
invading and developing in the tissues of a normal host without recognizable
predisposition [120]. These true (primary) fungi induce fungal infections such as
Histoplasmosis, Blastomycosis, Coccidioidomycosis and Paracoccidioidomycosis.
Systemic infection remains an important cause of mortality and morbidity in the

immunocompromised patient.

111.1.2. Fungal infection and oxidative Stress

Phagocytic cells are the first line of defense against fungal infections which lead to the
production of reactive species. Oxidative markers such as HNE, aconitase-2 and MDA
[121] were observed in cells infected with fungal. Free radicals are produced via
phagocytosis of fungi by human neutrophils and monocytes, and this situation is associated
with dramatic changes of the oxidative metabolism. In fact, following stimulation by
cytokines, phagocytic cells activate the assembly of the NADPH oxidase complex, which
results in the generation of ROS. Increases in ROS cause oxidative stress in the cells
resulting from imbalance of antioxidant and oxidant factors. These oxidants attack DNA
and/or membrane lipids and cause chemical damage, including the healthy tissue. In
addition, fungal infection also increased the mRNA expression and protein production of
heme oxygenase-1 (HMOX1) and cyclooxygenase-2 (COX-2), with suppressed levels of
antioxidant enzymes such as GPx1, peroxiredoxin-4 (PRDX4) and SOD1 [122].

111.1.3. Antimycotic drug

Antifungal agents can be grouped into three main classes based on their site of action:
azoles, polyenes and 5-fluorocytosine. Beside these three classes we can cite others
antifungals including allylamine and echinocandins. The antifungals are known to function
by different mechanisms including inhibition of ergosterol biosynthesis by targeting the
CYP450 140-demethylase (azoles); interaction with fungal membrane sterols (polyenes);

inhibition of glucan synthase, which prevent the formation of B-glucan present in fungal
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cell wall (echinocandins); inhibition of chitin synthase and squalene epoxidase
(allylamine); interfering with pyrimidine metabolism, thus inhibiting nucleic acid synthesis
(5-fluorocytosine) and inhibition macromolecular synthesis. In addition, the ergosterol
which is one of the key components of the fungi cell membrane is the target of many of
antifungal drugs.

Azole Antifungal Drugs: The azole antifungal agents have five-membered organic rings
that contain either two or three nitrogen atoms (imidazole and triazole respectively). They
can also contain sulfur atom (thiazoles). The clinically useful imidazoles are clotrimazole,
miconazole, ketoconazole and econazole [123]. The most commonly used triazoles are
itraconazole and fluconazole. The thiazole antifungal agent used for the topical treatment
of fungal nail infections is abafungin. Azoles target the proteins responsible for ergosterol
biosynthesis. In particular, Imidazole and triazole [124] classes inhibit the fungal
cytochrome P450 enzyme 14a-demethylase. While thiazole (abafungin) inhibits the
enzyme sterol 24-C-methyltransferase, modifying the composition of the fungal
membrane. In addition, abafungin has been shown [125], to have fungicidal and fungistatic
effects on a wide variety of pathogens, including dermatophytes, yeasts (Candida) and
moulds.

Imidazoles have a two-nitrogen azole ring in their structure andimidazole antifungals are

predominantly used topically.
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Figure 9: Imidazole antifungal drug

Triazoles have a two-nitrogen azole ring in their structure and triazoles antifungals are

particularly 1,2,4-triazole rings, while thiazole contain both sulfur and nitrogen.
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Figure 10: Triazole and thiazole antifungal drugs

Polyene Antifungal Drugs are macrocyclic compounds with a heavily hydroxylated
region on the ring opposite the conjugated system. They have amphoteric character and
their distinct characteristic is the presence of a chromophore formed by a system of three to
seven conjugated double bonds in the macrolactone ring. Amphotericin, nystatin, and
pimaricin interact with ergosterol in the cell membrane to form channels that open small
pores into the membrane through which small molecules and ions leak from the inside of
the fungal cell to the outside. This action therefore results in the loss of cytoplasmic
components, the membrane-selective permeability, as well as the cell death. However,
since the cholesterol present in human cell membranes is similar to the structure of
ergosterol, the polyene also selects the human sterol, which leads to their toxicity. In
addition, the polyene drugs are not soluble in water at physiological pH, are not absorbed
orally, strongly absorb UV-visible light and are photolabile.

The common polyene antifungal drugs are Amphotericin B, nystatin, and natamycin.
Amphotericin B is used primarily in the treatment of serious fungal diseases, such as

cryptococcal meningitis, histoplasmosis, and blastomycosis.

Figure 11: Amphotericin B

5-Fluorocytosine (5FC): is a fluorinated analog of cytosine. It inhibits both DNA and

RNA synthesis via intra-cytoplasmic conversion to 5-fluorouracil. The latter is converted

38



to two active nucleotides: 5-fluorouridine triphosphate, which inhibits RNA processing
thus disturbing the building of certain essential proteins, and 5-fluorodeoxyuridine
monophosphate, which inhibits thymidylate synthetase and hence the formation of the
deoxythymidine triphosphate important for DNA synthesis. Flucytosine is usually used for
the treatment of serious infections caused by susceptible strains of Candida and
Cryptococcus. 5FC is used in combination with other antifungals, such as amphotericin B
and fluconazole, but only rarely as a single agent. In combination with amphotericin B it

remains the treatment of choice for cryptococcal.
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Figure 12: 5-Fluorocytosine

I11.2. Virus

Viruses are very tiny germs (parasites) that cause infections. These infectious agent can
replicates only inside the living cells of other organisms, they are incapable of reproducing
on their own. Viruses depend on the organisms they infect (hosts) for their very survival.
They are made of genetic material (DNA or RNA) inside of a protein coating, which the

virus uses to replicate. Some viruses also have a fatty "envelope" covering.
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Figure 13: virus structure

The origins of viruses in the evolutionary history of life are not clear: some may have
evolved from plasmids, pieces of DNA that can move between cells, while others may
have evolved from bacteria.

In evolution, viruses are an important means of horizontal gene transfer, which increases

genetic diversity. Some consider viruses to be a form of life, because they carry genetic
3Y


https://en.wikipedia.org/wiki/Pathogen
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Organism

material, reproduce and evolve through natural selection. Viruses are grouped at different
hierarchical levels of order, family, subfamily, genus and species on the basis of sevral
properties including the morphology, the type of host, the chemical composition and the
mode of replication. A virus family may consist of members that replicate only in
vertebrates, only in invertebrates, only in plants, or only in bacteria however, certain
families contain viruses that replicate in more than one of these hosts. Basic structural
characteristics, such as genome type, virion shape and replication site, generally share the
same features among virus species within the same family. Viruses that infect only bacteria
are called a bacteriophage or simply a phage while viruses that infect animal or plant cells
are referred to generally as animal viruses or plant viruses [126].

On the basis of structural characteristics, we migth have:

- Five double-stranded DNA families: three are non-enveloped with icosahedral
capsids (Adenoviridae, Papillomaviridae and Polyomaviridae) and two are enveloped
(Herpesviridae and Poxviridae).

- One family of single-stranded DNA viruses that infect humans: Parvoviridae.
These viruses are non-enveloped.

- One family of partly double-stranded DNA viruses: Hepadnaviridae (viruses are
enveloped).

- Seven positive single-stranded RNA families: three non-enveloped (Astroviridae,
Caliciviridae and Picornaviridae) and four enveloped (Coronoviridae, Flaviviridae,
Retroviridae and Togaviridae). All the non-enveloped families have icosahedral
nucleocapsids.

- Six negative single-stranded RNA families: Arenaviridae, Bunyaviridae,
Filoviridae, Orthomyxoviridae, Paramyxoviridae and Rhabdoviridae. All are enveloped
with helical nucleocapsids

- One family with a double-stranded RNA genome: Reoviridae.

- One family Anelloviridae and the genus Dependovirus.

- One additional virus (Hepatitis D virus) which has not yet been assigned to a
family but is clearly distinct from the other families infecting humans.

Outside the host cell viruses are inert and are not able to generate energy. As obligated
intracellular parasites, the replication phenomenon depends on the complicated
biochemical machinery of the cell host. In the host cell, the virus releases its genome to
allow its expression (transcription and translation) by the host cell [127]. In addition to
being the causative agents of many diseases, viruses are important tools in cell biology

research, particularly in macromolecular synthesis studies.
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111.2.1. Viral infection

Viruses can infect all types of life forms, from animals to microorganisms and cause
familiar infectious diseases such as cold, flu and warts. They also cause severe illnesses
such as HIV/AIDS, smallpox, and Ebola. In human, viruses can affect many areas in the
body, including the skin, brain, liver, reproductive, respiratory, and gastrointestinal
systems.

Viruses can be transmitted in a variety of ways including sexual contact, contaminated
objects, spread through touch, saliva, or even the air. In addition, some insects including
ticks and mosquitoes viruses can act as "vectors,” transmitting a virus from one host to
another.

Skin conditions caused by viral infections include Herpes simplex (cold sores and genital
herpes), Herpes zoster (shingles), Herpangina / vesicular stomatitis (oral ulcers),
Molluscum contagiosum, viral warts (verrucas, genital warts or condylomas and squamous
cell papillomas) and Milker's nodules. Viruses use three different routes to infect the skin:
direct inoculation (papillomaviruses infect), regional spread from a specific internal focus
(herpes infections), as well as systemic infection (varicella zoster infection).

Respiratory viral infections affect the lungs, nose, and throat and responsible virus
include: Respiratory  Syncytial  Virus,influenza viruses, parainfluenza viruses,
adenoviruses, and rhinoviruses. Rhinoviruses are the viruses that cause the common cold.
Sexually transmitted viral infections can be caused by some viruses such as:

- Herpes simplex virus-2 (HSV-2) causes genital herpes which is a common
sexually transmitted infection. Herpes simplex virus-1 (HSV-1), the virus responsible for
cold sores, can also causes genital herpes.

- The human immunodeficiency virus (HIV) is a virus that affects certain types of T
cells in the immune system. The progression of the infection decreases the body's ability to
fight disease and infection, leading to Acquired Immunodeficiency Syndrome (AIDS).
HIV is transmitted by coming into contact with blood or bodily fluids of an infected person

- Human papillomavirus (HPV) causes genital warts or increases the risk of cervical
cancer [128].

- Hepatitis B is a virus that causes inflammation in the liver. It is transmitted by
contaminated blood and body fluids.

Food poisoning virus is a disease caused by eating or drinking food and/or water

contaminated with viruses and includes:
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- Norovirus is a gastrointestinal virus, also known as the "invernal vomiting virus"
because the disease is more active in winter. However, norovirus can be contracted at any
other time of the year.

- Hepatitis A virus usually transmitted person-to-person through the consumption of
contaminated food or water or fecal-oral route,

- Rotavirus is the most common cause of diarrhoeal disease in infants and young
children that can lead to dehydration [129].

Others types of viral infection are mononucleosis caused by epstein-Barr virus (EBV)
which is herpes virus associated with fever, fatigue, swollen lymph nodes, and an enlarged

spleen. The common transmission is widespread through saliva.

111.2.2. Viral infections and oxidative Stress

During infection by microorganisms such as viruses, microorganisms are detected,
engulfed and then phagocytized by inflammatory cells including macrophages, neutrophils,
and dendritic cells. Phagocytic cells produce reactive species by myeloperoxidase,
NADPH oxidase, and nitric oxide synthase leading to an increased production of ROS and
RNS. For this reason, expression of these enzymes serves as a suitable marker for
inflammation which involves oxidative stress accompanied by alterations in antioxidants
levels. These alterations, if unchecked, become deleterious to the cells and are responsible
for acute or chronic oxidative stress that can lead to apoptotic cell-death and tissue
damage. Some search shown that infections trigger the production of reactive oxygen
(ROS) and nitrogen (RNS) species; in particular infections caused by the blood-borne
hepatitis viruses (B, C, and D), human immunodeficiency virus (HIV), influenza A,
Epstein-Barr virus and respiratory syncytial virus [130]. On the other hand, oxidative stress
is a critical factor in the pathogenesis of a wide array of diseases, including
neurodegenerative disorders such as Alzheimer's and Parkinson's diseases [6]. Infectious
diseases too are likely associated with oxidative stress in a number of ways. Inflammation,
organ damage combined with altered metabolism, and other factors such as iron overload
in the case of hepatitis C are responsible for the development of oxidative stress in infected
patients

However, the role of oxidative stress is not universally accepted by all researchers because

it is plays a dual role in infections, thus ambiguities can be found in the literature [1].
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IVV. Focuson bioisosteric and isosteric concepts

The term isostere has a very broad meaning. It was introduced in 1919 by Langmuir, which
states that isosteres are compounds (organic or inorganic) or groups of atoms having the
same number of atoms and electrons. Examples: N2 and CO, N2O and CO-, Nz-and NCO.
He was then studied comparatively different molecules like N3- and NCO- or CO and N>
and found that they have analogous physical properties. A further extension to the concept
of isosteres came in 1925 by Grimm with “Hydride Displacement Law” and then in 1932
by Erlenmeyer which defines isosteres as atoms, ions or molecules in which the peripheral
layers of electrons can be consider identical. Examples: atoms in the same column of the
periodic table; Cl and CN and SCN and the -CH=CH- and -S- [131]. Pharmaceutical
chemists exploited the extensive application of isosterism to modify of reference drug.
These modifications gave rise to the bioisosterism term. Bioisostere was first defined in
1951 by Friedman as atoms or molecules that fit the broadest definition for isosteres and
have the same type of biological activity. In drug design, this approach is now commonly
used to optimize lead compound in order to:

- Improve selectivity.

- Reduce the side effects.

- Recrease toxicity.

- Improve pharmacokinetic i.e. absorption, distribution, metabolism and excretion

(ADME) or pharmacodynamic i.e. receptor, enzyme or channel level behavior.
- Increase stability.
- Enhance the desired biological or physical properties of a compound without

making significant changes in chemical structure [132].

IV.1. Bioisosteres in drugdiscovery

The development and application of bioisosteres in pharmaceutical industry have been
adopted as a fundamental tactical approach useful to address a number of aspects
associated with the design and development of drug candidates. Bioisoteres are mainly
used to find hit and lead compunds by modifying known actives. Medicinal chemists have
optimized the molecules by making relatively few changes to the structure taking into
consideration their relevant properties such as size, shape, electronic properties,
lipophilicity, pharmacophore characteristics, solubility and chemical reactivity. However,
it is not always easy to perform bioisosteric modifications successfully because the

chemical structure is an unreliable indicator of biological activity; small changes in a
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molecule can have a profound impact on the activity, selectivity and pharmacokinetic
parameters of the compound. Curiously, the chemically distinct entities can have almost
identical biological activity profiles. Methods to identify bioisosteres are based on the
fragment replacement, which consist to remove a portion of an active molecule, search a
fragment database for a replacement moiety that will physically fit into the vacated space.
Being an established and powerful concept in medicinal chemistry, the application of
bioisosteres plays an important role in drug discovery and contributes to the productive

application in the design and optimization of active compounds

IV.2. Classification of bioisosterism
Bioisosteres have been classified into two broad categories: classical and non-classical.

This classification depends on the degree of electronic and steric factors.

IVV.2.1. Classical bioisosteres

Classical bioisostereshave been traditionally subdivided into five groups according to the
degree of electronic and steric factors:

(A) Monovalent atoms or groupsexample: Interchange of Hydroxyl and Amino Groups,

(B) Divalent atoms or groups,

(C) Trivalent atoms or groups,

(D) Tetra-substituted atoms,

(E) Ring equivalent.

Heterocyclic compounds are very important in medicinal chemistry; some of them are
classified as ring equivalent bioisosteres. So, benzene and thiophene, thiophene and furan,
and even benzene and pyridine exhibited similarities in many physical and chemical
properties. In addition, the use of the classical bioisosteres benzene, thiophene, and
pyridine resulted in analogues with retention of biological activity within different series of
pharmacological agents. One of the successful uses of this modification resulted in the
potent antihistamine Mepyramine which evolved by the replacement of the phenyl moiety

in antegran by a pyridyl group.

CH,-CH,-N(CHy),
X =CH, R =H AntergranX = N, R = OCH3 Mepyramine

Figure 14: Bioisosteric ring equivalent
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IVV.2.2. Non-classical bioisosteres

Non-classical bioisosteres do not obey the steric and electronic rules and are divided into
two groups: (A) rings vs noncyclic structures and (B) exchangeable functional groups
[133].

Isosteres of carboxylic acid have been studied extensively since its replacement have
typically focused on enhancing potency, reducing polarity, increasing lipophilicity
(improve membrane permeability), enhancing pharmacokinetic properties and reducing the
potential for toxicity.

Bioisosteric replacement of carbonyl or carboxylic group include: -COOH, -SO2NH3, -H
CONH-, -COOR -CONH, -CO,-, -SO3H, PO(OH)NH2, -F, NHCO-, -ROCO- and
Tetrazole.

Examples: replacement of-COOH group in para- amino benzoic acid (PABA) by —
SO2NH:> gives sulfanilamide (important class of antibacterial drugs) [133].

OH 0
n_NH,
0 S
0]
H,N H,N
para-amino-benzoic acid sulfanilamide

Figure 15: Bioisosteric relationship between —-COOH and sulfonamide group

The replacement of -COOH in y-aminobutyric acid (GABA) by tetrazole group, resulting

a tetrazole bioisostere of GABA, a potent antiepileptic agent.

o HN-N,
HZN\/\)J\OH H2N \/\/L\N’N
y-aminobutyric acid (GABA) Tetrazole bioisostere of GABA

Figure 16: Bioisosteric relationship between —-COOH and tetrazole group
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V. Aim of work

Multifactorial diseases such as cancer, diabetes, Alzheimer’s disease and Parkinson’s
disease are caused by a combination of genetic and / or environmental factors. These
diseases have an extremely complex etiopathology and involve two or more
physiopathological indications. However, it is not always easy to find drugs that can act on
different sites. Over time, various strategies have evolved for effective treatment that
includes cocktails and combined drugs. Although these approaches have improved patient
compliance, side effects are considerable. As a result, the model is now moved to the
design of a single chemical entity with multiple biological activities called multifunctional
compounds (Scheme 5).

Multifactorial diseases

Indication -3

Single diseases mmmmp Multiple indications mmp Multiple Drugs mmmp Single Drugs

Drug3 - !

Scheme 5: Multifunctional compounds

In recent years, strategies based on the development of multifunctional compounds are
attracting more and more attention from researchers as they are effective in the treatment
of complex diseases that one of the main causes is oxidative stress. Oxidative stress is a
deleterious process that can be a major mediator of damage to cellular structures, including
lipids and membranes, proteins, and DNA leading to many chronic human diseases. For
this reason it is important to protect or prevent body against free radical. In order to
explore the possibility of a multi-target approach, we have taken into account that
oxidative stress can be inducing by UV radiation and infection.

To this aim, our interest was in developing new compounds provided with UV-filter,
antioxidant, antifungal and antiproliferative activities. To realize our project, we have
chosen2-Phenyl-1H-benzimidazole-5-sulphonic acid (a commercial UVB filter) as lead
compound because it is easily modifiable and more, it has one of the investigated activities.
Isosteric modification was the key tool for this study because it is a pharmaceutical
chemistry strategy for the rational design of new drugs, applied with a lead compound. Its
success in the development of new substances has observed significant growth in distinct

therapeutic classes as widely used by the pharmaceutical industry to discover new
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analogues of commercially interesting therapeutic innovations. In view of this, isosteric
modifications have been carried out on PBSA, in particular position 1 and 4/6 to obtain
respectively benzothiazole and imidazopyrimidine nucleus. PBSA was also modified on
position 2 by introducing (poly)phenol ring or 5-membered ring on the phenyl ring and by
substituting the functional group in position 5 of the benzimidazole ring with -COOH, -
SO2NH:z and -H (Figure 17).

[Benzothiazole and imidazopyrimidine nuclei ]

OH

Figure 17: Modification of 2-Phenyl-1H-benzimidazole-5-sulphonic acid
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V1. Results and discussion

Isosteric modification has been the key strategy for this study since that it is a commonly
used approach in medicinal chemistry for the rational design of new drugs starting with a
lead compound. To this purpose, PBSA was modified on benzimidazoles scaffold (in
position 1, 2, 4 and 6) and phenyl ring as following:

- Modification in position 2 of benzimidazole, through isosteric substitution of
phenyl ring by 5-membered ring; sulfonic acid moiety in position 5 was changed by -

COOH or -H to obtain benzimidazole derivatives (Figure 18);

HO5S H R H X
L, >

R =-SO3zH, -COOH,-H
X=N,0,S

Figure 18: Benzimidazole derivatives

- Modification in position 1 of benzimidazole ring via isosteric substitution of
nitrogen atom with sulfur atom to obtain benzothiazole nucleus, then in position 5, sulfonic
acid moiety was replaced by -H, -COOH or -SO2NH> and finally introduction of hydroxyl

functional groups on phenyl ring to obtain benzothiazole derivatives (Figure 19);
H

OO o™
/ ' > /
; O\

R =-SO,NH,, -COOH,-H

Figure 19: Benzothiazole derivatives

- Modification in position 4 and 5 by isosteric substitution of —CH- with -N- atom
to abtain imidazolepyrimidine nucleus and introduction of hydroxyl functional groups on

phenyl ring to obtain imidazopyrimidine (purine) derivatives (Figure 20).

R
HO3S N ‘ NJ\/E — OH
T —— -G

R =-H, OH

Figure 20: Imidazopyrimidine derivatives

ZT

NS
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All of these modifications led to the synthesis of a library of compounds which were then
evaluated for their UV-filter, antioxidant, antifungal and antiproliferative activities.

First of all, the disconnection was made in order to get an idea about the starting reagents.
Thus, an alternative retrosynthetic analysis for desired compounds is proposed (Scheme 6).
Disconnection on 5- membered ring could lead to amino benzyl derivatives and aromatic

aldehyde.

- R XH
R X R X R XH o AT
T =" = e~ O =
N N7 Ar N Ar N

Scheme 6: Retrosynthetic pathway for desiderate compounds

V1.1. Benzimidazole derivatives
VI1.1.1. Chemistry
Various modifications have been made to the PBSA in order to improve its UV filter
potency and also confer on it other activities with the aim to obtain multifunctional
compounds. For this purpose, the phenyl ring was replaced by 5-membered rings (pyrrole,
thiophene and furan) which are isosteres of benzene. Sulfonic acid moiety in position 5 of
the benzimidazole ring also was modified by carboxylic acid and hydrogen.
The synthesized compounds were classified into three groups, which have the same
substituents in position 2 of the benzimidazole ring, but differ for the substituent in
position 5.

-The first group maintains the sulfonic acid group in position 5 of the
benzimidazole ring while the phenyl group is replaced by 5-membered rings.

-The second group includes compounds substituted with carboxylic acid in position
5 of the benzimidazole ring and present 5-membered rings in position 2.

-The third group has no functional group on the benzimidazole ring and has 5-
membered rings in position 2.
In the literature, several procedures are described for the synthesis of benzimidazole ring
including condensation reaction of o-diaminobenzenes with carboxylic acids or its
derivatives in the presence of oxidizing agent as catalyst [134]. After evaluation, we turned

our attention to a method that allows to obtain desired compounds with good vyield, at low
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cost and in short times. This method consistsin reacting the diamine and aldehyde in
ethanol in the presence of Sodium bisulfite.

Compound of group 1 were synthesized in two steps. The first step consisted to
synthesized 3,4-diaminobenzenesulfonic acid (I1) via sulfonation reaction from o-

phenylenediamine (1) in the presence of concentrated sulfuric acid 95% (Scheme 7).

NH HO3S NH2
O e
NH2 I NH2 .H2804

Scheme 7: Synthesis of compounds I1. Reagents and conditions: (a) H2SOa4, reflux
for 24h

Then, compound Il was condensed with corresponding aldehydes following the modified
procedure described in literature [134] (Schema 8).

H H

HO3S NH2 HO3S N x
b OPNX (@) C[ 1
W N \
NH,.H,SO,
I lli(a-c) DE 64, DE 68, DE 66
DE64: X=NH
DE66: X=S
DE68: X=0

Scheme 8: Synthesis of 2-substitutedbenzimidazole-6-sulfonic acid. Reagents and
conditions: (a) EtOH, NaHSO3 in H20, Reflux

Compounds of groups 2 and 3 were synthesized in one step using respectively commercial

3,4-diaminobenzoic acid (1V) and o-phenylenediamine (I) with corresponding aldehydes
following the same strategy reaction described below (Scheme 9).
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R NH,
T
NH,

1, IV

Compound
DE 31:
DE 35:
DE 37:

I T T XU

lli(a-c)
X Compound
S DE 40:
NH DE 36:
@) DE 38:

H
o X @ R H X
a
) — CEN)_@

DE31, DE35, DE36,
DE37, DE38, DE40

R
COOH S
COOH NH
COOH O

Scheme 9: Synthesis of 2-substitutedbenzimidazole-6-carboxic acid and 2 substituted
benzimidazole. Reagents and conditions: (a) EtOH, NaHSOs in H20, Reflux

For a better discussion of the results, synthesized compounds are divided into three classes

(Table 3). In each class the compounds are equally substituted in position 2 of the

benzimidazole ring but with different substituents in position 6.

Class ©[>_<j
A N

DE 35

=<

DE 36

<

DE 64

Class @N%@
B N

DE 37

<0

DE 38

<3

DE 68

Class @>_<j
C N

DE 31

<0

DE 40

<

DE 66

Table 3: Three classes of benzimidazole derivatives

V1.1.2. Biological evaluations

V1.1.2.1. Photoprotective activity

The spectral behavior of the test compounds dissolved in methanol was investigated firstly

because the solar protection is related to the UV absorption. Absorption spectra were
measured from 290 to 400 nm. Compounds DE 35, DE 37 and DE 31 have similar lamda

max, however lamda max of DE 31 is slightly higher than that of DE 37, which in turn is
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slightly greater than that of DE 35. Substitution of -H by withdrawing group (-COOH and -
SO2NHpy) at the 6 position on the benzimidazole ring shown the batochromic shift (Figure
21). This long wavelength absorption band is associated with the intramolecular charge
transfer transition due to the transfer of the charge between the five-membered rings to the

electron-withdrawing of benzimidazole and neighboring carboxylic or sulfonamidic

chromophore.
3,025 T T .
DE 37
2,000 b
8
<
1,000 .
0,000
-0,273 L L

290,00 350,00 400,00
nm.

Figure 21: Spectral data of benzimidazole derivatives
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Sun Protection Factor (SPF) is the UV energy required for producing a minimal erythema
dose (MED) on protected skin, divided by the UV energy required producing a MED on
unprotected skin. Therefore it is the theoretical amount of time we can stay in the sun
without getting sunburned. This factor was first introduced in 1974 to evaluate the
effectiveness of a sunscreen, only the in vivo method was officially accepted by the US Food
and Drug Administration, and COLIPA. Due to the high cost, time consumption and some
questions noble of the volunteers relating to in vivo SPF determination, in vitro
photoprotection studies have been developed. The broadly applied in vitro method is the
well-known Diffey-Robson approach [135] that is a spectrophotometrically-based
measurement of transmission.The photoprotective activity of the synthesized compounds
in methanol solution is shown in Table 4. Spectral data of samples were collected from
290 - 400 nm with the calculator software [136]. The software automatically determines
theoretical COLIPA — SPF, COLIPA — UVAPF, critical wavelength value (Ac) (see
Equation 2, Equation 3 and Equation 4) and UVA/UVB ratio as preliminary data.
Photoprotective activity of the sunscreen against UVB is reflected by SPF value. According to
the results shown in Table 4, SPF values of all synthesized compounds was high compared
to lead compound (PBSA) and the highest SPF value was DE 37characterized by the
presence of furan in position 2 of the benzimidazole ring and without functional group in
position 6. By maintaining -SOsH group in position 6 and substituting the phenyl by the
pyrrole, SPF value is increased. However, by maintaining the pyrrole and replacing -SOsH
with -COOH (DE 64 vs DE 36), SPF is again increased. Then, substituting the functional
group by an -H (DE 36 vs DE 35), SPF is exponentially increased. The same results were
obtained by replacing phenyl with thiophene (PBSA vs DE 66, DE 40, DE 31) and furan
(PBSA vs DE 68, DE 38,DE 37). So, the photoprotective activity against the UVB
radiations of the synthesized compounds does not depend only on the substitution in the 2-
position of the benzimidazole ring, but also on the groups present in position 6. Therefore
the structure activity relationship is: -H >-COOH >-SO3H.

Moreover replacing the pyrrole with the furan (DE 35 vs DE 37), the SPF value is
increased. On the other hand, by substituting the pyrrole with thiophene, the SPF is
decreased, for example DE 35 vs DE 31SPF value of 13.13 to 7.03 respectively. Thus, by
keeping the group present in the 6-position of benzimidazole and by varying the 5-
membered ring at 2-position, the order of protection against UVB is as follows: furan >
pyrrole > thiophene.

Protection against UVA rays was gave by UVA-PF which is considered efficient if it is

greater than or equal to 1/3 of SPF. Given the obtained data, all the synthesized compounds
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had UVA-PF values higher than that of the reference compound, but these values remained
less than 1/3 of the SPF. Therefore, the synthesized compounds are not potential
candidates for UVA protection.

Critical wavelength is the parameter that provides information on the broad-spectrum of
UV-filter. It is classified in five numerical categories: 0 (Ac <325 nm), 1 (325 < Ac < 335),
2 (335 <Ac < 350), 3 (350 < Ac <370) and 4 (Ac > 370). FDA considers the broad-spectrum
sunscreen product should have a Ac> 370 nm [137]. Based on this classification, none of
the synthesized compounds showed a value of Ac > 370 so they do not have a broad-
spectrum profile.

In short, modifications on PBSA in position 2 by 5-membered rings and in position 6 by -
COOH and -H led to enhanced UVB-filter activity.

Class | Compound SPF UVA-PF | UVA/UB Ac
PBSA 3.40+£0.17 | 1.03+0.08 0.29 322

DE 35 13.13+0.70 | 1.16+ 0.05 0.02 325

A DE 36 7.4+0.23 | 1.10£0.09 0.7 345
DE 64 5.34+0.39 | 1.22+0.03 0.2 345

DE 37 20.06+ 3.04 | 1.05+ 0.06 0.3 333

B DE 38 16.66+1.21 | 1.20+0.10 0.5 332
DE 68 10.96% 0.54 | 1.33+£0.05 0.29 342

DE 31 7.03+0.42 | 1.49+0.07 0.37 345

C DE 40 6.40+0.12 | 1.42+0.11 0.43 342
DE 66 4.72+0.17 | 1.43£0.09 0.48 339

Table 4: Filtering activity of benzimidazole derivatives

V1.1.2.2. Antioxidant activity
The in vitro antioxidant potential of all the synthesized compounds was assessed by their
ability to scavenger the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) through
DPPH test and their ability to reduced ferric ions to ferrous ions via Ferric reducing
antioxidant power (FRAP) test.

VI1.1.2.2.1. DPPH test

The DPPH test allows to evaluate the antioxidant activity of the compounds against the
DPPH radical which is a stable nitrogen-centered free radical.
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Figure 22: 1,1-diphenyl-2-picryl-hydrazyl radical

The solution of DPPH radical is characterized by a deep purple color which changes to
assume the pale yellow color in the presence of an antioxidant agent followed by the
formation of DPPH.

This test is based on the determination of the reducing capacity of antioxidants against the
radical DPPH at a wavelength of 517 nm, with a UV-visible spectrophotometer. In fact,
DPPH radical is characterized by an absorption maximum at 517 nm that decreases in the

presence of electron or hydrogen donor molecules.

. o ) o () -
antioxidant H
O;N N-N O,N N-N i
. o, O o, O

DPPH radical DPPHH reduced

Scheme 10: Scavenger DPPH by an antioxidant compound

The antioxidant power is then determined by measuring the decrease in absorbance of the
DPPH radical at a wavelength of 517 nm after reaction with the test samples and the

percentage of DPPH radical remaining is calculated using Equation 5.

Equation 5: DPPH radical-scavenging capacity (%) = [1 — (A1 — A2) / Ao] x 100%

Where Ao was the absorbance of the control (without sample), A; was the absorbance in
the presence of the sample, and A, was the absorbance without DPPH.

Then, the linear regression plots is carried out for calculating the effective concentration of
the sample required to scavenge 50% of DPPH free radicals (ICso).

From the results reported in Table 5, the reference compound is almost devoid of any
antioxidant activity and the substitution of phenyl in the 2- position of benzimidazole by 5-
membered rings gave the molecule an antioxidant activity more or less significant. To this
effect, by substituting the phenyl with pyrrole (DE 64), a 53% inhibition of the DPPH

radicals was observed. However, replacing the phenyl with furan (DE 68) or thiophene
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(DE 66), inhibitions of 10.96 and 12.52% were respectively observed. Thus, the activity-
structure relationship could be pyrrole >>thiophene = furan.

Replacing -SO3H with -COOH and keeping pyrrole in position 2 (DE 64 vsDE 36), the
scavenger activity is decreased. On the contrary, substituting with -H (DE 64 vs DE 35),
the activity is increased. However, keeping furan or thiophene and replacing -SOsH with -
COOH or -H (compounds of class B and C) the activity is increased.

Compounds having a percent inhibition greater than or equal to 50% were screened to
determined their 1Csoand only DE 35 showed an acceptable value, ICsp = 64.098 pg/ml.
This could be explained by the fact that DE 35 is the only compound in the series having
the hydrogen-donating group.

DPPH DPPH
Class Compound (% inhibition) IC, (ug/ml)
PBSA <LOQ* -
DE 35 70.00 £ 3.25 64.098+ 3.21
A DE 36 33.00+ 1.28 | 2293.66+ 14.63
DE 64 53.88 £2.30 1093.09+8.65
DE 37 15.46 0.98 -
B DE 38 52.06+1.48 | 1416.38+21.40
DE 68 10.96+ 0.56 -
DE 31 35.05+0.87 | 13163.00+ 55.84
C DE 40 30.23+ 1.45 1403.4+ 6.47
DE 66 12.52 +0.88 -

(- not tested)

Table 5: Antioxidant activity of the compounds through DPPH test. Each value was

obtained from three different experiments (mean + SEM).

VI1.1.2.2.2. FRAP Test

FRAP assay is the method developed to measure plasma antioxidant power. This method is
also used to evaluate the antioxidant activity of pure or mixture compounds and it is based
on the rapid reduction in ferric-tripyridyl-triazine (Fe''-TPTZ) by antioxidants present in

the samples forming ferrous-tripyridyl-triazine (Fe'-TPTZ) (Scheme 11)

56



antioxidant

Fe(TPTZ),(II) > Fe(TPTZ),(ID)
reduction

Yellow color Blue color

Scheme 11: Reduction of Fe**-TPTZ complex by antioxidant compound

In the presence of an antioxidant, the Fe**-TPTZ complex is reduced to the Fe?*form and
an intense blue color with an absorption maximum at 593 nm is observed. This antioxidant
activity is determined by measuring the change in absorbance at 593 nm using Trolox as
the standard for the calibration, then results are given as micromoles of Trolox per gram of
sample.

Data obtained are shown in Table 6. Compounds DE 35 and DE 37 respectively
characterized by the presence of pyrrole and furan in position 2 of the benzimidazole ring
and both lacking a functional group in position 6 showed the good antioxidant profile.
Whereas compound DE 37 displayed the best activity (4462.64 umolT/g). By substituting
furan with thiophene (DE 37 vs DE 31), the activity is decreased exponentially. Therefore

the activity-structure relationship could be furan > pyrrole >> thiophene.

Class Compound FRAP
(nmolT/g)
PBSA <LOQ*
DE35 [1085.57 +0.88
A DE 36 108.89+ 2.98
DE 64 239.912+ 1.79
DE 37 4462.64+18.29
B DE 38 26.67+ 2.89
DE 68 <LOQ*
DE 31 75.89+ 5.43
C DE 40 181.84+2.66
DE 66 82.16% 0.22

LOQ* limit of quantification
Table 6: Antioxidant activity of the compounds through FRAP test. Each value was

obtained from three different experiments (mean + SEM).
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V1.1.2.3. Antifungal activity

V1.1.2.3.1. Anti-dermatophytes activity

Synthesized benzimidazole derivatives were investigated for their antifungal activity
against five dermatophytes (Microsporum gypseum, Microsporum canis, Trichophyton
mentagrophytes, Trichophyton tonsurans and Epidermophyton floccosum). Inhibition of
the dermatophytes was evaluated by diffusion method in Sabouraud Dextrose Agar (SDA),
using DMSO as a solvent. The rate of growth inhibition of dermatophytes was determined
daily by measuring the diameter of the colony on each disk and the results determined as
the average of three different experiments. All compounds were tested at the same
concentration, namely 100 pg/mL and the results are shown in Table 7. For each class,
compounds without functional group in position 6 of the benzimidazole ring (DE 31, DE
35 and DE 37) showed good activity on all five dermathophytes with percent of inhibition
more or less equal to 100%.Then, followed by compounds bearing -SOsH with an
inhibition range of 50-79%, except DE 68 which did not have activity. Finally compounds
with -COOH which did not have a significant activity on dermatophytes; on the contrary
they rather favor the growth of certain fungi. Thus, the activity- structure relationship
could be -H >-SOsH>> -COOH. In addition, the presence of pyrrole, thiophene and furan
in position 2 of the benzimidazole ring has no influence on the variability of the activity
this is confirmed by Friedman which states that the bioisosteres have similar biological
activity [131]. Interestingly, compounds DE 31, DE 35 and DE 37 displayed fungicide
activity on all five dermatophytes at 100 pg/mL.
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Class Compound | M. gypseum | M. canis T. mentagrophytes |T. tonsurans |E. floccosum
DE 35 99.07+1.33|96.85+3.56( 96.26 +2.42 96.97 £ 0.62 |101.75+4.92
DE 36 3.74+149 | 8.66+1.78 + 455+1.34 |[21.05+2.14
A DE 64 73.04+3.67|7211+£751| 69.03+1.84 56.58 £ 4.04 | 52.46 + 6.58
DE 37 99.00+ 0.28 |98.32 + 2.03| 97.22+4.53 94.74 +5.63 | 97.87+4.23
DE 38 + 18.72+ 0.59 + + 6.45+ 1.47
B DE 68 8.00 + 2.44 + + + +
DE 31 100 +1.63 |92.91+1.33| 98.13+2.76 96.97 +1.34 | 94.74 £ 5.45
DE 40 2.14 £ 0.59 [20.30 + 0.54 + 448+0.90 | 6.45+2098
C DE 66 59.80+6.12|16591+3.21| 57.27+1.09 50.75+2.11 | 50.00 + 3.26

+ the compound stimulates the growth of the fungus

Table 7: Percent growth inhibition of dermatophytes treated with the benzimidazole

derivatives at 100 ug/mL. Each value was obtained from three different experiments (mean
+ SEM).

From this first screening, compounds with percent inhibition close to 100% were further

investigated by the determination of ICsop which represents the concentration of the

compound required to inhibit 50% of the growth of the fungus. The ICso results of DE 31,

DE 35 and DE 37 against 5 dermatophytes arelisted in Table 8, in comparison with the of

the well-known antifungal agents Fluconazole and Econazole nitrate. The benzimidazole

derivativesare very potent on M. gypseum, M. canis, T. mentagrophytes, T. tonsurans and

E. floccosum with 1Cso values in the range of 0.97-3.80 pug/mL. All tested compounds are

more active than Fluconazole, except on E. floccosum; however, they are less effective

than Econazole nitrate. Compound DE 35 showed the best activity, with 1Cso values on

dermatophytes in the range 0.97-1.53ug/mL.
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I1Cs0 (Mg/mL)

Compound M. gypseum M. canis | T. mentagrophytes | T.tonsurans | E. flocco sum
DE 31 155+0.03 | 2.14+0.09 1.74£0.11 2.42 +0.15 3.80 £ 0.07
DE35 153+0.05 | 1.34+0.02 1.38£0.08 0.97 £ 0.06 1.07 £ 0.03
DE37 1.54+0.02 | 1.58 +0.06 1.61+0.10 1.89+0.22 2.44 £ 0.05
Fluconazole | 185+1.23 | 29.6+1.84 3.53+0.26 19.41+£0.87 | 0.08 +0.005
Econazole 0.05+0.0001 | 0.51+0.02 0.006 + 0.0001 0.13+£0.008 | 0.47+£0.015
nitrate

Table 8: Concentration of the compound required to inhibit 50% of the growth of fungus.

Each value was obtained from three different experiments (mean = SEM).

V1.1.2.3.2. Antifungal activityon Candida albicans

The antifungal activity of the synthesized compounds was also determined against
Candida albicans (ATCC 10231). Minimal inhibitory concentration (MIC) of the
synthesized agents was determined by broth microdilution method using RPMI 1640 +
MOPS. The concentration of this strain ranged from 0.25 pg-mL ™ to 12.48 pg-mL™*. The
growth in the tube was observed visually for turbidity and inhibition was determined by the
absence of growth. MIC was determined by the lowest concentration of the sample that
prevented the development of turbidity. The results shown in Table 9 are representative of
24 hours of incubation arranged in triplicate. Compounds DE 38, DE 40, DE 64 and DE
66 showed activity against Candida albicans. Only DE 38 and DE 40 exhibited good
activity (MIC =16 pg/mL). It is important to note that, contrary to the results observed on
dermatophytes, the non-substituted compounds in position 6 of benzimidazole have no
activity on the yeasts. This can be explained by the fact that each fungus has its own

morphology and defense systems.
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Class Compound | Candida albicans (MIC pg/mL)
DE 35 -
A DE 36 -
DE 64 64
DE 37 -
B DE 38 16
DE 68 -
DE 31 -
C DE 40 16
DE 66 64

Table 9: Anti-Candida albicansactivity of synthesized compounds. The antibacterial tests

were carried out three times, and the average values were taken as the MICs.

VI1.1.2.4. Antiviral activity

Antiviral activity was tested against herpes simplex virus-1 (KOS), herpes simplex virus-2
(G), herpes simplex virus-1 TK-KOS ACVr, vaccinia virus, Adeno virus-2 and Human
Coronavirus (229E) in HEL cell cultures; vesicular stomatitis virus, Coxsackie virus B4,
Respiratory syncytial virus in HelLa cell cultures. Cytotoxicityof compounds was evaluated
in parallel with the antiviral activity namely, microscopic evaluation of the cell
morphology of the confluent cell monolayer which either had or had not been inoculated
with virus. Cytotoxic concentration and concentration producing 50% inhibition of virus-
induced cytopathic effect were determined by measuring the cell viability with the
colorimetric formazan-based MTS. Reference compounds used were: Brivudin, Cidofovir,
Ganciclovir, Acyclovir for virus in HEL cell cultures and ribavirin and DS-10.000 for virus
in HeLa cell cultures. The antiviral activity of the compounds is expressed as the
concentration required to inhibit viral cytopathogenicity by 50% (ECso) and results are
shown in Tables 10-11.None of the synthesized compounds showed specific antiviral

activity.
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Antiviral ECso® (UM)
Class | Compound | Cytotoxic Herpes Herpes Herpes simplex | Vaccinia | Adeno Human
concentration? | simplex simplex virus-1 TK- | virus virus-2 | Coronavirus
(UM) virus-1 virus-2 KOS ACVr (229E)
(KOS)
DE 35 >100 >100 >100 >100 >100 >100 >100
A DE 36 >100 >100 >100 >100 >100 >100 >100
DE 64 >100 >100 >100 >100 >100 >100 >100
DE 37 >100 >100 >100 >100 >100 >100 >100
B DE 38 >100 >100 >100 >100 >100 >100 >100
DE 68 >100 >100 >100 >100 >100 >100 >100
DE 31 >100 >100 >100 >100 >100 >100 >100
C DE 40 >100 >100 >100 >100 >100 >100 >100
DE 66 >100 >100 >100 >100 >100 >100 >100
Brivudin >250 0,01 250 0,1 58 - -
Cidofovir >250 4,5 3.4 2,8 50 10 -
Acyclovir >250 0,6 0,6 2 >250 - -
Ganciclovir >250 0,01 0,01 0,2 >100 - -

350% Cytotoxic concentration, as determined by measuring the cell viability with the colorimetric formazan-
based MTS assay. "concentration producing 50% inhibition of virus-induced cytopathic effect, as determined
by as determined by the MTS method.-not detected

Table 10: Cytotoxicity and antiviral activity of compounds in human embryonic lung

(HEL) cell cultures

Antiviral ECse® (LM)

Class | Compound Cytotoxic Vesicular | Coxsackie | Respiratory
concentration? | stomatitis | virus B4 syncytial

(UM) virus virus

DE 35 >100 >100 >100 >100

A DE 36 >100 >100 >100 >100

DE 64 >100 >100 >100 >100

DE 37 >100 >100 >100 >100

B DE 38 >100 >100 >100 >100

DE 68 >100 >100 >100 >100

DE 31 >100 >100 >100 >100

C DE 40 >100 >100 >100 >100

DE 66 >100 >100 >100 >100
DS-10.000 >100 >100 >100 0,8
Ribavirin >250 112 250 10

a50% Cytotoxic concentration, as determined by measuring the cell viability with the colorimetric formazan-

based MTS assay.

bconcentration producing 50% inhibition of virus-induced cytopathic effect, as determined by measuring the

cell viability with the colorimetric formazan-based MTS assay.

Table 11: Cytotoxicity and antiviral activity of compounds in HeLa cell cultures
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V1.1.2.5. Antiproliferative activity

Antiproliferative activity of benzimidazole derivatives against human T-lymphocyte cells
(CEM), human cervical carcinoma cells (HeLa), human pancreatic carcinoma cells (Mia
Paca-2) and human melanoma cells (SK-Mel 5) was evaluated. According to the obtained
results (Table 12), none of the tested compounds showed a specific antiproliferative
activity except the DE35 compound, which displayed good activity against SK-Mel 5 with
ICs0 = 9.7 UM but having discrete selectivity index(SI= 3.20).

IC,, (UM) SI
Class | compound | CEM HeLa | Mia- SK-Mel5 | Hek293 | CEM | HelLa | Mia- Sk-
Paca2 Paca2 | Mel5
DE 35 14+1 |37+0| 1549 | 97+£17 | 31+£3 | 2.21 - 2.07 | 3.20
DE 36 >100 | >100 | >100 > 100 > 100 - - - -
DE64 |31+21 | >100 | 28+10 > 100 67+47 | 2.16 - 2.39 -
DE37 | NDE | NDE | NDW NDE! | NDF
DE38 | 75+35 | >100 | >100 > 100 >100 | 1.33 - - -
DE 68 >100 | =100 | =100 > 100 > 100 - - - -
DE 31 >100 | >100 | =100 86+ 17 > 100 - - 1.16
DE40 | 50+10 | >100 | 80+ 12 > 100 > 100 2 - 1.25 -
DE 66 34+£2 | >100 | 43+34 > 100 >100 | 2.94 - 2.33 -
[elnot detected

Table 12: Inhibitory effects of benzothiazole derivatives on the proliferation of CEM,
HelLa, Mia Paca-2 and SK-Mel 5

V1.2. Benzothiazole derivatives

Benzothiazole and its derivatives are known to be very important intermediates for their
biological activities such as anti-diabetic, Alzheimer’s disease, antimicrobial, anthelmintic,
anticancer, analgesic, anticonvulsant, trypanocidal, antifungal, neuroprotective and anti-
inflammatory [139]. For these reasons, benzothiazole scaffold is attractive for development

of multifunctional compounds

V1.2.1. Chemistry
In this part, modifications of the lead compound PBSA were applied to obtain

benzothiazole derivatives. To this purpose, benzimidazole ring was modified by replacing
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nitrogen in position 1 by sulfur and in position 5, sulfonic acid moiety was changed by -
COOH or -H. The phenyl ring was modified by introducing hydroxyl groups, in different
position of the ring.

To achieve this goal we turned our attention on the synthesis procedures reported in
literature. Several methods of the synthesis of benzothiazole derivatives have been
described including the condensation reaction of 2-aminothiophenol with substituted
nitriles, carboxylic acids, aldehydes, acyl chlorides or esters [138]. The 2- aminothiophenol
reacts first with reagents noted above to give a thiol substituted Schiff’s base which then
cyclizes in presence of various oxidants to give the desired benzothiazole derivative. Some
oxidizing agents, such as polyethylene glycol-400,sodium hydrosulfite (Na2S204), TMSCI,
H202 / Fe (NOz)3, Dowex 50W [139], FeCl3, scandium triflate, ionic liquid [pmIm] Br
[140], ceric ammonium nitrate(NH4)2Ce(NO3)s, Phl(OAc)2, Mn(OAc);, Th*ClOy,
Pb(OAc)sand I2[141], have been used to effect the cyclocondensation of aminothiophenols
and aromatic aldehydes to give benzothiazoles in good yield.

After evaluating these methods, we have chosen the simple and effective procedure which
involve condensation of 2-aminothiophenol with aldehydes using sodium hydrosulfite as
efficient catalyst. The progress of the reaction was monitored by thin layer
chromatography. The corresponding 2-substituted-benzothiazoles were obtained in
excellent yields and pure products were got by recrystallization or column

chromatography.

» 2-arylbenzothiazoles unsubstituted on the benzothiazole ring
2-substitutedbenzothiazoles were synthesized via condensation of commercially available
2-aminothiophenol (1) and corresponding benzaldehyde (2a-k) in refluxing ethanol in one
step in the presence of Na>S204 (Scheme 12). The same reaction under free catalyst gave a
mixture of benzothiazoline and benzothiazole. Therefore, oxidation of the intermediate
benzothiazoline (3a-k) was accelerated by Na>S>0a.
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R! R2

O 3 O | — Cp
Nz T R® R* H R® R* " R® R*
1 2a-k L 3a-k _ 4a-k
R! R? RS R* R®
A H H H H H
B OH H H H H
C H OH H H H
D H H OH H H
E H H OCHs; H H
F OH H OH H H
G OH H H OH H
H H OH OH H
I H OH OCHs H H
J H OH H OH H
K OH H OH OH H

Scheme 12: Synthetic route of compounds 4a-k. Reagents and conditions: (a) EtOH,
Na2S204 in H20, Reflux

Electron-donating substituents on the aromatic ring of aldehyde decrease the yield and

increase the time of the reaction. This effect is cumulative, so the higher the -OH number,

the lower the yield; whereas the present of -OCHs substituents in the position para increase

the yield and decrease the time of the reaction. However synthesis of 24,6-

trihydroxyphenyl benzothiazole was unsuccessful; this could be due to the steric hindrance.

SH
Cr -
NH,

O

HO

OH

)ﬁ EtOH
- ¢
OH N328204, H20

Scheme 13: Attempts of the synthesis of 2,4,6-trihydroxyphenylbenzothiazole

» 2-arylbenzothiazoles substituted on the benzothiazole ring

The synthesis of 2,6-disubstituted benzothiazoleinvolve several steps. The initial step is the

preparation of intermediates 2-aminobenzothiazole-5-carbocylic acid hydrochloride 7 and
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4-amino-3-mercaptobenzenesulfonamide 10 according to a modified literature method
[142].

Treatment of 4-aminobenzoic acid with potassium thiocyanate in the presence of bromine
in acidic condition at low temperature (0-5°C) gave6 which was converted into 4-amino-3-
mercaptobenzoic acid 7 (Scheme 14) by alkaline hydrolysis in a low yield due to the fact
that -NH> group of 6 has the possibility to tautomerize into the imino form and
consequently strongly limits the reaction Scheme 15. Firstly, attack of nitrogen lone pair of
aniline on electrophilic carbon of potassium thiocyanate took place. The second step was
the bromination reaction in ortho of the amine, followed by the cyclization in situ to give

2-aminobenzothiazole.

HOOC HOOC s HOOC SH
(@) (b)
LGNS )—NH, HCI ——
NH, N NH,.HCI

5 6 7

Scheme 14: Synthetic route of 4-amino-3-mercaptobenzoic acid.Reagents and conditions:
(@) MeOH, KSCN, Brz, -5°C, HCI; (b) KOH, Reflux, HCI

I H
HOOC\©\K§¢N CH,COOH OOC\@\ S K*  Bry CH;COOH HOOC\@[Br S K*
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Scheme 15: Proposed mechanism for the formation of 4-amino-3-mercaptobenzoic acid
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Preparation of 4-amino-3-mercapto benzenesulfonic acid

Like all aromatic compounds, the first attempt at the synthesis of 4-amino-3-mercapto-
benzenesulfonic acid was the sulfonation reaction of 2-aminothiophenol, but the reaction
was unsuccessful. The second attempt was the exploitation of the method described above
by taking 4-aminobenzenesulfonic acid as starting material but the results were still

unsatisfactory Scheme 16.

SH EtOH  HO,S
3 SH
+ H,SO, conc. — % -
NH2 reflux NH2.H2804
HO3S MeOH
\©\ + KSCN —
NH, -5°C, HCI
+ —_
Na 0,8 KSCN, Br, HO3S s KOH HO5S SH
_ > NH, .HCI x
\C[N% 2-HC Reflux, HCI NH,.HCI

NH,  AcOH glacial

Scheme 16: Attempts of the synthesis of 4-amino-3-mercapto benzenesulfonic acid

After these series of unsatisfying results, attention was then turned toward formation of 4-
amino-3-mercapto-benzenesulfonic using 4-aminobenzenesulfanamide as starting material.
To this end, we exploited the method previously described (the synthesis of compound 7).
To optimize the reaction condition of 2-aminobenzothiazole-6-sulfanamide, two solvents
were tried: acetic acid and methanol. Acetic acid was found to be the most suitable reaction
media giving a high reaction rate and good yield of the product. Treatment of 2-
aminobenzothiazole-6-sulfanamide with aqueous potassium hydroxide followed by
acidification gave bis(2-amino-4-benzenesulfonamide)disulfide (Scheme 17) instead of 4-
amino-3-mercapto benzenesulfonic acid. Therefore, the thiazole ring was opened but the
sulfonamide group didn’t hydrolyze to a sulfonate. Since that -SO,NH> and -SOzH are
isosteres, we proceeded with -SO2NH> group.

HaNO2S HoNO,S S H,NO,S S
(a) (b)
E—— />—NH2 HCI @ ——
NH; N NH,
10 2

8 9

Scheme 17: Synthetic route ofbis (2-amino-4-benzenesulfanamide) disulfide (10).
Reagents and conditions: (a) AcOH, KSCN, Brzin AcOH, -5°C, NHs; (b) KOH, Reflux,

HCI.
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Subsequently, condensation of 7 or 10 with benzaldehyde (2 a-k) yielded corresponding
benzothiazole compounds (11a-v), summarized in Scheme 18. To evaluate the catalytic
efficiency of sodium hydrosulfite, all reactions were then run in ethanol under free catalyst;
reaction with bis(2-amino-4-benzenesulfonamide) disulfide gave corresponding 2-
Arylbenzothiazoles with good yield while reaction with 4-amino-3-mercaptobenzoic acid

gave less than 50% of desired compounds.

R! R2
+ R3 —_— > / R3
B Or N H N
H,NO,S S - RS R* RS R*
\C[ 2a-k 11a-v
NH,

- 10 T2

R Rl R?> RS R* R°® R Rt R?> RS R* R®
a:. COOH H H H H H [I. SO:NH; H H H H H
b: COOH OH H H H H m: SO:NH: OH H H H H
c:. COOH H OH H H H n: SONH, H OH H H H
d: COOH H H OH H H o: SONH, H H OH H H
e COOH H H OCHs H H p: SO:NH: H H OCHs H H
f. COOH OH H OH H H q: SO:NH: OH H OH H H
g- COOH OH H H OH H r: SONH, OH H H OH H
h: COOH H OH OH H s: SO:NH:; H OH OH H
i COOH H OH OCHz: H H t- SO:NH; H OH OCHz: H H
j: COOH H OH H OH H wu: SONH: H OH H OH H
k: COOH OH H OH OH H v: SONH, OH H OH OH H

Scheme 18:Synthesis of compounds 11a-v.Reagents and conditions: (a) EtOH, NazS204 in
H>0, Reflux

To better interpret the experimental results, the compounds are divided into classes. In

each class the compounds are equally substituted on the phenyl ring but with different
substituents in position 6 on the benzothiazole ring (Table 13).
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Table 13: Subdivision of compounds into classes

V1.2.2. Biological evaluations

V1.2.2.1. Photoprotective activity

In the first part of this study, we examined the spectral behavior of synthesized compounds
dissolved in dimethyl sulfoxide, since solar protection is related to the UV absorption of
the substances. Absorption spectra were measured from 290 to 400 nm. The wavelength of
maximum absorption (Amax) is closely related to stereoelectronic effects, which can be
affected by substituents on the aryl or benzothiazole group that alter the electron density of
compounds. The spectral absorption data of the molecules dissolved in DMSO are shown
in Figure 24. The long wavelength absorption band of 4d is red-shifted relative to 4c and
can be attributed to the presence of -OH group in para position which lead the resonance
interaction of lone pair of oxygen and = cloud of phenyl and benzothiozole group. That
wavelength is increased if -OH is at orto position, due to the presence of the formation of
an intramolecular hydrogen bond between nitrogen of benzothiazole group and hydrogen
of hydroxyl group, which increase the resonance character of phenolic group with
benzothiazole moiety (see Scheme 19). Substitution of para-OH by para-methoxy has no

remarkable change on the absorption spectra.
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Scheme 19: Delocalization of electrons over the z-conjugated molecule

The absorption spectrum of 4c is similar to 2-phenylbenzothiazole (4a) one. This could be
explained by the fact that, lone pair of -OH group at meta position will be localized on the
phenyl ring rather than delocalized over the whole molecule and therefore, it has very little
effect on the absorption spectrum. But Amax Of 4j is slightly higher than that of 4c because
both meta positions are occupied that is confirmed by Joykrishna Dey and al. [143] which
stipulated that, red- shift is observed when the number of auxochrome groups increase. The
same result is obtained with 4h, analogue of 4d with the second —OH in meta position; 4i
analogue of 4e with the second -OH in meta position; 4g analogue of 4b with the second -
OH in meta position 5’OH and 4f which have the combined effect described in the Scheme
19. The presence of three —OH on the phenyl moiety (4k, 11k and 11v) makes the
molecule more rigid and promotes the shift at the longest wavelength absorption band
compared to the other compounds. But although 4g has only two hydroxyl groups, its
spectrum is similar to the spectrum of 4k.

Substitution of H by withdrawing group (-COOH and -SO2NH>) at the 6 position on the
benzothiazole moiety shown the batochromic shift. This long wavelength absorption band
is associated with the intramolecular charge transfer transition due to the transfer of the
charge between the electron donor group (phenolic group) to the electron-withdrawing of
benzothiazole and neighboring carboxylic or sulfonamidic chromophore. The order of Amax
along the series is - H <<-SO,NH,<-COOH see Figure 23. Therefore absorption range
increase with the trend of the increasing electron-withdrawing ability. This could be
mainly due to the significant stabilization of the LUMO leading to a smaller HOMO-
LUMO energy space.

In short, beyond the position and the number of -OH on the phenyl ring, the presence of an
electron-acceptor group at the 6 position of benzothiazole ring, as well as the extent of

conjugation favors the bathochromic shift of the molecule.
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Figure 23: Spectral data of benzothiazole derivatives; compounds 4a-k(panel A),11a-

j(panel B)and 11l-u(panel C).

Indeed there are two mainly types in vitro method: measurement of absorption or the
transmission of UV radiation by a thin film of sunscreen agent on the quartz plate or
biomembranes and spectrophotometric assay of dilute solutions of sunscreen agent. In
order to study the synthesized compounds more deeply, both method were employed.
Firstly, a pre-screening test was carried out by determination of absorption characteristics
of all candidates dissolved in solution (DMSO). Then, some compounds were introduced

in formulation (O/W emulsion) and their transmission spectrum was determined using
PMMA plate.

VI1.2.21.1. In vitro studies of dilute solutions of target compounds by
spectrophotometry

Spectral data of samples were collected from 290 - 400 nm with the calculator software
[136]. The software automaticallydetermines theoretical COLIPA — SPF, COLIPA —
UVAPF, critical wavelength value (Ac) and UVA/UVB (paragraph V.1.2.1). To better
interpret the obtained results, the compounds were disposed by classes. The
photoprotective activity is shown in Table 14.
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All the synthesized compounds, in general, showed a significant photoprotection activity
respect to the lead compound4a and the reference PBSA. Photoprotective activity of the
sunscreen against UVB is reflected by SPF value. Thereby, among all classes of compounds
having a single substituent on the phenyl ring, those without substituent at the 6-position of
the benzothiazole moiety have good photoprotective profile, followed by compounds having -
SO2NH>, and finally compounds having -COOH. Except class D, whose compound bearing -
COOH showed the best SPF value.From these results it is evident to note that isosteric
substituent at the sixth position of benzothiazole ring does not have significant effects for
the sun protection. Of everything indicated, we could say that, the presence of hydrogen
atom at the 6 position of benzothiazole ring increases SPF value, thereforeactivity order is
-H > -SO2NH2>>-COOH. On the contrary, among the compounds having more than one
substituent on the phenyl ring, those bearing -COOH group showed the best UVB profile.
However, the order of SPF values according to the substitution on the phenyl ring is the
following: para>ortho>meta for compounds having H or -SO;NH. at 6 position of
benzothiazole moiety, while compounds with COOH at position 6 on the ring
benzothiazole have the following order: meta>orto>para. Compounds of class B (para-
methoxy substituent on the phenyl ring) showed lower value than compounds of class A,
indicating that para-hydroxy group is better than para-methoxy.

By maintaining fixed compounds of class A and introducingan -OH in position ortho or meta
to obtain compounds of classes E and F respectively, SPF values decrease. In the same way,
introduction of —OH in meta position of compounds of class D (orto-OH) and class C (meta-
OH) gave respectively compounds of classes H(two -OH in position 2 and 5) and | (two -OH
in position 3 and 5) with lower SPF. Curiously compounds of class J with three -OH on the
phenyl ring showed SPF values similar to those with two -OH. This means that, the SPF
factor does not depend only on the number of -OH on the phenyl ring but also on their
position. Interestingly, replacing para-hydroxy with para -metoxy (class F to G) the SPF
values increase. Nevertheless, this result is contrary to that previously described (class A to
B). In summary, compounds endowed with the best SPF are those unsubstituted at the
benzothiazole ring especially compound 4d with -OH in para position on the phenyl ring.
Protection against UVA rays was gave by UVAPF which is considered efficient if it is
greater than or equal to 1/3 of SPF. Compounds of the same class presented similar
UVAPF values despite they are different at the 6 position, but compounds with -
SO2NHpgare slightly less effective than others. Compounds 11h of class F and 11k of class
J are the best candidate against UVA (with UVAPF = 7) characterized both by the

presence of -OH in meta and para-position of the phenyl ring then followed by compounds
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of class G (3-OH, 4-OMe). Thus, the effect of the electron donor group (hydroxyl or
metoxy) in the meta and para-position of the phenyl ring appears to be important for
protection against UVA.

Critical wavelength is the parameter that provides information on the broad spectrum of
UV-filter. It is classified in five numerical categories: 0 (Ac <325 nm), 1 (325 < Ac < 335),
2 (335 <Ac < 350), 3 (350 < Ac <370) and 4 (Ac > 370). FDA considers the broad-spectrum
sunscreen product should have a Ac> 370 nm[137].Under that classification, compounds of
classes H and J have fallen into category “4”,as well as compounds 11f (class E), 11t
(class G) and 11u (class I). Whereas compounds of classes A, D, E (except 11f), Fand 11i
(class G) have fallen into category “3” and compound of classes B, C and 4i fell into “2”.
Lastly, compounds 4a and PBSA are rated “1”. Therefore all synthesized compounds
showed Ac > PBSA except compound 4a. Interestingly, compounds of classes H, J and
compounds 11f, 11t and 11u can be considered potential broad-spectrum filters.

Finally, we also determined the UVA/UVB absorbance ratio, which is an important
parameter to provide good idea of the absorbance through the entire UV spectrum.
According to the latest EU recommendation and PBSA data, all synthesized compounds
have good UVA/UVB values, apart from 4a, 4d, 4e, 4c and11n.
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Classes | Compound SPF UVAPF UVA/UVB| ke (nm)
PBSA 3.40+0.17 1.03+0.08 0.29 322
4a 8.38+0.29 0.13+0.01 1.8 331
4d 25.86+2.06 | 157 +0.02 0.81 353
A 11d 6.19 £ 0.98 2.23+0.08 0.81 353
110 1941+1.75 | 235%0.10 0.32 350
4e 1423 +1.43 1.30+£0.04 0.1 335
B 11le 6.54 + 0.87 1.88 £0.12 0.65 349
11p 8.91+0.45 1.80 £0.09 0.45 347
4c 10.05+0.11 1.18 £0.07 0.13 335
C 1lic 8.84 +0.64 1.71£0.02 0.36 346
11ln 9.42 +£0.06 1.46 £ 0.05 0.18 340
4b 7.56 +£0.59 2.57+£0.06 0.86 355
D 11b 18.03+1.15 4.09+0.14 0.62 358
11m 6.59 + 0.83 3.45+0.22 0.77 360
af 6.62+0.07 3.34+0.13 1.62 356
E 11f 3.43+0.49 4.62+0.05 1.61 370
11q 3.85+0.31 441+0.11 1.63 364
4h 5.51+0.96 2.33%+0.16 0.9 358
F 11h 7.42+0.13 7352041 1.74 367
11s 5.39+0.09 471 +0.08 1.40 365
4i 9,13+0.34 594 +0.15 0.42 350
G 11i 17.33+1.45 5.95+0.26 1.02 361
11t 11.87+£0.07 | 5.80+0.33 0.96 380
4q 2.82+0.49 2.50+0.17 0.66 381
H 119 7.34+0.49 3.32+0.24 0.40 384
11r 5.47+0.07 2.76 £0.01 0.40 382
4j 3.38+0.16 1.52 £0.09 0.45 345
| 11j 4.45+0.23 157 £0.07 0.45 353
11u 3.06 £ 0.06 1.72 £ 0.02 0.95 380
4k 3.87 £0.012 4,71 +0.08 0.86 385
J 11k 5.16 £ 0.33 7.50+0.42 1.25 389
1lv 3.65+0.15 4.20+0.19 1.34 384

Table 14: Filtering activity of benzothiazole derivatives in DMSO
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V1.2.2.1.2. In vitro sun protection factor of the Cosmetic formulation

The synthesized molecules were introduced at the concentration of 1% in a cosmetic
formulation in order to evaluate their UV -filter activity. For this, Diffey and Robson [135]
in vitro method based on the measurement of transmission of ultraviolet radiation on
Polymethylmethacrylate (PMMA) plate was used. Values of the SPF, UVAPF, UVA/UVB
and Ac are shown in Table 15.

Compound 4j characterized by the presence of -OH in position 3 and 5 on the phenyl ring
showed the best SPF value (SPF = 4.15). This value is very significant since the
formulation contains only 1% of active ingredient. Compounds 4d, 4k and 11g with at
least one hydroxyl group in ortho or para position of the phenyl ring have SPF value
greater than the compound lead. However, substitution of -OH by -OCH3 (4e) reduces the
activity of the compound (3.2 to 2.7 respectively). The same result is observed by
modifying 4h to obtain 4i (2.10 to 1.59respectively). Consequently, -OCHz group favors
less the UV filtering activity than the -OH group. Among the 6-substituted benzothiazoles,
only 11g and 11r (-OH groups in 2,5-position) have SPF values greater than 2. Data of
compounds 4b, 4c and 4h are similar although they have neither the same -OH number nor
the same substitution position. Regarding Ac, compounds 4g, 4h, 4k,11d,11g, 110 and
11rexhibited Ac >370 nm. All synthesized compounds have UVA-PF value greater than or
equal to1/3 of SPF. The UVA/UVB ratio of all synthesized compounds is greater than the
lead compound (PBSA).

In short, taking into consideration the spectral data of dilute solutions and cosmetic
formulations, compounds 4g, 4h, 4k,11d,11g, 11oand 1lrwere potential candidates for
broad-spectrum UV filters while compounds 4dand 4j only for UVB protection. The
particularity of these potential candidates is marked by the presence of -OH in position
para or orto of the phenyl ring. It is also important to emphasize that the number and the

position of auxochrome (-OH and - OCHpg) influence on the photoprotective activity.
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compound SPF UVA-PF UVA/UVB | Aic (nm)

PBSA 3.02+£0.89 1.04 £ 0.06 0.26 333
4b 2.17+£0.26 1.43+£0.12 1.01 356
4c 2.18 £0.08 1.08 + 0.05 0.66 332
4d 3.2+0.21 1.20+£0.11 0.63 338
4e 2.7+0.17 1.12 £ 0.08 0.63 335
49 2.66 +0.21 1.84+£0.16 0.71 385
4h 2.10+0.13 1.80 £0.10 1.22 389
4i 1.59£0.10 1.14 +0.07 1.89 342
4j 4.15+0.34 1.20+£0.19 0.42 336
4k 3.66 +0.29 3.24 +0.26 0.81 385
11e 1.77+£0.14 1.22+£0.13 0.89 348
11p 1.46 £0.11 1.09 £ 0.09 0.82 345
11d 1.57 £ 0.09 1.79 £0.10 1.12 389
110 1.99+£0.18 3.59+0.24 1.35 391
11g 3.71+£0.27 3.15+0.21 0.86 384
11r 2.12+0.19 2.56 +0.25 1.18 386
11j 1.74£0.16 1.28 £0.11 0.88 366

Table 15: Photoprotection results of benzothiazole derivatives in formulation (O/W)

V1.2.2.1.3. Photostability study by spectral analysis

Photostability of compounds is evaluated using one of the criteria developed by Garoli and
al. [144], which is based on the measurement of SPF before and after UV exposition. The
loss of sunscreen protection after exposure to sunlight is expressed as the residual
effectiveness after exposure (%). The in vitro % SPFes. and % UVA-PFess. of compounds
are calculated according to the Equation 6 and Equation 7 respectively and are reported
in Table 16. A sunscreen is considered photostable if its residual percentage is greater than
or equal to 80.

From the results obtained, % SPFes. and % UVA-PFes. values of compounds ranged from
80.18 to 100. Therefore, these compounds are considered photostable especially 11e with a
degradation rate less than 2%. However, the compounds 4b and 4g exhibited a degradation
rate more or less 20%. Both compounds have an hydroxyl in orto position of the phenyl
ring. Interestingly, the substitution of the benzothiazole ring in position 6 with -COOH or -
SO2NH: increases the photostability of the compounds. Moreover, compounds with -

SO2NH: are more photostable.
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Entry % SPFefr. % UVA-PFets.
4b 83.42 98.00
4c 99.07 99.07
4d 94.06 98.07
4e 93.33 99.07
ity 80.18 98.36
4i 92.45 98.26
4j 93.25 98.07
1lle 99.99 100
11p 95.78 100
11d 97.45 99.85
110 95.21 100
119 88.72 99.00
11i 93.45 99.12
11j 95.67 99.09
11r 98.11 99.54
11u 96.13 100

Table 16: Evaluation of photostability of benzothiazole compounds

V1.2.2.2. Antioxidant activity

Synthesized compounds were evaluated for their in vitro antioxidant activity by DPPH and
FRAP assays (paragraph V.1.2.2).

To better interpret the results of the DPPH test, we first evaluated the percentage inhibition
of the DPPH radical by synthesized compounds at the same concentration, namely 1
mg/mL (Table 17). Compounds of classes F (3,4-dihydroxy) and H (2,5-dihydroxy) have
a percentage of inhibition close to 100%. But, substituting -OH with -OCH3 to obtain class
G (3-hydroxy, 4-methoxy) the percentage of inhibition decreases. Compounds of class A,
with para hydroxyl on the phenyl ring, did not exhibit any particular activity with respect
to the radical under consideration. However, contrary to what is stated above, replacing -
OH with -OCHjs (class B compounds) the percentage of inhibition considerably increases
(4e and 1le). Therefore, only methoxy group has good activity but associated with a
hydroxyl, its activity decreases. In addition, among compounds of class D, only 11mwith -
OH in orto position of phenyl ring and -SO2NHz in 6 position of the benzothiazole ring
displayed a good inhibition. Alike, for compounds of class C (meta-hydroxyl), only
compound 11c with -COOH in 6-position on benzothiazole ring has good inhibition.
However, all compounds of class | with two meta substituted (3,5-dihydroxy) have good

inhibition.
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From this first screening, only compounds with good inhibition (% >50) were further
investigated for the determination ICsp which represents the concentration of a compound
required to inhibit 50% of DPPH radical. The results are expressed in pg/mL (Table
17).Structure-activity relationship analysis indicated that various factors such as the nature
of substituents in position 6 of benzothiazole ring, as well as the number and position of
the electron donor group (-OH and -OCHzs) on the phenyl ring are very important for the
radical scavenging activity. All compounds of class F and H especially those without
electron attractor group on the benzothiazole ring (4h and 4g) showed good inhibition,
with ICso values between 6.42 and 11.29ug/mL. This could be due to the fact that,
polyphenols having two -OH groups in the 2,5- and 3,4-positions react twice with DPPH
radical to form a very stable conjugated diketone structure (see Scheme 20). Apart from
the stability due to the conjugation of diketone, we also have the hydrogen bonds between
two hydroxyl for the 3,4-dihydroxy compounds and between one hydroxyl and nitrogen of
the benzothiazole ring for the 2,5-dihydroxy compounds. But introduction of methoxy
group at position 4 on the phenyl ring (compounds of class G) drastically reduced the
activity in comparison to compounds of class F, due to the lack of stabilities mentioned
above. Surprisingly, the compounds 11c with meta-hydroxyl have a good activity, but
those having two meta substituted (3,5-dihydroxy) have no activity. Curiously, compounds
of class J, although having three -OH group, are less active than their parent compounds
(compounds of class H). This could be explained by the fact that the presence of the third -

OH prevents the resonance described in Scheme 20.

OH o
HO . O OH . o)
2DPPY 2DPPY
HO o

Scheme 20: Stabilization of phenol by resonance

Results of FRAP test are similar to those of DPPH test; molecules with a better antioxidant
profile are those of classes F and H which bear two hydroxyl groups respectively in
positions 3, 4 and 2, 5- of the phenyl ring. The compounds of classes A and D having para
and orto-hydroxyl on the phenyl ring respectively have moderate values, however, the
class A compounds are slightly more active than those of class D, which is explained by
the fact that the proton orto-phenol could form a hydrogen bond with the nitrogen atom of
the benzothiazole ring, which disadvantages the transfer of the proton. Among compounds
of class C, compound 11c bearing -COOH on the benzothiazole ring have a good activity
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(2045.37 umolT/qg). Instead, both 4c and 11n have very low values (respectively 48.605
and 17.357umoliT/g). The introduction of the para-methoxy group (classes B and D) has
reduced activity with respect to classes A and F. So para-methoxy is not conducive to this
activity.

Summary, considering the above mentioned results, in DPPH and FRAP assays, molecules
with better antioxidant profile are compounds of classes F and H, which bear two hydroxy
groups at positions 3, 4 and 2, 5- of the phenyl ring. The best is compound 4g according to
DPPH, whereas according to FRAP, the best is 11h.
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Classes | Compound DPPH DPPH FRAP
% Inhibition 1Cso(pug/ml) pmolT/g
4a 43.6 £0.11 97449+ 4.78 | 167.01+ 3.34
4d 11.60 +0.32 - 123.00 £5.92
A 11d 30.75+£0.89 - 402.17 £ 1.95
1llo 31.22 £ 0.45 - 65.60 = 1.18
4e 45.27 £ 0.61 - 206.88 + 6.64
B 1le 71.70 £ 0.58 322,70 +6.29 | 173.83+5.05
11p 15.48 £ 0.33 - 90.95+3.64
4c 16.27 + 0.06 - 48.61 + 0.40
C 11c 94.64 +1.22 28.97 +0.56 | 2045.37 + 18.68
11n 22.73 £ 0.69 - 17.36 £ 0.81
4b 30.72 £ 0.47 - 264.75 £ 5.84
D 11b 18.00 + 0.36 - 20.60 £ 0.85
11m 58.22 + 0.87 - 197.80 £ 5.07
4f 72.83 £0.58 822.63+8.16 | 187.64+5.15
E 11f 22.37 £0.52 - 50.32 +1.54
11q 23.89£0.48 - 91.31+3.25
4h 84.65 + 0.93 7.2+£0.11 | 6021.15 £ 25.84
F 11h 94.74 +0.66 11.29 £ 0.07 | 7402.73 £ 22.78
11s 94.36 £ 0.82 7.96 £ 055 | 5273.01 £ 15.01
4i 65.00 £ 0.31 561.62 + 18.13| 3247.656 + 56.72
G 11i 28.02+ 0.87 - 712.515 £ 10.75
11t 10.98+ 0.11 - 65.39+ 0.35
49 94.32+1.15 6.42 £ 0.28 | 6268.43 £ 25.16
H 119 96.41 + 0.89 7.61+0.28 | 7321.64 +34.73
11r 96.23 £ 0.77 9.09+0.24 | 711591 +14.46
4j 77.5+4.76 159.55+ 6.20 | 273.486 + 15.38
I 11j 57.9+0.82 - 175.98+ 1.78
11u 1993+ 154 - 73.33+1.42
4k 23.78 £ 0.82 - 4876.44 + 34.54
J 11k 72.73 £ 3.67 43.01+ 2.93 | 1960.24 + 18.43
11lv 53.20 £ 95 186.89+5.46 | 513.04+ 2.66

- not detected

Table 17: Antioxidant activity of benzothiazole derivatives
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V1.2.2.3. Antifungal activity

V1.2.2.3.1.Antidermatophyte activity

Each tested substance was dissolved in dimethylsulfoxide (DMSO) and investigated for its
antifungal activities against five dermatophytes responsible for the most common
dermatomycoses:  Microsporum  gypseum,  Microsporum  canis,  Trichophyton
mentagrophytes, Trichophyton tonsuransand Epidermophyton floccosum. Inhibition of the
dermatophytes was evaluated by measuring the colony diameter at each disk. The
biological results are presented in Table 18. Compound 4h showed the highest antifungal
activity. It is active against all five dermatophytes, in particular against Microsporum
gypseum, Trichophyton tonsurans and Epidermophyton floccosum with a percentage of
inhibition close to 100%. Significant activity was observed for compounds 4f and 4g
against Microsporum gypseum and Epidermophyton floccosum. Compounds4c and 4j
showed good activity against Microsporum gypseum and Epidermophyton floccosum
respectively. However, no activity was observed for compounds substituted at position 6 of
benzothiazle ring. This suggests that, electron withdrawing substituent decrease the

antifungal activity.
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Classes | Compound |M. gypseum |M. canis  [T.mentagrophytes [T. tonsurans |E. floccosum
4a 21.57£0.45 118.94+2.31 ++ 10.45+£1.09 +
A 4d 24.24 +£2.39 |12.75£1.02 6.12 £ 2.86 7.02+0.76 7.50 £0.23
11d 15.84 +1.53 |10.81 £0.32 + 11.86 £3.11 | 18.18£2.05
1llo 17.35+£2.45 | 8.27 £1.22 5.13 £0.56 + +
B 4e 753+1.10 [19.01+1.34 1.00 £0.04 15.25+3.29 | 10,87+2.34
1lle 19.80 £ 2.93 |16.22 +1.23 9.71+2.01 20.34 + 3.90 9.09+1.02
11p + 0.00x1.45 472+ 1.29 0.00 £1.02 +
C 4c 62.31+8.39 [34.43+£0.10 28.85+ 3.22 18.18+1.73 | 40.48 £ 3.02
1lic + 11.11+£2.09 0.00 £0.90 22.22 £ 4.56 +
11ln 31.63+4.17 |18.05%£3.10 29.06 £ 1.02 1.64 £0.54 +
D 4b 13.98 £ 2.14 |14.88 + 3.29 + 18.64 + 0.85 6.52 £ 0.38
11b 27.72+£1.02 118.02 £ 2.38 4.85+0.84 2712 £4.01 6.82+1.74
11lm 18.37£0.20 | 12.03 £1.32 11.11+ 0.63 + ++
E Af 62.12 £ 0.56 |36.41 £2.92 19.98 £ 3.11 31.95+1.02 | 50.31+2.01
11f 9.18+0.99 | 6.84+1.00 + 36.51+1.65 ++
11q 455+0.04 | 6.36£0.92 5.98+1.03 476 £ 0.54 2.13+0.77
F 4h 94.62 +5.09 [68.60 £ 2.21 56.0 +1.36 96.61+£4.02 | 93.48+0.32
11h 10.20+0.54 | 4.27+£1.29 + 11.11£0.33 ++
11s 9.09 £0.20 + + 7.94+0.94 0.00+1.28
G 4i 32.31+£3.73 | 9.02+£0.02 3.85+1.33 ++ 0.00+1.78
11i + 12.31+£1.99 1,80 +0.21 1.69+039 | 0.00+0.93
11t + 1.50 £ 0.45 10.92 £ 2.67 7.94 +1.83 17.86 £ 2.55
H 49 50.46 +2.01 |28.69+2.67 | 17.31+0.98 18.18 +1.03 | 71.43+8.40
119 449+055 | 6.15+0.42 + 3.39+0.17 417 +£0.34
11r + 0.00+0.34 6.84 £1.03 7.94 +£0.98 +
| 4j 46.46 +0. 44 |35.29 £ 0.23 36.73 £ 1.06 36.84+230 | 62.50+3.01
11j + 8.46 £ 1.39 2.70 £ 0.09 0.00 £ 0.01 18.75 £ 2.63
11u 11.24+£2.34 | 6.02 £0.82 5.88+0.84 7.94 £0.42 12.50 £ 1.05
J 4k 1240+ 351 | 5.69+£1.33 + 1.30 £ 0.60 8.62 £ 1.52
11k 7.44 +£0.89 + + 10.39 £ 1.89 +
1l1v 744 +055 | 0.81+£0.23 0 6.49 £ 0.43 +

+, ++ the compound stimulates the growth of the fungus

Table 18: Percent growth inhibition of dermatophytes treated with the benzothiazole

derivatives at 100 ug/mL. Each value is the mean of three measurements
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Since compound 4h showed good activity against Microsporum gypseum, Trichophyton
tonsurans and Epidermophyton floccosum with a percentage of inhibition close to 100%,
ICso was determined for these three dermatophytes in comparison with reference
compounds Fluconazole and Econazole Nitrate. According to the results presented in
Table 19compound4his more active against E. floccosum with an ICsovalue 0f11.63
pg/mL, followed by M. gypseum and finally T. tonsurans. Both fluconazole and econazole
nitrate are more active than 4h.

ICso(pg/mL)
Compound M. gypseum T. tonsurans E. floccosum
4h 26.95 +1.04 43.31+1385 11.63+0.24
Fluconazole 18.5+1.23 19.41 + 0.87 0.08 = 0.005
Econazole Nitrate | 0.05 + 0.0001 0.13 £ 0.008 0.47 £0.015

Table 19: Concentration of the compound required to inhibit 50% of growth of fungus

V1.2.2.3.2. Anti-candida Activity

The in vitro antifungal activity of benzothiazole derivatives against Candida albicans
(paragraph V.1.2.3.2), is reported in Table 20 (only active compounds against Candida
albicans were shown).Minimal inhibitory concentration (MIC) of the synthesized agents
was determined by broth microdilution method. The results shown are representative of 24
hours of incubation arranged in triplicate. Compounds 4h, 4f, 4k, 11k and 11v compounds
showed good activity. However, compounds 4f and 4k characterized respectively by the
presence of -OH groups in positions 2, 4 and 2, 4, 5 of the phenyl ring and no functional

group on the benzothiazole ring are more effective with a range of MIC of 4-8ug/mL.

Compound [C. albicans (MIC pg/mL)
4f 4
4h 32
4k 8
11k 64
11v 128

Table 20: Anti-Candida albicans activities of benzothiazole derivatives. The average

values were taken as the MICs
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V1.2.2.4. Antiviral activity

Antiviral activity was tested against herpes simplex virus-1 (KOS), herpes simplex virus-2
(G), herpes simplex virus-1 TK-KOS ACVr, vaccinia virus, Adeno virus-2 and Human
Coronavirus (229E) in HEL cell cultures; vesicular stomatitis virus, Coxsackie virus B4,
Respiratory syncytial virus in HelLa cell cultures (paragraph V.1.2.4). The antiviral activity
of the compounds is expressed as the concentration required to inhibit viral
cytopathogenicity by 50% (ECso) and results are shown in Tables 21-22.Compounds 119
and 11r exhibited antiviral activity against Adeno virus-2 and Human Coronavirus in HEL
cells. None of the synthesized compounds showed specific antiviral activity in HeLa cells.
However some compounds showed cytotoxic activity; the most cytotoxic of the series are
4f, and 4g with cytotoxic concentration of 37.1 and 38.1 uM respectively in HeLa cells.

ECso® (uM)
Crtotoio [ Ferpes |1 T Herpes [ Human
s | campa | S| SISl || |V s oo
(uM) (KOS) KOS ACVr
4a > 100 >100 | >100 | >100 | >100 | >100 > 100
4d > 100 >100 | >100 | >100 | >100 | >100 > 100
A 11d > 100 >100 | >100 | >100 | >100 > 100 > 100
110 > 100 >100 | >100 | >100 | >100 | >100 > 100
de > 100 >100 | >100 | >100 | >100 | >100 > 100
B 11le > 100 >100 | >100 | >100 | >100 | >100 > 100
11p > 100 >100 | >100 | >100 | >100 > 100 > 100
Ac > 100 >100 | >100 | >100 | >100 | >100 > 100
C 11c > 100 >100 | >100 | >100 | >100 | >100 > 100
11n > 100 >100 | >100 | >100 | >100 | >100 > 100
4b > 100 >100 | >100 | >100 | >100 | =>100 > 100
D 11b > 100 >100 | >100 | >100 | >100 | >100 > 100
11m > 100 >100 | >100 | >100 | >100 | >100 > 100
E 4f > 100 >100 | >100 | >100 | >100 > 100 > 100
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11f > 100 >100 | >100 | >100 | >100 > 100 > 100

11q > 100 >100 | >100 | >100 | >100 > 100 > 100
4h > 100 >100 | >100 | >100 | >100 > 100 > 100
F 11h > 100 >100 | >100 | >100 | >100 > 100 > 100
11s > 100 >100 | >100 | >100 | >100 > 100 > 100
4 > 100 >100 | >100 | >100 | >100 | =>100 > 100
G 11i > 100 >100 | >100 | >100 | >100 > 100 > 100
11t > 100 >100 | >100 | >100 | >100 | =>100 > 100

49 918+12 | >100 | >100 | >100 | >100 | >100 > 100

H 11g > 100 >100 | >100 | >100 | >100 |36.6+3.2| 50+2
11r > 100 >100 | >100 | >100 | >100 [39.1+£25 50+1
4 > 100 >100 | >100 | >100 | >100 > 100 > 100
I 11 > 100 >100 | >100 | >100 | >100 > 100 > 100
11u > 100 >100 | >100 | >100 | >100 | >100 > 100
Ak > 100 >100 | >100 | >100 | >100 | =>100 > 100

J 11k > 100 >100 | >100 | >100 | >100 | >100 > 100

11v >100 | >100 | >100 | >100 | >100 | >100 | > 100
Brivudin >250 00l | 250 | 01 5.8 - -
Cidofovir >250 45 34 2.8 50 10 -
Acyclovir >250 06 06 2 >250 - -

Ganciclovir | >250 00l | 001 | 02 | >100 - -

450% Cytotoxic concentration, as determined by measuring the cell viability with the colorimetric formazan-
based MTS assay.

bconcentration producing 50% inhibition of virus-induced cytopathic effect, as determined by as determined
by the MTS method.

- not detected.

Table 21: Cytotoxicity and antiviral activity of compounds in human embryonic lung
(HEL) cell cultures
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ECs0®(UM)

Cytotoxic Vesicular Coxsackie | Respiratory
Class compound | concentration? stomatitis virus B4 syncytial

(LM) virus virus
4a > 100 > 100 > 100 > 100
4d > 100 > 100 > 100 > 100
A 11d > 100 > 100 > 100 > 100
110 > 100 > 100 > 100 > 100
4e > 100 > 100 > 100 > 100
B 11e > 100 > 100 > 100 > 100
11p > 100 > 100 > 100 > 100
4c > 100 > 100 > 100 > 100
C 11c > 100 > 100 > 100 > 100
11n > 100 > 100 > 100 > 100
4b > 100 > 100 > 100 > 100
D 11b > 100 > 100 > 100 > 100
11m > 100 > 100 > 100 > 100
4f 37.1+28 > 100 > 100 > 100
E 11f > 100 > 100 > 100 > 100
11q > 100 > 100 > 100 > 100
4h 77.1+£3.2 > 100 > 100 > 100
F 11h > 100 > 100 > 100 > 100
11s > 100 > 100 > 100 > 100
4i > 100 > 100 > 100 > 100
G 11i > 100 > 100 > 100 > 100
11t > 100 > 100 > 100 > 100
49 381+19 > 100 > 100 > 100
H 119 > 100 > 100 > 100 > 100
11r > 100 > 100 > 100 > 100
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4j > 100 > 100 > 100 > 100
I 11j > 100 > 100 > 100 > 100
11u > 100 > 100 > 100 > 100
4k > 100 > 100 > 100 > 100
J 11k > 100 > 100 > 100 > 100
11v > 100 > 100 > 100 > 100
DS-10.000 >100 >100 >100 0,8
Ribavirin >250 112 250 10

350% Cytotoxic concentration, as determined by measuring the cell viability with the colorimetric formazan-
based MTS assay.

bConcentration producing 50% inhibition of virus-induced cytopathic effect, as determined by as determined
by the MTS method.

Table 22: Cytotoxicity and antiviral activity of compounds in HeLa cell cultures

V1.2.2.5. Antiproliferative activity

Antiproliferative activityof target compounds against human T-lymphocyte cells (CEM),
human cervix carcinoma cells (HeLa), human pancreas carcinoma cells (Mia Paca-2) and
human melanoma cells (SK-Mel 5) was evaluated in vitro and summarized in Table 23.
The results were expressed as ICso values (as UM concentration) and normal kidney
epithelial cells (HEK293) were chosen as control of cytotoxicity and/or selectivity.

Among synthesized compounds 4e, 11n and 110 were the most potent candidates against
Mia Paca-2 cells with ICsp values of 6.6, 5.5 and 6.5 uM respectively, but inactive against
HelLa and CEM cells (ICs0>50uM). However, 4e also displayed good activity against SK-
Mel 5 cells while 11n were moderately active. Compounds 4g and 4h exhibited an
excellent antiproliferative activity against CEM and SK-Mel 5 cells with 1Cso < 10 uM and
a moderate activity against HeLa and Mia Paca-2 (ICs0> 20uM) cells. 4k showed the best
activity against SK-Mel 5 cells and it also displayed good inhibitory activity against CEM.
Interestingly, substitution of the para hydroxyl group of compound 4d with methoxy leads
to compound 4e endowed with increased antiproliferative activity against Mia Paca-2 cells
(52 to 6.6 uM respectively). Similarly, the introduction of -SO2NH> at the 6-position on the
benzothiazole ring, 110, increased potency. Curiously, in this case, substitution by para-
methoxy has the same effect on Mia Paca-2 cells as substitution by -SO2NH. in position 6

on benzothiazole, therefore activity of 4e = 11o0. The shift of the hydroxyl along phenyl
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group didn’t have significant effect on the activity, whereas the introduction of a second or
third hydroxyl group (compound 4g, 4h and 4k) led to an increase in the antiproliferative
activity on the CEM and SK-Mel 5 cells.

After introduction of the -SO>NH> group into the benzothiazole skeleton of 4c to obtain
11n, an increase in activity against Mia Paca-2 cells was observed but activity against
CEM, HelLa and SK-Mel 5 cells decreased. Apart from 4c and 4d, the introduction of -
SO2NH: into the backbone reduced the activity against Mia Paca-2 cells. All tested
compounds showed low antiproliferative activity towards HeLa cell line, except compound
4h with an inhibition activity less than 30uM. To our surprise, replacement of the -
SO2NH2 with -COOH led to almost total loss of activity.

On the basis of cytotoxicity screening, all unsubstituted compounds on the benzothiazole
ring were cytotoxic to normal HEK293 except compound 4e and 4i with para methoxy on
phenyl ring, suggesting the importance of para-methoxy for antiproliferative activity.
However electron-withdrawing group -SO2NH> on the benzothiazole ring decreased the
cytotoxicity of the target compound, except compound 110 and 11s characterized by the
presence of para hydroxyl on phenyl group. Compounds bearing -COOH on the
benzothiazole ring (11a-11k) were inactive against both normal and cancer cells.

The Selectivity Index (SI) was determined by comparing the ICso (uM) obtained on the
healthy cells (HEK) with that obtained on cancer cells (CEM, HelLa, Mia-Paca-2 and SK-
Mel 5). From the results presented in Table 23, we observed that compounds 4e, 11n and
110 were respectively 15, 18 and 5 fold more selective toward Mia-Paca-2 cells, while
compounds4g and 4k were approximately 6 fold more selective for CEM cells. 4e, 4i and
4k showed selectivity for SK-Mel 5 cells. Compounds 4k were 25 fold more selective for
SK-Mel 5 cells that could be due to the presence of three hydroxyls on the phenyl ring.
These observations revealed that, compounds 4g and 4k are the best candidates since they
exhibited the most selective cytotoxicity for both CEM and SK-Mel 5 tumor cells line. The
particularity of these compounds is the presence of -OH in position 2 and 5 on the phenyl

ring. Therefore, these two positions are very important for the sought activity.
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1C50 uM Si

Mia- SK- Mia- | SK-
Class | compound | CEM | HelLa HEK?293|CEM HeLA
Paca-2 | Mel5 Paca-2| Mel5
4a >100 | >100 | >100 [82+23| >100 - - - 1,22
A 4d 52+0 [46+£10{52+10| 51+3 | 50+£2 | 096 |1.09| 096 | 0.98

11d 77+32 | >100 | >100 | >100 >100 | 1.30 - - -

110 64 +24 |67+25/65+05 33+6 | 32+4 | 050|048 | 492 | 0.97

B 4e >100 | >100 6.6+3.3] 14+2 | >100 - - 1515 | 7.14
11e >100 | >100 | >100 | >100 | >100 - - - -
11p >100 | >100 |47+16| >100 | >100 - - 2.13 -

C 4c 38+2 | 44+8 (62+14|17+10| 46+2 | 121 |105| 0.74 | 271
1ic >100 | >100 | 72+39| >100 | >100 - - 1.39 -
11n 58+19 |77+12|55+3.1| 43+1 | >100 |1.72|130| 18.18 | 2.33

D 4b 63+16 |93+10| >100 [34+10| >100 |1.59|1.08 - 2.94
11b >100 | >100 | >100 | =100 | >100 - - - -
11m >100 | >100 | >100 | =100 | >100 - - - -

E 4f 52+0 (46+10({52+10| 51+3 | 50+2 | 096|109 | 096 | 0.98
11f >100 | >100 | >100 | >100 | >100 - - - -
11q >100 [ >100 | =100 | >100 | 73+38 | - - - -

F 4h 82+57|29+16|40+21 54+03| 15+4 | 183|052 | 038 | 2.78

11h >100 | >100 | >100 | >100 > 100 - - - -

11s 19+5 | 45+9 [41+22| 25+2 | 14+5 | 0.74 /1031 | 0.34 | 0.56

G 4 51+15| >100 | >100 | 25+3 | >100 | 196 | - - 4,00
11i >100 | >100 |80+25| 95+7 | >100 - - 1.25 | 1.05
11t 59+13|80+29| >100 | >100 | >100 |1.69]|1.25 - -

H 49 20+16(74+29| 38+3 |53+05 13+5 |6.50|0.18 | 034 | 245
119 >100 | >100 |66+35| >100 | >100 - - 1.52 -
11r 22+6 [90+14|72+21| >100 | 62+17 | 282 |0.69 | 0.86 -

I 4j 32+5 | 38+6 | 52+4 | 28+2 | 33+9 |1.03/087| 0.63 | 1.18
11j >100 | >100 | >100 | >100 | >100 - - - -
11u 89+15| >100 | >100 | 74+6 | =100 |1l12| - - 1.35

J 4k 18+2 | >100 | >100 |4.0+0.2] >100 |556| - - 25.00
11k 91+13| >100 | >100 [64+26| >100 |110| - - 1.56
11v >100 | >100 | >100 | >100 | >100 - - - -

Table 23: Inhibitory effects of benzothiazole derivatives on the proliferation of CEM,

HelLa, Mia Paca-2 and SK-Mel 5
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V1.2.2.6. Benzothiazole derivatives block hERG potassium channels expressed in
HEK?293 cells

In order to have an idea of the mechanism of compounds presenting a good
antiproliferative profile, we studied the effect of these derivatives on the modulation of
human ether-a-go-go related gene (hERG) current. hERG is a gene that codes for a protein
highly selective for potassium channel. These protein channels are widely expressed,
mainly in the cardiac tissues, neuronal tissues, brain, adrenal gland, thymus, retina and and
some cancer cells [145]. Indeed, the ion channels are transmembrane proteins that regulate
the flow of ions through biological membranes. In particular, potassium channels represent
the most diverse group of ion channels and play an important role in several functions such
as muscle excitation, regulation of blood pressure, proliferation of several types of cancer,
such as prostate, colon, and glioma [146]. It has been shown that, hERG potassium
channels are overexpressed in many types of human cancers as well as in primary human
cancers [147]. In addition, it was shown that over-expression of hERG channels in HEK-
293 cells greatly increased the proliferation, tumor cell invasion and metastasis. The
blockade or inhibition of hERG in these cells induced both antiproliferative and
antimigratory effects [148].Therefore hERG channels reduce proliferation and impair
invasiveness in a variety of cancer cell types. Seen those mentioned above, the interest in
the study of hERG channels has increased exponentially, mainly because of its
involvement in many cellular events such as repolarization and proliferation of cells.
Therefore, given their multifunction, these channels are potential therapeutic targets for
cancer treatment by application of hERG channel blocking.

One of precise method for determination of the compounds' potencies in K* channel
inhibition is patch-clamp electrophysiology. QPatch automated patch clamp system was
used to evaluate the blockade of hERG potassium channels expressed in HEK293 cells.
Three different concentrations (0.1, 1 and 10 uM) of benzothiazole derivatives were tested
and recapitulated in Table 24. E-4031 (methanesulfonanilide class 11l antiarrhythmic
agent) is the reference compound for this assay. The percent inhibition of the peak tail
current was measured, the concentration of drugs needed to yield a 50% blockade of the
hERG current (ICsp) was obtained by fitting the data to a Hill equation (Equation 8).

49 reduced hERG to 60.32+ 2.43 % withplCseequal to 5.32(1Cso= 4.79 uM) while 4e, 11c,
4k and 11d had an inhibition less than 50%. In comparison with the reference compound,

49 is a potential candidate for blocking hERG potassium channels.
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Compound plCso % inhibition
4e <5 12.09 + 5.05
49 5.32+£0.04 60.32 +2.43
4k <5 41.17 £2.94
11c <5 20.73+1.79
11d <5 8.07 £4.08
E-4031 7.55+0.08 96.32+£ 0.9

Table 24: Inhibition of hERG channels by benzothiazole derivatives

V1.3. Imidazopyrimidinederivatives

Imidazopyrimidine (Purine) derivatives and analogues possess a wide variety of biological
properties such as antitumor, antitubercular, antifungal and antiviral activities [149]. For
this reason, (di)substituted purine derivatives were synthesized in order to explore the
possibility of their multi-target approach

V1.3.1. Chemistry

Like several heterocyclic compounds, the new class of purine compounds was synthesized
through free solvent reaction and the principle is based on the melting point’s difference.
In one step we directly obtained the expected compounds. Condensation reaction of 6-
hydroxy-4,5-diaminopyrimidine hemisulfate (12) or 4,5-diaminopyrimidine (13) with the
corresponding mono and poly-benzaldehyde by heating under free solvent condition gave
products 14a-m (Schema 21). These products were purified by crystallization using

appropriate solvents.
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Scheme 21:Synthesis of compounds 14a-m.Reagents and conditions: (a) Heat, free
solvent, free catalyst.

V1.3.2. Biological Evaluation

V1.3.2.1.Photoprotection activity of purine derivatives

Purines derivatives were evaluated for their photoprotective activity using in vitro method
described in paragraph V.1.2.1. SPF, UVA-PF, Ac andthe UVA/UVB ratio are shown in
Table 25.The electronic transition responsible for the absorption spectra of substituted
purines, depends on the HOMO-LUMO energy gap since substituted imidazopyrimidines
are characterized by n-n* and n- ©*; these transitions are centred generally in the UV
region between 220 and 300 nm. The presence of different substituents may cause a red
shift or a blue shift in the transition and may generate novel bands. The appearance of
novel fine structures reflects both the possibility that the system will assume new
conformations, whether electronic transitions take place between the different vibrational
energy levels possible for each electronic state.

The presence of aromatic group gives a bathochromic effect for all the components
proposed and novel transitions appear as consequence of a highly conjugated system.

The -H group in position 6 of imidazopyrimidine ring has a major influence in the band-
shift: comparing 14e and 141, the spectrum presents a red-shift of the transition and higher
energy transition disappears; while 14g and 14m, the two higher energy transitions of 14g

disappear, but on the contrary the transition band at lower energy has a blue-shift in 14m.
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Also the position of the functional group in the phenyl ring influences the number and the
wavelength of the bands. Comparing 14b, 14c and 14d, the ortho and para substitutions
have a higher resonance effect respect to the meta position. The same behavior is
registered for 14gand 14h. The mesomeric effect reflects on a red-shift of the transition
and a finest structure of bands. The combination of the inductive effect of several -OH
groups on the molecule gives a red-shift that indicates a lower energy level of the ground
state and novel conformation seem to be possible as reason of the appearance of novel
bands on the spectrum.

Comparing 14d and 14k, the major influence on the wavelength and the structure of the
band depends on the substituent in position 6 of imidazopyrimidine ring (Figure 24). The
contribution given in the inductive and mesomeric effect makes this position crucial in the

definition of the energy asset of the entire molecules.

14g

Aba

o, 00

290,00 3=0,00 400,00
mm

Figure 24: Spectral data of imidazopyrimidine derivatives

SPF value of 14b, 141 and 14k characterized by the presence of orto or para-OH of the
phenyl ring are higher than lead compound (PBSA). Any other changes are inadequate for

filtering activity. The UV-filtering activities for compounds 14k and 14l are remarkable as
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compared to the others. This demonstrates that substitution of a phenyl sulfonic acid by a
pyrimidine is compatible and even improves UV filtering capabilities as compared to the
model PBSA. Interestingly, compound 14d had a lower value in comparison with 14e
(methoxy-substitution at the 8-phenyl ring), indicating that the para-methoxy is better as
compared with hydroxyl. Compounds 14j and 14m having two -OH in position 3,5 and
2,5, respectively of phenyl ring, had a lower value of SPF. However, compounds 14b and
14i had the same value of protection in spite of the presence of respectively para-OH and
meta-OCHza/para-OH on their aromatic group. But compound 14h was less active than 14i.
Compounds 14h, 14g and 14j featured two -OH on the aromatic moiety, on different
position, and also a 6-OH on the purine ring and their activity order was 14g, 14j and 14h.
In this case we may advance the hypothesis that, having an OH group at position 6
increases the compound’s activity.

In conclusion, compounds endowed with the best SPF (14k and 14l) were those
unsubstituted at the pyrimidine ring and featured by a methoxy or hydroxyl moiety in
para-position. Any other modification decreased activity.

Another parameter important for determining the broad spectrum of the UV-filter is the
critical wavelength Ac, According to the classification shown in paragraph V.1.2.1,
compoundsl4d, 14g, 14m and 14j were rated as ‘4’ while compounds 14e, 14b, 14k, 14h,
14i and 14l were rated as ‘2’ and compoundl4c was rated as “1’. Therefore, the sole
interesting compounds were 14d, 14g, 14j and 14m.

Finally, The UVA-PF values of all synthesized compounds were greater than the UVA-PF
value of PBSA.

Taken together, these compounds were designed using PBSA as model
compound.Compounds14d, 14g, 14j and 14m could be defined as the best candidates for
the development of broad-spectrum sunscreens although less efficient for UVA protection.
However, considering only UVB absorbance 14k and 141 were really good candidates for
further studies. Thus, the possible use strongly depends on the final application, only UVB
or a wider range. An interesting final consideration is that the lack of the -OH group at the

purine ring strongly increases UVB protection but reduces UVA filtering capabilities.
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Compound SPF UVAPF UVA/UVB Ae (nm)
PBSA 3.10+ 0.09 1.03+£ 0.08 0.29 322
14b 3.17+£ 0.02 1.24+0.02 0.62 340
14c 1.69+ 0.08 1.04+0.05 0.65 332
14d 1.45+ 0.01 1.33£0.05 0.95 381
14e 2.73+0.12 1.09+ 0.09 0.42 337
149 2.19+ 0.03 1.93+0.12 1.01 371
14h 1.77+£0.15 110+ 0.17 0.72 340
14i 2.55+0.17 1.16+0.01 0.54 349
14j 1.81+0.13 1.67+0.03 1.02 371
14k 8.63+ 1.3 1.25+0.11 0.18 335
141 6.61+ 0.07 1.40+ 0.06 0.30 345
14m 1.71+0.14 1.46+0.13 0.88 384

Table 25: Filtering activity purine derivatives

V1.3.2.2. Antioxidant activity

All the synthesized purines were evaluated for their in vitro antioxidant activity by DPPH
and FRAP assays (paragraph V.1.2.2). The results are expressed respectively in ICso value
(ug/mL) and umolT/g, and summarized in Table 26. Antioxidant activity varies with
substitution of the number and the position of the -OH on the phenyl ring. The hydroxyl
group in position 6 of the purine ring is very important: when not present the activity
considerably decreases. Compounds with two hydroxyl groups on the phenyl ring and a
hydroxyl in position 6 of the imidazopyrimidine ring(14g, 14h, 14e) showed the highest
potency in the DPPH assay and the best result is obtained with14h, while compounds with
only one -OH on the phenyl ring were moderately potent (14b, 14c, 14d). In agreement
with these results we could confirm that the feature responsible of the increase in
antioxidant activity is the presence of an additional -OH group on the phenyl ring. Of
interest, when the OH-group of the phenyl ring of 14d is substituted by a methoxy
(compound 14e) activity increased but, however, when the same replacement is applied at
position 4 the activity decreased (i.e. 14h vs 14i). This is difficult to explain but certainly
related to the presence of the OH-group in the para-position. The poor antioxidant capacity
of 14k, 14i, 141 confirms the importance of the OH-group in position 6 of the
imidazopyrimidine ring. The mono phenolic compounds 14b, 14d have the -OH at the
ortho and para-position and are more active. The para position is favored because the
ortho -OH moiety can establish a hydrogen bond between the nitrogen of the purine ring
and the -OH phenyl ring. This hypothesis is confirmed by the result obtained with 14g,
14h.In both DPPH and FRAP assays, compounds with methoxy moieties in the para
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position of the phenyl ring (compound 14e) give better results, comparable to that of
molecules with a hydroxyl at the same position (compound 14d). Considering FRAP assay,
the molecule with a better antioxidant profile is 14h,bearing two hydroxyl groups in
positions 3 and 4 of the phenyl ring, then followed by 14g and 14e.

Compound DPPH FRAP
IC50 (ng/ml) umolT/g
14b 83.42+£3.09 |520.01+8.74
14c 154.07 £ 2.54 | 363.45 + 0.53
14d 46.90 + 0.23 | 2680.00 + 0.96
14e 24.09£0.98 | 3537.078 £1.52
149 8.59 + 0.67 3810.10 £ 0.38
14h 15.60 £ 0.30 | 7557.50 + 0.69
14i 98.16 £ 1.64 | 2002.46 + 0.84
14 N.D.[ N.D.1
14k 63.88 £ 2.31 |384.11+455
141 775.12 +8.48 | 45.99 £ 2.22
14m 133.11 +£4.01 | 479.92 £ 0.38

[l not detected

Table 26: Antioxidant activity of the compounds. Each value was obtained from three
different experiments (mean + SE).

V1.3.2.3. Antifungal activity

Synthesized compounds were investigated for their antifungal activities against six
dermatophytes responsible for the most common dermatomycoses: Microsporum gypseum,
Arthroderma cajetani, Trichophyton mentagrophytes, Epidermophyton floccosum,
Trichophyton tonsurans and Microsporum canis. Inhibition of the dermatophytes was
evaluated daily by measuring the colony diameter at each disk (Table 27). All the tested
compounds showed inhibitory activities toward the six species of fungi. Compounds 14c
and 14d at the concentration of 100 pg/mL were active against A. cajetani, T.
mentagrophytes and M. canis. Compound 141 at 100 pg/ml displayed moderate activity
against T. mentagrophytes, T. tonsurans and M. canis. Compounds 14m and 14i showed
activity against E. floccosum.

Compound concentrations should deserve special attention because of the poor solubility
in the medium for many of the compounds. Indeed 14b, 14d, 14e, 149, 14h, 14j and 14m
at a concentration of 100 pg/ml plunged into the plates, therefore only the next lower

concentration could be taken into consideration.
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Entry [1 M. A T. E. T. M.
pg/mL gypseum cajetani mentagrophytes| floccosum tonsurans canis
14b 20 1.69+0.01 6.67+ 0.36 + 2.63+0.02 + +
100 5.08+0.18 0.74+0.03 + 5.26+0.34 14.71+£ 0.01 +
14c 20 + 12.10+0.20 7.33+0.11 0.00+0.17 + 1.26+0.11
100 2.65+0.09 16.94+ 1.31 28.00+ 1.56 2.86+ 0.55 0.00+0.39 11.32+ 0.53
144 20 1.71+0.02 4,92+ 0.34 1.69+ 0.01 + + 6.86+ 0.26
100 427+ 0.11 21.31£0.99 23.73£0.08 + 2.82+0.06 18.29+ 0.49
20 5.71£0.29 + + + 8.70+ 1.55 10.57+0.15
14e 100 12.4+0.33 + 2.08+0.16 + 17.39+ 2.56 17.07+ 1.80
20 + + + + + 1.72+ 0.05
149 100 2.20+£0.18 + 0.73£0.01 + 7.94+ 1.62 6.03+ 0.02
14h 20 2.65+0.14 2.88+ 0.54 + + 6.33+ 1.45 2.5+ 0.08
100 6.19+ 0.26 5.04+0.37 + + 12.66+ 2.05 3.75+£0.34
i 20 4.35+ 0.36 9.78+ 1.45 0.97+0.05 15.22+ 1.09 + 2.48+0.18
100 7.61+0.04 13.04+ 1.86 1.94+ 0.04 19.57+ 0.06 9.76+ 0.41 4.13+0.60
. 20 + 8.24+ 0.45 + 14.52+ 1.61 + +
14) 100 0.00+ 0.45 15.29+ 2.45 551+ 1.23 16.29+ 1.33 3.51+0.09 2.21+£0.06
14K 20 4,63+ 0.17 7.81+0.23 3.65+ 1.58 + + +
100 6.48+ 0.27 7.81+1.26 + + 2.70+0.02 +
20 4.67+0.41 + 3.51+0.04 0.00+0.23 5.26+ 1.01 2.19+0.11
14l 100 |16.82+0.15 + 24.56+ 0.89 4.55+ 1.67 15.79+ 1.22 22.63+0.18
14m 20 0.00+0.19 + + 0.00+0.03 10.00+ 0.34 +
100 4,30+ 0.65 + + 23.91+1.98 17.50+ 3.05 4.42+1.05

+ the compound stimulates the growth of the fungus
[ ] concentration

Table 27: Percent growth inhibition of dermatophytes treated with the substituted purine
derivativesat 20 or 100 ug/mL. Each value is the mean of three measurements.

V1.3.2.4. Antiproliferative activity

Antiproliferative activity was determined for five cancerous cell lines: murine leukemia
(L1210), human CD4* T-lymphoma (CEM), human cervix carcinoma (HelLa), human
pancreatic (Mia Paca-2) and human endothelial (HMEC-1) cells (Table 28). Compound
14e displayed good activity against all the assayed cell lines, in particular L1210, CEM and
Mia Paca-2. Thus, -OCH3 in para position of the phenyl group seems important for the
antiproliferative activity. Compounds 14g, 14h, 14i, 14k and 14l showed slight inhibitory
activity on HMEC-1. However, compoundl14h is also active against L1210. Compound
14m showed a lower activity against all the assayed cell lines, likely due to the lack of —
OH in position 6 of imidazopyrimine ring. None of the compounds were cytotoxic against

primary human embryonic lung fibroblast cell cultures (Table 28).
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1Cs0?(UM) MICP(uM)
Compound | L1210 CEM Hela Mia-Paca- | HMEC-1 HEL
2

14b 148 +0 112 +1 240 £ 13 126 + 6 142 + 78 > 100
1l4c > 250 176 + 20 > 250 > 250 > 250 > 100
14d 194 + 80 118 +4 > 250 135+6 108 + 2 > 100
14e 30+11 23+6 580 34 +29 55+31 100

149 155+108 |>250 > 250 > 250 92 +13 > 100
14h 18+5 106 + 2 192 + 82 106 £ 5 38 +28 > 100
14i 143 £ 17 152 + 48 > 250 177 + 43 92+10 > 100
14j > 250 > 250 > 250 184 + 94 119 + 23 > 100
14k 214 + 50 214 + 50 193 + 13 160 + 47 45+ 6 > 100
141 185 + 47 109 + 24 156 + 2 132+ 11 93+19 > 100
14m > 250 > 250 > 250 > 250 > 250 > 100

250% Inhibitory concentration or compound concentration required to inhibit cell proliferation by 50%. Five-

fold dilutions of the test compounds starting with 250 uM as highest concentration were tested.

® Minimal inhibitory concentration or compound concentration required to cause a microscopically visible
alteration of human embryonic lung fibroblast (HEL) cell morphology.

Table 28: Inhibitory effects of substituted purine derivatives on the proliferation of L1210,

CEM, HelLa, Mia Paca-2 and HMEC-1 cells
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VII: Stability studies

Stability of all synthesized compounds (benzimidazole, benzothiazole and
imidazopyrimidine) was studied in DMSO, MeOH and/or H,O at a concentration of
0.0015% by HPLC. Study conditions included room temperature and accelerated aging at
40°C. Benzimidazole derivatives and 2-arylbenzothiazoles were studied in MeOH while
2,6-disubstitutedbenzothiazoles were studied in DMSO and H2O. Imidazopyrimidine were
studied in DMSO.

All compounds showed good stability, either in DMSO, MeOH and/or H>O with the
exception of the compound 11f, which in one month showed a degradation of 50% (data
not shown). However, the compounds stored at room temperature are more stable than

those stored in the oven at 40 ° C.
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VIIIl. Conclusion

Compound libraries were carried out using PBSA as lead compound. Since isosteric
modification is the main strategy used in Medicinal Chemistry for development of
innovation drug from commercial drug, we have exploited it in order to design desiderate
compounds. In fact, classical and non-classical isosteres modifications were applied on
PBSA to obtain benzimidazole, benzothiazole and imidazopyrimidine derivatives.

Nine benzimidazole derivatives were obtained by isosteric replacement of phenyl present
in position 2 of PBSA with 5-membered ring (furan, thiophene and pyrrole) and
replacement of -SO3H by -COOH and -H. These novel series of compounds were
synthesized through the condensation reaction between diamine and aldehyde derivatives
in the presence of sodium bisulfite as catalyst. All compounds were obtained in good yield
and their structures were characterized by the IR and UV spectroscopy, *H and **C NMR
and mass spectroscopy. According to the design of multifunctional compounds and the
biological activities of benzimidazole derivatives described in the literature, synthesized
benzimidazoles were evaluated for their antioxidant, UV-filter, antifungal and
antiproliferative activities.

Regarding the antifungal activity, compounds DE31, DE35 and DE37 exhibited good
antifungal activity against M. gypseum, M. canis,T. mentagrophytes, T. tonsurans and E.
floccosum with 1Cso values in the range of 0.97— 3.80 pug/mL. Nevertheless, compound DE
35 showed the best activitywithlCso range of 0.97-1.53 pg/mL. This compound is
characterized by the presence of pyrrole in position 2 of the benzimidazole ring and devoid
functional group in position 5. In addition, compounds DE 38 and DE 40 exhibited good
activity against Candida albicans with MIC = 16 pg/mL.

Considering UV-filtering capacity, compounds DE 31, DE 35 and DE 37 showed good
UVB-filter compared to PBSA, and the best photoprotective compound was DE 37 bearing
furan in position 2 of the benzimidazole ring and without substitution in position 6.
However, all synthesized compounds had Ac < 370 nm, therefore none of these compounds
has demonstrated a broad spectrum profile.

As regards antioxidant activity, compounds DE 35 and DE 37 showed good antioxidant
activity; however according to DPPH test only DE 35 endowed antioxidant activity, which
could be due to the fact that the pyrrole group has a hydrogen donor which confers on the
molecule the ability to trap the DPPH radical. According to FRAP test, both DE 35 and
DE 37 had good antioxidant activity and the best had DE 37.
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Finally, regarding the antiproliferative activity, compounds DE35 displayed good activity
against SK-Mel 5 (human melanoma cells) with 1Cso = 9.7 pM.

Taken together all performed biological test, the best multifunctional molecule wasDE 35,
which well showed a wide range as UV-filter, antioxidant, antifungal and antiproliferative
activities. Compound DE 37 also displayed good UV-filter, antioxidant and antifungal
activities. Therefore, this series of benzimidazoles has a very interesting biological
activity; they could be useful for developing novel multifunctional molecules for the
treatment of multifactorial diseases. Compound DE 35 is a potential candidate in the

development of drugs in case of cutaneous neoplastic diseases, in particular melanoma.

Thirthy benzothiazole derivatives were carried out by an isosteric modification of the
benzoimidazole nucleus (PBSA) with the benzothiazole nucleus, replacement of phenyl
ring with (poly)phenol and substitution of -SOsH with -SO.NH,,-COOH and -H.
Compounds were synthesized via the condensation reaction between 2-aminothiophenols
and benzaldehyde derivatives using sodium hydrosulfite and obtained compounds were
investigated for in vitro UV-filter capacity, antioxidant,antifungal and antiproliferative
activities.

Regarding UV-filter capacity,compounds 4g, 4h, 4k, 11d, 11g, 110 and 11r could be
considered as broad-spectrum and UVA-filtercompounds since their Ac > 370 nm and the
UVA-PF value of each compound was greater than 1/3 of its SPF value. Compounds 4d
and 4j were the potential candidates for UVB protection.

According to antifungal activity, compound 4h showed the highest activity against all five
dermatophytes, in particular against Microsporum gypseum, Trichophyton tonsurans and
Epidermophyton floccosum with range 1Cso0f 11.63 - 43.31ug/mL. This compound is more
active against E. floccosum with 1Cso= 11.63 pg/mL. Significant activity was also observed
for compounds 4f and 4g against Microsporum gypseum and Epidermophyton floccosum.
Moreover compounds 4f and 4k were more effective against candida albicans with MIC =
4 and 8ug/mL respectively.

Molecules with good antioxidant profile were compounds of classes F and H,
characterized respectively by the presence of two hydroxyl groups in positions 3,4 and 2,5-
of the phenyl ring. The best was compound 4g according to DPPH test, whereas according
to FRAP, the best was 11h.

With regard to the antiproliferative activity, compounds 4g and 4k are the best candidates
since they exhibited against both CEM and SK-Mel 5 tumor cells line. While compounds

4e, 11n and 110 were respectively 15, 18 and 5 fold more selective toward Mia-Paca-2
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cells. Furthermore, since hERG potassium channels are over-expressed in many types of
human tumors and significantly increasing proliferation, tumor cell invasion and
metastasis, they are potential therapeutic targets for cancer treatment. This therapy can be
performed using hERG channel blockers. In this work, the QPatch essay with automated
patch clamp system was used to evaluate the blockade of hERG potassium channels
expressed in HEK293 cells. 4g reduced hERG channels to 60.32% with plCso equal to
5.32(1Cs0= 4.79 uM), therefore it could be a potential candidate for blocking hERG
potassium channels.

Considering the biological tests evaluated, compound 4g and 4k could be potential
candidates for the design of multifunctional drugs by virtue of their diverse biological
activities. In addition, benzothiazole derivatives might have possible application as drugs
for the treatment of neoplastic diseases such as childhood leukemia, pancreatic cancer and

melanoma.

Thirteen imidazopyrimidine derivatives were obtained through isosteric modification of
benzene (benzimidazole ring of PBSA) with pyrimidine and replacement of phenyl ring
with (poly)phenol. Desiderate compounds were synthesized via condensation reaction of 6-
hydroxy-4,5-diaminopyrimidine  hemisulfate or 4,5-diaminopyrimidine  with  the
corresponding benzaldehydes under free solvent and free catalyst. According to the results
of in vitro photoprotection, compounds 14g, 14j and 14m could be defined as the best
candidates since they provided a broad spectrum profile. However 14k and 141 showed
good protection against UVB.

Regarding antioxidant activity, Compounds 14e, 14g, 14d and 14h showed good
antioxidant activity. The particularity of these compounds is the presence of electron or
hydrogen donor group (-OCHs, -OH) in position orto or paraof the phenyl ring.
Interestingly, compound 14e with —OCHs in the para position of the phenyl ring gave
better results comparable to 14d bearing-OH at the same position.

In terms of antifungal activity, compounds 14c and 14d at the concentration of 100 pg/mL
were slight active against A. cajetani, T. mentagrophytes and M. canis, while compound
141 at 100 pg/mL displayed moderate activity against T. mentagrophytes, T. tonsurans and
M. canis. Finally, compounds 14m and 14i showed slight activity against E. floccosum.

As regardsantiproliferative activities, Compound 14e displayed activity against all the
assayed cell lines, in particular L1210, CEM and Mia-Pa-2 cells line. Thus, -OCHj3 in para
position of the phenyl group seems important for the antiproliferative activity. However,
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compound 14h exhibited good active against L1210 and HMEC-1 and compounds 14g,
14i, 14k and 14l showed slightinhibitoryactivity onHMEC-1.
Taken together all biological tests, the best multifunctional molecule was 14g, which well

performed as wide range UV filter, antioxidant and antiproliferative activity.

In summary, isosteric modifications in PBSA have led to benzimidazole, benzothiazole
and purine derivatives with important biological tests. They are promising candidates in
the development of UV radiation-protective molecules in case of skin cancer such as
melanoma or in the development of prescription drugs in cases of childhood cancer and
pancreatic cancer. Therefore, these classes of compounds can have both cosmetic and
pharmaceutical applications. To confirm this proposal, studies will be carried out to verify

the safety, the pharmacodynamic and pharmacokinetic profile.
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IX. Experimentalsection

IX.1. General information

Reagents and solvents were purchased from Sigma-Aldrich and Carlo Erba Reagenti
(Italia) and without further purification. Analytical TLC was performed on silica gel plates
(Macherey-Nagel Poligram SIL G/UV254 0.20 mm) and visualized by exposure to
ultraviolet light (254 nm) and /or used 1% solution of KMnQO4. Column chromatography
was performed using silica gel Macherey-Nagel 60M 230400 mesh. *H-NMR and *3C-
NMR were registered on VXR-200 Varian spectrometer and Mercury Plus- at room
temperature. Chemical shifts are measured with respect to tetramethylsilane and relative to
residual solvent peaks as an internal standard set to D>O and (CD3)2SO and are expressed
in parts per million (ppm). The following abbreviations are used to indicate signal
multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), brs (broad singlet)
and dd (doublet of doublets). Molecular weights of the compounds were determined by
ESI (Micromass ZMD 2000), and the values are expressed as [MH]". UV
spectrophotometric analyses were carried out on a UV-VIS spectrophotometer (Shimadzu
UV-2600) or on a Life Science UV/VIS spectrophotometer (Beckman Coulter™,
DU®530, Single Cell Module). Stability of compounds was determined by HPLC analysis
performed using an Agilent 1100 Series HPLC System equipped with a G1315A DAD,
autosampler and with a Phenomenex Synergi Hydro-RP C18 80A column (4.6 x 150 mm,
4 um).

IX.2. Synthetic Procedures

IX.2.1. Synthesis of Benzymidazole derivatives

3,4-Diamino-benzenesulfonic acid, sulfate salt (I)

To 0.5 g (4.62 mmoles) of o-phenylenediamine were added 3 mL of 96% sulfuric acid at 0
° C under stirring, then the solution was refluxed for 24 hours. The reaction mixture was
cooled and then cold water was added to obtain a precipitate. The mixture was filtered and
washed with methanol to obtain 0.62 g of white powder, 46% yield

'H NMR (400MHz, DMSO-d6): &(ppm) 6.80 (5,1H),6.60(d, 1H),6.54(t, 1H). *C-NMR
(400MHz, DMSO-d6): 140.03, 138.39, 135.04, 118.22, 117.0L.ESI-M [M+H]":
calcdforCeH10N207S;, 2885.99; found286.27.
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General method for the synthesis of benzimidazole derivatives

Synthesis of 2-substitutedbenzimidazoles

To a solution mixture of 3 mmol of land 4 mmol of aldehyde in ethanol (3ml), 6 mmol of
sodium bisulfite were added under stirring. The reaction mixture was heated at 80°C under
reflux for 24 hours. The solvent was then evaporated under vacuo and the solid was treated
with HCI 2N. The suspension was filtered and the solid was washed with ethanol to afford
desired product.

2-(thiophen-2-yl)benzimidazole (DE 31):yield 72%; yellow solid; m.p. > 250°C.*HNMR
(400MHz, DMSO-d6): & (ppm) 7.98-7.72 (d, 4H), 7.24 (t, 2H), 7.00(t, 1H). *C-NMR
(400MHz, DMSO-d6): 145.33, 142.71, 140.11, 139.67, 128.07, 127.23, 126.61, 122.00,
114,25. ESI-M [M+H]": calcdforC1:HsN2S, 200.04; found 200.11.

2-(1H-pyrrol-2-yl)benzimidazole (DE 35):yield 55%; yellow solid; m.p. > 250°C.
'HNMR (400MHz, DMSO-d6): & (ppm) 7.84 (d, 2H), 7.47 (t, 2H),7.01 (d, 1H), 6.65 (d,
1H), 6.33(t, 1H). 3C-NMR (400MHz, DMSO-d6): 154.34, 134.04, 120.89, 119.30,
113.45, 110.11, 105.86.ESI-M [M+H]": calcdforC1:HgN3, 183.08; found 183.12.

2-(furan-2-yl)benzimidazole (DE 37):yield 60%; yellow solid; m.p. > 250°C. *HNMR
(400MHz, DMSO-d6): 6 (ppm) 8.10-7.90 (d, 3H), 7.19 (t, 2H), 7.09 (d, 1H), 6.70 (t, 1H).
13C-NMR (400MHz, DMSO-d6): 154.04, 141.45, 140.76, 139.11, 123.45, 115.09, 112.86,
107.23. ESI-M [M+H]": calcdforC11HsN-0, 184.06; found 184.21.

Synthesis of 2-substitutedbenzimidazole-5-carboxylicacids

To a solution mixture of 3 mmol of Il and 4 mmol of aldehyde in ethanol (3ml), 6 mmol of
sodium bisulfite were added under stirring. The reaction mixture was heated at 80°C under
reflux for 24 hours. The solvent was then evaporated under vacuo and the solid was treated
with HCI 2N. The suspension was filtered and the solid was washed with ethanol to afford

desired product.

2-(1H-pyrrol-2-yl)benzimidazole -5-carboxylicacid (DE 36): yield51%; yellow solid;
m.p. > 250°C. 'H NMR (400MHz, DMSO-d6): 8(ppm) 11.23 (br, COOH),8.14(s, 1H),8.00
(dd, 1H), 7.80 (d, 1H), 6.77(d, 1H), 6.50 (d, 1H), 6.43 (t, 1H). *C-NMR (400MHz,
DMSO-d6): 166.00, 155.68, 146.91, 138.56, 128.87, 126.88, 120.55, 116.31, 111.75,

107.70. ESI-M [M+H]*: calcdforCi2HsN3O2, 227.07; found 227.32.
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2-(furan-2-yl)benzimidazole -5-carboxylicacid (DE 38): yield49%; yellow solid; m.p. >
250°C.'HNMR (400MHz, DMSO-d6): & (ppm) 11.19 (br, COOH), 8.30 (s, 1H), 8.16 (d,
1H), 8.06 (dd, 1H), 7.89 (d, 1H), 7.76 (d, 1H), 6.50 (t, 1H). *C-NMR (400MHz, DMSO-
d6): 166.73, 154.02, 145.55, 142.03, 139.40, 138.00, 126.62, 120.13, 115.74, 113.11,
106.85. ESI-M [M+H]": calcdforCi12HsN20s, 228.05; found 228.14.

2-(thiophen-2-yl)benzimidazole -5-carboxylicacid (DE 40): yield 69%; yellow solid;
m.p. > 250°C. *HNMR (400MHz, DMSO-d6): & (ppm) 11.26 (br, COOH), 8.25 (s, 1H),
8.02 (dd, 1H), 7.82 (d, 1H), 7.75(d, 1H), 7.50 (d, 1H), 7.01 (t, 1H). **C-NMR (400MHz,
DMSO-d6): 166.07, 146.76, 141.86, 138.62, 129.11, 118.65, 114.04, 113.29. ESI-M
[M+H]": calcdforC12HsN202S2, 244.03; found 244.26.

Synthesis of 2-substitutedbenzimidazole-5-sulfonic acid

To a solution mixture of 3 mmol of 1V and 4 mmol of aldehyde in ethanol (3ml), 6 mmol
of sodium bisulfite were added under stirring. The reaction mixture was heated at 80°C
under reflux for 24 hours. The solvent was then evaporated under vacuo and the solid was
treated with HCI 2N. The suspension was filtered and the solid was washed with ethanol to

afford desired product.

2-(1H-pyrrol-2-yl)benzimidazole -5-sulfonic acid (DE 64): yield 56%; Yellow solid;
m.p. > 250°C. 'HNMR (400MHz, DMSO-d6): § (ppm) 8.99 (s, 1H), 7.79 (m, 2H), 6.80 (d,
1H), 6.55 (d, 1H), 6.10 (t, 1H). 3 C-NMR (400MHz, DMSO-d6): 154.33, 140.51, 138.71,
121.65, 117.82, 111.80, 106.02. ESI-M [M+H]": calcdforCi1H9N3sO3S, 263.04; found
263.17.

2-(thiophen-2-yl)benzimidazole -5-sulfonic acid (DE 66): yield 69%; yellow solid; m.p.
> 250°C. 'HNMR (400MHz, DMSO-d6): & (ppm) 8.00 (s, 1H), 7.80 (d, 1H), 7.60 (d, 1H),
7.50 (d, 2H),7.20 (t, 1H). ¥*C-NMR (400MHz, DMSO-d6): 145.45, 143.42, 141.67,
140.39, 128.00, 121.88, 116.43, 113.09. ESI-M [M+H]": calcdforCi1HsN204S>, 280.00;
found 280.18.

2-(furan-2-yl)benzimidazole -5-sulfonic acid (DE 68): yield 40%; yellow solid; m.p. >
250°C. 'HNMR (400MHz, DMSO-d6): § (ppm) 8.14-8.00 (m, 2H), 7.55 (m, 2H), 7.11 (d,
1H), 6.60 (t, 1H). ®C-NMR (400MHz, DMSO-d6): 154.01, 145.69, 142.54, 140.63,
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138.48, 121.00, 117.19, 111.89, 106.09. ESI-M [M+H]": calcd for C11HsN204S, 264.02;
found 264.22.

1X.2.2. Synthesis of Benzothiazole derivatives

General Method for the Synthesis of 2-arylbenzothiazoles unsubstituted on the
benzothiazole ring

To a solution of 2-aminothiophenol (3.2 mmol) and aldehyde (3.2 mmol) in ethanol
(3.5mL) at room temperature was added solution of sodium hydrosulfite (2 eg. in 3 mL
H>0). The mixture was heated at reflux for 12 h. After cooling to room temperature, the
solution was concentrated in vacuo. The residue was treated with HCI 2N and filtered to

obtain the crude solid, which was recrystallized from appropriate solvent.

2-phenylbenzothiazole (4a): yield 60%; white solid; mp 98-99°C. IR (KBr) cm™:
3446.68, 1589.75, 1474.34, 1316.39, 1217.18, 756.85. *H NMR (400MHz, DMSO-d6):
3(ppm) 8.10-8.01 (dd,2H),7.98 (dd, 2H), 7.56 (t, 2H), 7.42 (m, 2H), 7.33(t, 1H). *C-NMR
(400MHz, DMSO-d6): 169.45, 154.4, 143.65, 133.32, 131.87, 130.32, 129.00, 126.76,
124.54, 123.67 and 120.09.ESI-M [M+H]": calcd for C13H9NS, 211.05; found 211.20.

2-(2-hydroxyphenyl)benzothiazole (4b): yield 80%; yellow solid; mp 125-126.4 °C.

IR (KBr) cm™: 3000.52, 1589.13, 1479.79, 1315.15, 1214.40, 724.70. *H NMR (400MHz,
DMSO-d6): é(ppm) 11.65(1H br OH), 8.21-8.18 (2H,m), 8.07 (1H,d), 7.58-7.39 (3H, m),
7.15-7.01 (2H, m). ESI-MS [M+H]": calcd for C13HgNOS, 228.04; found 228.17.

2-(3-hydroxyphenyl)benzothiazole (4c): yield 71%; yellow solid; mp 158-159 °C. IR
(KBr) cm™: 3251.25, 1597.99, 1453.57, 1317.08, 1231.33, 759.01.!H NMR (400MHz,
DMSO-de): 8(ppm) 9.93(1H br OH), 8.19 (1H,d), 8.08 (1H,d), 7.60-7.39 (5H, m), 6.99
(1H, dd). ESI-MS [M+H]": calcd forC13HoNOS, 228.04; found 227.97

2-(4-hydroxyphenyl)-benzothiazole (4d): yield 78%; yellow solid; mp 224-225 °C. IR
(KBr) cm®: 3200.52, 1603.51, 1424.65, 1283.49, 754.39. 'H NMR (400MHz, DMSO-ds):
8(ppm)10.22(1H br OH), 8.08 (1H,d), 7.98 (1H,d), 7.96 (2H, dd), 7.38-7.56 (2H, m), 6.91
(2H, dd). ESI-MS [M+H]": calcd for C13HgNOS, 228,04; found 228.18.

2-(4-methoxyphenyl)-benzothiazole (4e): yield 82%; white solid; m.p. 118-119 °C. IR
(KBr) cm™: 299599, 2835.91, 1589.13, 1433.59, 1224.41, 1170.73, 751.73. *H NMR
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(400MHz, DMSO-d6): 3(ppm) 8.17- 7.98 (4H, m), 7.46-7.38 (2H,t), 7.17 (2H,dd),
3.92(3H, s). ESI-MS [M+H]*: calcd for C14H11NOS, 241.06: found 241.27.

2-(2,4-dihydroxyphenyl)-benzothiazole (4f): yield 68%; yellow solid; m.p. 212-213 °C.
IR (KBr) cm™: 3446.68, 1599.75, 1474.34, 1217.18, 756.85. *H NMR (400MHz, DMSO-
d6): é(ppm) 8.18-8.01 (2H, dd), 7.56-7.46 (3H,m), 6.42 (1H,d), 6.33(1H, s). ESI-MS
[M+H]": calcd for C13HgNO-S, 243.04; found 243.11.

2-(3,4-dihydroxyphenyl)-benzothiazole (4h):yield 70%; yellow solid; m.p. 216-217 °C.
IR (KBr) cm™: 3488.58, 2916.83, 1599.09, 1474.34, 1260.50, 754.05. *H NMR (400MHz,
DMSO-d6): &(ppm) 8.12-7.98 (2H, dd), 7.56 (2H,m), 7.41 (2H,m), 6.88(1H, d). ESI-MS
[M+H]": calcd for C13HgNO-S, 243.04; found 243.29.

2-(3-hydroxy-4-methoxyphenyl)-benzothiazole (4i):yield 65%; white solid; m.p. 184—
185°C. IR (KBr) cm™: 3252.29, 1597.41, 1474.34, 1122.71, 763.91. 'H NMR (400MHz,
DMSO-d6): & (ppm) 9.49 (1H, brs, OH), 8.08 (1H, d), 7.98 (1H, d), 7.56-7.46 (3H, m),
7.40 (1H, t), 7.01(1H, d). ESI-MS [M+H]": calcd for C14H11NO-S, 257.05; found 257.09.

2-(2,5-dihydroxyphenyl)-benzothiazole (4g): yield 58%; yellow solid; m.p. 220-221°C.
IR (KBr) cm™: 3332.79, 1579.75, 1495.95, 1197.20, 756.53. *H NMR (400MHz, DMSO-
d6): d(ppm) 8.17-8.01 (2H,dd), 7.59-7.38 (3H,m), 6.98-6.82 (2H,d). ESI-MS [M+H]":
calcd for C13HoNO:S, 243.04; found 243.14.

2-(3,5-dihydroxyphenyl)-benzothiazole (4j): yield 58%; yellow solid; m.p. 225-226°C.
IR (KBr) cm™: 3068.72, 1606.88, 1438.28, 1147.93, 755.64. *H NMR (400MHz, DMSO-
d6): 6 (ppm) 10.01-10.22(2H, br, OH), 8.05 (1H, d), 7.96 (1H, d), 7.38-7.56 (2H, m), 6.98
(2H, d), 6.29 (1H, s). ESI-MS [M+H]": calcd for C13HoNO>S, 243.04; found 243.29.

2-(2,4,5-trihydroxyphenyl)-benzothiazole (4k): yield 51%; grey solid; m.p. 225-226°C.
IR (KBr) cm™: 3068.80, 1603.17, 1437.76, 1150.33, 756.09. *H NMR (400MHz, DMSO-
d6): & (ppm) 8.10 (2H, d), 8.00 (1H, d), 7.50-7.53 (2H, m), 6.98 (1H, s), 6.29 (1H, s). ESI-
MS [M+H]": calcd for C13H9NO3S, 259.03; found 259.18.

2-aminobenzothiazole-5-carbocylic acid hydrochloride (6): to a solution of para-

aminobenzoic acid (6.85 g, 0.050 mol) and potassium thiocyanate (5.28 g, 0.054 mol) in
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methanol (25 mL), bromine (1.28 ml, 0.025 mol) was added with stirring below -5 °C
during the addition. After the addition, the mixture was left under stirring for 2 hours at the
same temperature. The precipitated was collected by filtration and washed with water. The
solid obtained was suspended in HCI 1 N (20 mL), refluxed for 2 hours and filtered hot. To
the filtrate, was added concentrated HCI (18.5 mL), and the mixture was stored in the
refrigerator to provide a white solid, which were collected by filtration and dried under
vacuum to give 9.05g as a white powder with a yield of 78%

IR (KBr) cm™: 33020.34, 1701.86, 1630.23, 1602.64. *H NMR (400MHz, DMSO-d6): &
(ppm) 8.21 (1H, d), 7.84 (1H, dd), 6.79 (1H, d). ESI-MS [M+H]": calcd for CsHsN20:S,
194.01, found 194.18.

4-amino-3-mercaptobenzoic acidhydrochloride (7): a solution of KOH (3.95 g of KOH
in 5.8 ml of H.O) was added to the 2-amino-benzothiazole-6-carboxylic acid hydrochloride
(3 g, 0.013 mol), the mixture was refluxed for 8 hours. After cooling, the solution was
filtered and to the filtrate, concentrated HCI was added dropwise at -5 ° C then, placed in
the refrigerator overnight. The precipitated solids were collected by filtration and the
product was washed with H>O and subsequently dried and purified by recrystallization in
EtOH to obtain 0.81 g (0.0039 moles) of the desired compound (7) as a white solid, with a
yield of 30%.

IR (KBr) cm™: 3361.98, 1710.65, 1592.42. *H NMR (400MHz, DMSO-d6): § (ppm) 7.8
(1H, d), 7.38(1H, dd), 6.63 (1H, d). ESI-MS [M+H]": calcd for CsH;NOS, 169.02; found
169.23.

2-aminobenzothiazole-6-sulfonamide (9): 4-amino-benzenesulfonamide (5.00g, 0.029
mol) and potassium thiocyanate (5.64g, 0.058 mol) were dissolved in glacial acetic acid
(45 mL). The mixture was stirred at room temperature for 20 minutes and then a bromine
solution (1.49 mL 0.029 mol) in glacial acetic acid (5 mL) was added with a dropping
funnel. After the addition, the mixture was kept under stirring at room temperature for 24
h. The precipitated solids were collected by filtration and obtained solid was dissolved in
H20. NH3 30% was added to the solution to bring the solution up to a pH6-9 and placed in
the refrigerator overnight. The precipitated solids were collected by filtration and the
product was washed with H>O. The white product was dried and recrystallized in EtOH to
obtain 3.01g of 9 as a white solid, with a yield of 45%. 'H NMR (400MHz, DMSO-d6): §
(ppm) & 8.23 (1H, d), 7.96 (1H, dd), 6.83 (1H, d). ESI-MS [M+H]": calcd for C7H7N302S,
229.00; found 229.09.
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bis(2-amino-4-benzenesulfonamide) disulfide (10):To the 2-amino-benzotiazole-6-
sulfonamide (3g, 0.013 mol), a KOH solution (3.95 g ofKOH in 5.8 ml of H.0) was added,
which was subsequently refluxed for 8 hours. After cooling, 35% HCI was added at -5 ° C
until PH = 8. The mixture was placed in refrigerator overnight and then filtered. The solid
product was washed with H20 and subsequently dried and recrystallized in EtOH to obtain
1.10g (0.0054 mol) of 10 as a yellow solid, with a yield of 32%. 'H NMR (400MHz,
DMSO-d6): & (ppm 7.59 (1H, d, He), 7.39(1H, m), 7.28 (2H, br), 6.75(1H, m), 6.26
(2H,br). ESI-MS [M+H]": calcd for C12H14N404S4, 405.99; found 406.45.

General method for the synthesis of 2-arylbenzothiazoles substituted on the
benzothiazole ring

To a solution of 4-amino-3-mercaptobenzoic acid (2.9 mmol) or bis(2-amino-4-
benzenesulfonamide) disulfide (5.8 mmol) and 2-hydroxybenzaldehyde in ethanol (10 mL)
at room temperature was added solution of sodium hydrosulfite (1 eg. in 5 mL HO). The
mixture was heated at reflux for 36h. After cooling to room temperature, the solution was
concentrated in vacuo. The residue was treated with HCI 2N and filtered to obtain the

crude solid, which was recrystallized in EtOH/H,0

2-(2-hydroxyphenyl)benzothiazole-5-carboxylic acid (11b): yield 71%; yellow solid;
m.p. >250 °C. IR (KBr) cm™: 3111.61, 1677.78, 1590.62, 1481.81, 1217.68, 1167.09,
739.94. 'H NMR (400MHz, DMSO-d6) & (pmm) 11.80 (1H, br, COOH), 8.78 (1H, d,),
8.24(1H, dd), 8.07 (2H,m), 7.45(1H, t) 7.17(1H,m) 7.02 (1H,m).). ESI-MS [M+H]*: calcd
for C14H9NO3S, 271.03; found 271.24.

2-(3-hydroxyphenyl)benzothiazole-5-carboxylic acid (11c): yield 55%; yellow solid;
m.p. >250°C. IR (KBr) cm™: 3110.61, 1676.63, 1582.62, 1481.60, 1217.55, 1142.38,
769.51. 'H NMR (400MHz, DMSO-d6): & (ppm) 10.46 (1H, br), 8.62 (1H, d), 8.07 (2H,
dd), 7.63 (2H, m), 7.33 (2H, m), 6.98 (1H, m). ESI-MS [M+H]": calcd for C14HgNO3S,
271.03; found 272.31.

2-(4-hydroxyphenyl)benzothiazole-5-carboxylic acid (11d): yield 67%; yellow solid;
m.p. >250 °C. IR (KBr) cm™: 3259.12, 1680.90, 1587.38, 1418.42, 1240.15, 1166.98,
770.51. *H NMR (400MHz, DMSO-d6): § (ppm) 10.29 (1H, br), 8.68 (1H, d), 8.05 (2H,
d), 7.98 (2H, dd), 6.92 (2H, dd). ESI-MS [M+H]"*: calcd for C14H9NO3S, 271.03; found
271.20.
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2-(4-methoxyphenyl)benzothiazole-5-carboxylic acid (11e): yield 82%; yellow solid;
m.p. >250 °C. IR (KBr) cm™: 2980.83, 1682.95, 1592.82, 1480.19, 1263.22, 1085.38,
711.96. 'H NMR (400MHz, DMSO-d6): & (ppm) 9.87 (1H, br), 8.75 (1H, d), 8.17 (3H,
m),7.87 (1H, dd),7.44 (2H,m) 3.82(3H, s). ESI-MS [M+H]*: calcd for CisH1:1NOsS,
285.05; found 286.17.

2-(2,4-dihydroxyphenyl)benzothiazole-5-carboxylic acid (11f): yield 53%; yellow solid,;
m.p. >250 °C. IR (KBr) cm™: 3351.24, 1674.14, 1577.94, 1481.51, 1216.83, 1090.15,
779.85. 'H NMR (400MHz, DMSO-d6): & (ppm) 10.22 (1H, br), 8.79 (1H, d), 7.99(2H,
m), 7.79 (1H, d), 6.58(1H, dd) 6.39(1H, d).ESI-MS [M+H]": calcd for C14HsNO4S, 287.03;
found 287.30.

2-(2,5-dihydroxyphenyl)benzothiazole-5-carboxylic acid (11g): yield 75%; yellow
solid; m.p. >250 °C. IR (KBr) cm™: 3440.72, 2533.32, 1676.84, 1596.86, 1493.62,
1288.45, 1180.40, 780.50. 'H NMR (400MHz, DMSO-d6): & (ppm) 13.05 (1H, br), 8.71
(1H, d), 8.04(2H, m), 7.67(1H, s), 6.87(2H, m). ESI-MS [M+H]": calcd for C14H9NO4S,
287.03; found 281.23.

2-(3,4-dihydroxyphenyl)benzothiazole-5-carboxylic acid (11h): vyield 69%; yellow
solid; m.p. >250 °C. IR (KBr) cm™: 3487.36, 1681.79, 1594.07, 1417.66, 1274.73,
1180.79, 770.33.'H NMR (400MHz, DMSO-d6): & (ppm) 12.45 (1H, br), 8.79 (1H, d),
8.27(1H, d),8.07 (1H, dd),7.44 (1H,m) 7.17(1H,dd), 7.01 (1H,t). ESI-MS [M+H]": calcd
for C1aHgNO4S, 287.03; found 287.23.

2-(3-methoxy-4-hydroxyphenyl)benzothiazole-5-carboxylic acid (11i): yield 69%;
yellow solid; m.p. >250 °C. IR (KBr) cm™: 3547.61, 2956.41, 1702.89, 1587.42, 1477.57,
1217.18, 1142.38, 769.51. 'H NMR (400MHz, DMSO-d6): & (ppm) 13.11 (1H, br),
8.82(1H, d), 8.35 (1H, d), 8.01 (1H, dd),7.19 (1H,m) 7.16 (1H,dd), 6.89 (1H,t), 3.84 (3H,
s). ESI-MS [M+H]": calcd for C1sH11NO4S, 301.04; found 301.19.

2-(3,5-dihydroxyphenyl)benzothiazole-5-carboxylic acid (11j): yield 59%; yellow solid;
m.p. >250 °C. IR (KBr) cm™: 3481.41, 1681.03, 1589.78, 1423.22, 1270.12, 1182.90,
772.76.'H NMR (400MHz, DMSO-d6) &: (ppm) 11.78 (1H, br), 8.84 (1H, d), 8.18(1H, d),
8.11 (1H, dd), 6.95 (2H,d), 6.25 (1H, s). ESI-MS [M+H]": calcd for C14H9NO.S, 287.03;
found 287.12.
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2-(2,4,5-trihydroxyphenyl)benzothiazole-5-carboxylic acid (11k): vyield 63%; grey
solid; m.p. >250 °C. IR (KBr) cm™: 3498.01, 1689.67, 1611.54, 1454.98, 1277.45,
1186.04, 775.34."H NMR (400MHz, DMSO-d6): & (ppm) 11.24 (1H, br), 8.90 (1H, d),
8.23(1H, d), 8.07 (1H, dd), 6.96 (1H, s), 6.19 (1H, s). ESI-MS [M+H]"*: calcd for
C14HaNO:sS, 303.02; found 303.23.

2-(2-hydroxyphenyl)benzothiazole-5-sulfonamide (11m): yield 78%; yellow solid; m.p.
>250 °C. IR (KBr) cm®: 3315.96, 3242.71, 1584.16, 1483.69, 1312.74, 1151.54,
745.97.'H NMR (400MHz, DMSO-d6): & 8.62(1H, d), 8.38 (1H, d), 8.19 (1H, d), 7.98
(1H, dd), 7.45 (2H,br), 7.18-7.01(3Hm). ESI-MS [M+H]*: caled for
C13H10N203S2,306.01; found 306.19.

2-(3-hydroxyphenyl)benzothiazole-5-sulfonamide (11n): yield 78%; yellow solid; m.p.
>250 °C. IR (KBr) cm™: 3312.90, 3206.34, 1584.64, 1461.60, 1300.81, 1290.43, 1152.38,
779.97. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.63(1H, d), 8.21 (1H, d), 7.98 (1H, dd),
7.59 (1H, dd), 7.34 (2H,br)) 7.33(2H,m), 6.91 (1H,d). ESI-MS [M+H]": calcd for
C13H10N203S2,306.01; found 306.22.

2-(4-hydroxyphenyl)benzothiazole-5-sulfonamide (110): yield 84%; yellow solid; m.p. >
250 °C. IR (KBr) cm™: 3337.23, 3230.15, 1605.65, 1478.29, 1303.03, 1273.04, 1147.75,
832.77. *H NMR (400MHz, DMSO-d6): & (ppm) 8.59(1H, d), 8.11 (1H, d), 7.97 (3H, m),
7.44 (2H, br),7.44 (3H,m). ESI-MS [M+H]": calcd for Ci3H10N203S,, 306.01; found
306.12.

2-(4-methoxyphenyl)benzothiazole-5-sulfonamide (11p):yield80%; yellow solid; m.p. >
250 °C. IR (KBr) cm™: 3329.36, 3258.18, 1605.40, 1480.21, 1303.99, 1261.21, 1165.22,
829.89. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.59(1H, d), 8.17 (1H, d), 8.09 (2H, dd),
7.97 (1H, dd), 7.43(2H, br), 7.18 (2H,m), 3.83(3H, s).ESI-MS [M+H]": calcd for
C14H12N203S7, 320.03; found 321.23.

2-(2,4-dihydroxyphenyl)benzothiazole-5-sulfonamide (11q): yield 74%; yellow solid;
m.p. > 250 °C. IR (KBr) cm™: 3338.39, 3230.09, 1592.61, 1474.59, 1340.05, 1296.68,
1150.53, 807.53. *H NMR (400MHz, DMSO-d6): § (ppm) 8.49(1H, d), 8.09 (2H, m), 7.87
(1H, d), 7.42 (2H, br), 6.51(2H,m). ESI-MS [M+H]*: calcd for CisH10N204S,, 322.01;

found 322.34.
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2-(2,5-dihydroxyphenyl)benzothiazole-5-sulfonamide (11r): yield 55%; yellow solid;
m.p. > 250 °C.IR (KBr) cm™: 3347.86, 3263.09, 1601.59, 1496.48, 1342.38, 1215.45,
1155.52, 765.54. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.60 (1H, d), 8.19 (1H, d),
7.98(1H, dd), 7.64 (1H, d), 7.42(2H,br), 6.98- 6.83 (2H,m). ESI-MS [M+H]": calcd for
C13H10N204S>, 322.01; found 322.19.

2-(3,4-dihydroxyphenyl)benzothiazole-5-sulfonamide (11s): yield 69%; yellow solid;
m.p. > 250 °C. IR (KBr) cm™: 3498.98, 3307.06, 1602.96, 1490.80, 1335.69, 1279.30,
1145.20, 825.21. *H NMR (400MHz, DMSO-d6): & (ppm) 8.42 (1H, d), 8.19 (1H, d),
7.98(1H, dd), 7.41 (2H,br),7.16 (2H, m), 6.83 (1H,dd). ESI-MS [M+H]*: calcd for
C13H10N204S>, 322.01; found 322.46.

2-(3-hydroxy-4-methoxyphenyl)benzothiazole-5-sulfonamide (11t): yield 78%; yellow
solid; m.p. > 250 °C. IR (KBr) cm™: 3329.36, 2957.66, 1605.40, 1486.52, 1313.43,
1270.78, 1169.89, 826.44. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.64 (1H, d), 8.24
(1H, d), 7.94(1H, dd), 7.45 (2H,br),7.25 (1H, dd), 7.20 (1H, d), 6.89 (1H, d), 3.86 (3H, s).
ESI-MS [M+H]": calcd for C14H12N204S2, 336.02; found 336.38.

2-(3,5-dihydroxyphenyl)benzothiazole-5-sulfonamide (11u): yield 63%; yellow solid;
m.p. > 250 °C. IR (KBr) cm™: 3499.67, 3312.08, 1623.34, 1492.21, 1338.23, 1278.89,
1144.63, 826.10. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.51 (1H, d), 8.22 (1H, d),
7.96(1H,dd), 7.44 (2H,br),7.16 (2H, d), 6.82 (1H, s). ESI-MS [M+H]*: calcd for
C13H10N204S,, 322.01; found 322.34.

2-(2,4,5-trihydroxyphenyl)benzothiazole-5-sulfonamide (11v): yield 51%; grey solid;
m.p. > 250 °C.IR (KBr) cm™: 3350.33, 3264.78, 1609.54, 1495.78, 1341.92, 1216.34,
1157.43, 766.76. 'H NMR (400MHz, DMSO-d6): & (ppm) 8.45 (1H, d), 8.12 (1H, d),
7.93(1H, dd), 7.64, 7.47(2H, br), 6.83 (1H, s), 6.36 (1H, s). ESI-MS [M+H]": calcd for
C13H10N20sS,, 338.00; found 338.18.

1X.2.3. Synthesis of imidazopyrimidine derivatives

General procedure for the synthesis of purine derivatives

In a round-bottomed-flask, 0.52 g (1.48 mmol) of pyrimidines (12 or 13) and 1.48mmol of
the corresponding benzaldehyde were mixed. Under free solvent and vigorous stirring, the

mixture was heat using oil bath for 6 h. Caution should be made to the high temperature,
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the round-bottomed-flask was equipped with a condenser. During this time, the
temperature was increased by small intervals until the maximum desired temperature value
is reached (200°C).The residue was then cooled at room temperature, dissolved in HCI 2N,
concentrated with vacuum. Purification was effected by column chromatography or

recrystallization from an appropriate solvent to afford the desired products.

8-(phenyl)-7H-purine (14a): recrystallization with AcOEt/ MeOH, 71.97% vyield, grey
solid; m.p. = 260°C. IR (KBr) cm™: 3300-2305(N-H, C2-H of purine ring, C-H of aromatic
ring), 1688.46 (N3-Cs), 1604.51 (C4=Cs), 1572.55 (N7=Csor Cs=No), 1503.47(C=C-Arom),
1187.99 (N1-C2). *H-NMR (400MHz, DMSO-dg): 8(ppm) 8.96 (1H, s), 8.46(1H, s), 8.01
(2H, dd), 7.69 (2H, m), 7.22 (1H, t). 3C-NMR (400 MHz, DMSO-ds): 5(ppm) 164.09
(C2=N), 161.43(Cs=N), 159.11 (Cs-), 152.28 (C4=Cs), 137.50 (C4=Cs), 130.60 (Cs-C-Ar),
131.10 (Cpara-Ar), 128.41 (Creta-Ar),126.56 (Coro-Ar). ESI-MS [M+H]*: calcd for
C11HsN4, 196.07; found 196.10.

8-(2-hydroxyphenyl)-7H-purin-6-ol (14b): recrystallization with AcOEt/ MeOH, 53.49%
yield, grey solid; m.p. = 260-265 °C (dec.). IR (KBr) cm™: 3300-2305(N-H, O-H, C,-H of
purine ring, O-H C-H of aromatic ring), 1688.46 (N3-C4), 1604.51 (C4s=Cs), 1572.55
(N7=Csgor Cg=Ng), 1503.47(C=C-Arom), 1294.94 (Ce-0), 1240.69 (O-Ar), 1187.99 (Ni-
C2).*H-NMR (400MHz, DMSO-ds): §(ppm) 8.02 (1H, s), 7.98(2H, d),6.80 (2H, d). 3C-
NMR (400 MHz, DMSO-ds): 6(ppm) 171.9 (Cs-0O), 161.7(Cs=N), 160.6 (Ar-C-0O), 152.3
(C4=Cs), 148.9 (C2=N), 137.7 (C4=Cs), 127.0 (Cs-C-Ar), 130.3 (Corto-Ar), 114.8 (Cmeta-Ar).
ESI-MS [M+H]": calcd for C11HsN4O2, 228.06; found 228.03.

8-(3-hydroxyphenyl)-7H-purin-6-ol (14c): recrystallization with AcOEt/ MeOH, 78%
yield, grey solid;m.p.> 240°C (dec.) (KBr) cm™: 3300-2305(N-H, O-H, C2-H of purine
ring, O-H C-H of aromatic ring), 1689.69 (N3-C4), 1604.41 (C4=Cs), 1575.65 (N7=Csor
Cs=Ng), 1503.60 (C=C-Arom), 1294.76 (C¢-O), 1242.14 (O-Ar), 1188.19 (N1-C).'H-
NMR (400MHz, DMSO-ds): 8(ppm)8.18 (1H, s), 7.46(1H, d), 7.44 (1H, s), 7.06 (2H, m).
3C-NMR (400 MHz, DMSO-ds): 8(ppm) 171.9 (Cs-O), 161.7(Cs=N), 160.6 (Ar-C-O),
152.3 (C4=Cs), 148.9 (C2=N), 137.7 (C4=Cs), 127.0 (Cs-C-Ar), 130.3 (Coro-Ar), 114.8
(Cmeta-Ar).ESI-MS [M+H]": calcd for C11HsN4O», 228.06; found 228.05

8-(4-hydroxyphenyl)-7H-purin-6-ol (14d): recrystallization with AcCOEt/ MeOH, 73%
yield, grey solid;m.p. >250°C. IR (KBr) cm™*: 3300-2305(N-H, O-H, C2-H of purine ring,
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O-H C-H of aromatic ring), 1688.08 (N3-Cs), 1604.56 (C4=Cs), 1560.65 (N7=Cgor Cs=Ny),
1505.68(C=C-Arom), 1365.84 (Cs-O), 1240.30 (O-Ar), 1186.95 (Ni-Cz). H-NMR
(400MHz, DMSO-ds): 8(ppm) 8.02 (1H, s), 7.98(2H, d),6.80 (2H, d).}*C-NMR (400 MHz,
DMSO-ds): 8(ppm) 171.9 (Cs-O), 161.7(Ce=N), 160.6 (Ar-C-O), 152.3 (C4=Cs), 148.9
(C2=N), 137.7 (C4=Cs), 127.0 (Cg-C-Ar), 130.3 (Coro-Ar), 114.8 (Crewa-Ar).ESI-MS
[M+H]": calcd for C11HgN4Oz2, 228.06; found228.18.

8-(4-methoxyphenyl)-7H-purin-6-ol (14e): the residue was washed with H>O, The
solution was filtered and solid part was washed again with MeOH to obtain 0.29 g of
yellow solid 7 with a yield of 81%; m.p. > 250 (°C)dec.IR (KBr) cm™: 3400-2250 (N-H,
O-H, C>-H of purine ring, O-H C-H of aromatic ring), 1682.60 (N3-Cs), 1603.47 (C4=Cs),
1520.05 (N7=Cgor Cg=Ng), 1500.27(C=C-Arom), 1296.12 (Ce-O), 1243.46 (C-O-Ar),
1187.37 (N1-C2).tH-NMR (400MHz, D20): §(ppm) 8.30 (1H, s), 8.00(2H, d), 7.02 (2H, d),
3.90 (3H, 5).3C-NMR (400 MHz, D;0): § (ppm) 163.11 (C4=Cs), 161.67(Cs=N), 159.53
(Cpara -O), 146.27 (C2=N), 145.93 (Cs-0), 129.45 (Corto-Ar), 128.55 (C4=Cs), 117.90 (Cs-
C-Ar), 114.98 (Cmeta-Ar), 54.94 (CH3-0). ESI-MS [M+H]*: calcd for C12H10N4O>, 243.08;
found 243.15.

8-(2,5-dihydroxyphenyl)-7H-purin-6-ol (14g): recrystallization with AcOEt /MeOH,75%
yield, brown solid;m.p = 240-245 °C (dec.). IR (KBr) cm™: 3400-2250 (N-H, O-H, C»-H
of purine ring, O-H C-H of aromatic ring), 1687.42 (N3-Ci), 1604.42 (C4=Cs), 1582.25
(N7=Csgor Cg=Ny), 1503.68(C=C-Arom), 1294.82 (Cs-0), 1242.95 (C-O-Ar), 1187.95 (N1-
C2).'H-NMR (400MHz, DMSO-dg): §(ppm) 9.07 (1H, s), 8.06(1H, d), 6.82 (2H, s).*C-
NMR (400 MHz, DMSO-ds): 6(ppm) 171.9 (C6-0O), 161.7(Cs=N), 160.6 (Ar-C-0O), 152.3
(C4=Cs), 148.9 (C2=N), 137.7 (C4=Cs), 127.0 (Ce-C-Ar), 130.3 (Corto-Ar), 114.8 (Cmeta-Alr),
55.8 (CH3-0O).ESI-MS[M+H]": calcd for C11HgN40O3,244.06; found 244.39.

8-(3,4-dihydroxyphenyl)-7H-purin-6-ol (14h): recrystallization with AcOEt/ MeOH, and
DCM, 75 % vyield, grey solid;m.p>250°C.IR (KBr) cm™: 3300-2305(N-H, O-H, Cz-H of
purine ring, O-H C-H of aromatic ring), 1689.46 (N3-C4), 1604.83 (C4=Cs), 1504.93 (C=C-
Arom), 1294.84 (Cs-0), 1243.42 (O-Ar), 1187.21 (N1-C;).'H-NMR (400MHz, DMSO-ds):
3(ppm)8.05 (1H, s), 7.59(2H, d), 6.88 (2H, d).1*C-NMR (400 MHz, DMSO-ds): &(ppm)
171.9 (C6-0), 161.7(Cs=N), 160.6 (Ar-C-0), 152.3 (C4=Cs), 148.9 (C2=N), 137.7 (C4=Cs),
127.0 (Cs-C-Ar), 130.3 (Corto-Ar), 114.8 (Cmeta-Ar), 55.8 (CH3-0).ESI-MS [M+H]":calcd
for C11HsN4O3, 244.06; found 245.38.
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8-(3-hydroxy-4-methoxyphenyl)-7H-purin-6-ol (14i): recrystallization with AcOEt /
MeOH and EtO,/DCM, 83% vyield, grey solid; m.p. = 180-185 °C.IR (KBr) cm™: 3400-
2250 (N-H, O-H, Cz-H of purine ring, O-H C-H of aromatic ring), 1688.08 (N3-C4),
1604.48 (C4=Cs), 1720.15 (N7=Csor Cg=Npo), 1503.77 (C=C-Arom), 1294.74 (Ce-O),
1241.63 (C-O-Ar), 1188.22 (N1-C2).'H-NMR (400MHz, DMSO-ds): 8(ppm) 8.25 (1H, s),
7.50(1H, d),7.20 (1H, s), 6.85 (1H, d) 3.90 (3H, s).

13C-NMR (400 MHz, DMSO-ds): 8(ppm) 171.9 (Ce-O), 161.7(Cs=N), 160.6 (Ar-C-0),
152.3 (C4=Cs), 148.9 (C2=N), 137.7 (C4=Cs), 127.0 (Cs-C-Ar), 130.3 (Coro-Ar), 114.8
(Cmeta-Ar), 55.8 (CH3-0).ESI-MS [M+H]": calcd for C12H10N4O3, 258.08; found 258.37.

8-(3,5-dihydroxyphenyl)-7H-purin-6-ol (14j): chromatography with AcOEt/ MeOH, 1/5,
54% vyield, grey solid;m.p.>250°C.IR (KBr) cm™: 3300-2305(N-H, O-H, C,-H of purine
ring, O-H C-H of aromatic ring), 1688.75 (N3-Cs), 1604.49 (C4=Cs), 1502.71 (C=C-
Arom), 1294.87 (Cs-0), 1241.44 (O-Ar), 1188.12 (N1-C2).'H-NMR (400MHz, DMSO-ds):
3(ppm) 8.15 (1H, s), 6.53(2H, s),6.03 (1H, s).2*C-NMR (400 MHz, DMSO-ds): 3(ppm)
171.9 (Ce-0), 161.7(Ce=N), 160.6 (Ar-C-0), 152.3 (C4=Cs), 148.9 (Co=N), 137.7 (C4=Cs),
127.0 (Cs-C-Ar), 130.3 (Corto-Ar), 114.8 (Cmeta-Ar), 55.8 (CH3-0).ESI-MS[M+H]": calcd
for C11HgN4O3, 244.06; found 244.08.

8-(4-hydroxyphenyl)-7H-purine (14k): recrystallization with H,O/ DCM, 60% yield,
brown solid; m.p > 250°C.IR (KBr) cm™: 3400-2250 (N-H, O-H, C,-H of purine ring, O-H
C-H of aromatic ring), 1682.67 (N3-Cs), 1604.85 (C4=Cs), 1560.05 (N7=Cgor Cg=Np),
1504.81(C=C-Arom), 1294.93 (Ce-0), 1242.99 (C-O-Ar), 1187.33 (N:-C2). H-NMR
(400MHz, DMSO-dg): 8(ppm) 9.00 (1H, s), 8.90(1H, s),7.90 (2H, d), 6.92 (2H, d). 3C-
NMR (400 MHz, DMSO-dg): d(ppm) 162.01 (C4=Cs), 160.98 (Ce=N), 158.89 (Cpara -O),
146.92 (C2=N), 134.83 (Cs), 129.89 (Corto-Ar), 128.42 (C4=Cs), 117.12 (Ce-C-Ar), 115.76
(Cmeta-Ar). ESI-MS [M+H]": calcd for C11HsN40,212.07; found 212.31.

8-(4-methoxyphenyl)-7H-purine (141): recrystallization with H,O/ DCM. 80% yield,

amorphous solid.IR (KBr) cm™: 3400-2250 (N-H, O-H, C2-H of purine ring, O-H C-H of

aromatic ring), 1689.46 (Ns-Cs), 1604.83 (C4=Cs), 1504.93 (C=C-Arom), 1294.84 (Cs-0O),

1243.42 (C-O-Ar), 1187.21 (N1-C2).*H-NMR (400MHz, DMSO-ds): §(ppm) 8.96 (1H, s),

8.94(2H, d),7.90 (2H, d),6.92 (2H, d), 3.90 (3H, s).'*C-NMR (400 MHz, DMSO-dg):

d(ppm) 163.11 (C4=Cs), 161.67(Cs=N), 159.53 (Cpara -O), 146.27 (C2=N), 133.93 (Co),
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130.00 (Corto-Ar), 128.55 (C4=Cs), 117.90 (Cg-C-Ar), 114.61 (Cmeta-Ar), 55.46 (CH3-O).
ESI-MS [M+H]": calcd for C12H10N4O, 226.08; found 226.18.

8-(2,5-dihydroxyphenyl)-7H-purine (14m):Chromatography with AcOEt/ MeOH, 2/5,
51% yield, grey solid: m.p. > 250°C.IR (KBr) cm™: 3300-2305(N-H, O-H, C2-H of purine
ring, O-H C-H of aromatic ring), 1687.36 (N3-Cs), 1604.87 (C4=Cs), 1504.51 (C=C-
Arom), 1294.87 (Cs-0), 1236.31 (O-Ar), 1188.44 (N1-C2).'"H-NMR (400MHz, DMSO-de):
& (ppm) 9.07 (1H, s), 8.06(1H, d), 6.82 (2H, s).'*C-NMR (400 MHz, DMSO-ds): 5(ppm)
171.9 (Ce-0), 161.7(Ce=N), 160.6 (Ar-C-0), 152.3 (C4=Cs), 148.9 (Co=N), 137.7 (C4=Cs),
127.0 (Cg-C-Avr), 130.3 (Corto-Ar), 114.8 (Cmeta-Ar), 55.8 (CH3-0).ESI-MS [M+H]": calcd
for C11HsN4O32, 228.06; found 228.16.

I1X.3. Protocols for the evaluation of the biological activity

1X.3.1. Antioxidant Activity Assays

I1X.3.1.1. Free radical Scavenging Activity on DPPH.

The methanolic solution of DPPH (1.5 mL) was added to 0.750mL of tested sample
solutions (methanol + DMSO v/v) at different concentrations (1, 0.5, 0.25, 0.125 and
0.0625 mg/mL). The samples were kept in the dark at room temperature. After 30 min, the
absorbance values were measuredusing a Life-Science UV-VIS spectrophotometer
(Beckman Coulter™, DU®530, Single Cell Module) at fixed wavelength of 517.Blank
sample was prepared adding methanol to DPPH solution. The percentage of the DPPH

radical scavenging is calculated using Equation 5.

Equation 5: DPPH radical-scavenging capacity (%) = [1 — (A1 — A2) / Ao] x 100%

Where Ao was the absorbance of the control (without sample), A; was the absorbance in
the presence of the sample, and A, was the absorbance without DPPH.

Then, linear regression plots are carried out for calculating the effective concentration of

the sample required to scavenge 50% of DPPH free radicals.

1X.3.1.2. Ferric Reducing Antioxidant Power (FRAP) assay

FRAP assay is based on the reduction of ferric ions (Fe*") to ferrous ions (Fe?*)in the
presence of TPTZ (2,4,6- tripyridyl-striazine).This reaction is monitored by measuring the
change in absorbance at 593 nm after 10 minutes of incubation in the dark at 37°C. The
analysis reagent was freshly prepared by mixing the following solutions in the reported
ratio 10/1/1 (v:v:v): i) 0.1 M acetate buffer pH 3.6, ii) TPTZ 10 mmol/L in 40 mmol/ HCI,
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iii) ferric chloride 20 mmol/L. 1.9 mL of FRAP reagent was mixed with 0.1 mL of sample
proper diluted or solvent when blank was performed. FRAP values are obtained by
comparing the absorbance change at 593 nm in sample solution with the absorbance of the
blank reaction, using a UV-VIS spectrophotometer. Because Trolox was used to effect the

calibration curves, the antioxidant activity was expressed in uMolT/g.

1X.3.2. Photoprotection assay

1X.3.2.1. Evaluation of filtering parameters of compounds in solution

Absorbance of synthesized compounds were measured between 290-400 nm using a 1 cm
quartz cell at intervals of one 1 nm using a UV-Vis Spectrophotometer (SHIMADZU UV-
2600 240 V). Test compounds were dissolved in dimethylsulfoxide at the concentration of
0.0015 (+0.0005) % and the absorbance at wavelength A is related to the transmittance T(A)
by the Equation 1

Equation 1: A(A) = - Log[T(A)]
WhereT (1) is the fraction of incident irradiance transmitted by the sample.
Then, Filtering parameters were calculated by applying Equation 2, Equation 3 and

Equation 4 described below.

1X.3.2.2. In vitro evaluation of filtering parameters of cream formulation

Synthesized compounds were included at the concentration of 1% in cosmetic
formulationoil-in-water (O/W).

INCI: aqua, glycerin, Euxyl PE 9010, Xanthan gum, ceteareth-12, ceteareth-20, Sterearic acid,
Butylhydroxytoluene,Myritol, PEG-7 glycerylcocoate and sodium solution 10%.

32.5 mg of each compound formulation were spread onto 5 x 5 cm? PMMA plates (WW5
PMMA plates have been purchased from Schonberg GmbH; Munich, Germany) in small
droplets of approximately equal mass evenly distributed over the rough surface of the
plate. For each product, three plates were prepared. In order to facilitate the formation of a
standard stabilized sunscreen film, the plate was placed in a dark for 15-30 minutes and
then it was inserted into the instrument for measurement. The measure of UV transmittance
was carried out from 290 to 400 nmon 5 different sites of each plate. The blank was
prepared using a plate covered with 32.5 mg of glycerin, because of its non-fluorescence

and UV transparency.
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Moreover, values of in vitro SPF, UVA-PF and Critical Wavelength were calculated
according to Equation 2, Equation 3 and Equation 4 respectively using SPF Calculator
Software (SPF Calculator Software (version 2.1), Shimadzu, Milan (Italy)).

A=400nm

: ) S caoonm EQXIQ)xdA
Equation 2: SPFi, vitro = Soror e >
Sr=290nm EXIA)x10 0 xda

Where E(A) is the erythema action spectrum, I(A) is the spectral irradiance of the UV
source, Ao()) is the monochromatic absorbance of the test sample before UV exposure, and

dA is the wavelength step (1 nm)

A=400nm

i - — Jr=290nm PAIXIA)xdA
Equation 3:UVAPF = 5o o T0A R

A=290nm

Where P()) is the persistent pigment darkening (PPD) action spec-trum. C is the
coefficient of adjustment. A()) is the mean monochromatic absorbance of the test product

layer after UV exposure.

The wavelength at which the summed absorbance reaches 90% of total absorbance is
defined as the critical wavelength. Therefore T(,) were converted into absorbance values

A()) following Equation 4 and final Critical Wavelength is:

400nm

AA X dA =09 [ AL x dA

290nm

Equation 4: f’lc

290nm

Where A(}): monochromatic absorbance calculated from transmittance at wavelength A

1X.3.3.Study of photostability

Each UV-filter incorporated in an oil-in-water (O/W) emulsion were spread on PMMA
plate and irradiated with a solar simulator applying different UVA-dose equivalent to an
effective erythemal radiant exposure of 100 J/m?2. The spectral transmittance of thin film of
sunscreen was measured before and after sunlight exposurefrom 290 to 400 nm. The
residual percentages of SPF in vitro (% SPFerr) and UVA-PF (% UVA-PFes)) were
calculated according to Equations 7 and 8respectively. In fact, a filter is considered
photostable if % SPFet. and % UV A-PFes. are more than or equal to 80.

Equation 7: %SPFeft. = in Vitro SPFafter/ i Vitro SPFpefore X 100

Equation 8: WUVA — PFess. = UVA-PFaster /UVA'PFbefore x 100
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1X.3.4. Stability study by HPLC analysis

HPLC analysis was performed using an Agilent 1100 Series HPLC System equipped with
a G1315A DAD, and with a Hydro-RP C18Synergi 80 A column (4.6 x 150 mm, 4 um)
from Phenomenex, kept at 25 °C during all the time of the analysis. The mobilephase
consisted of solvent A (water 0.01 M HsPOgs) and solvent B (acetonitrile0.01 M H3zPOg).
The determination of all compounds solutions was carried out in isocratic condition,
between A: 60-90%, B: 40-10%. Separation was monitored at Amax Of the each molecule;
the flow rate was 1.0 mL/min. The sample solutions were filtered by a 0.45-um filter,
before injection (HPLC filters were purchased from Scharlab S.L., Barcelona, Spain).
Synthesized compounds were in DMSO, MeOH and/or H>O at a concentration of 0.0015%
and their stability were studied by HPLC. Study conditions included room temperature and
accelerated aging at 40°C. Benzimidazole derivatives and 2-arylbenzothiazoles were
studied in MeOH while purine and 2,6-disubstitutedbenzothiazoles were studied in DMSO
and H.O.

1X.3.5. Antifungal activity
1X.3.5.1. Anti-dermatophytes activity

Microorganisms

The dermatophytes used were Epidermophytonfloccosum var. floccosum (Netherlands)
CBS 358.93 strain;Trichophytontonsurans (Netherlands) CBS 483.76  strain;
Trichophytonmentagrophytes (Netherlands) CBS 160.66 strain; Microsporumcanis (Iran)
CBS 131110strain; andMicrosporumgypseum (Iran) CBS 130948 strain.Alldermatophytes
were maintained at 4°C as agar slants on Sabouraud dextrose agar (SDA; Sigma-Aldrich
SRL, Milano, ltaly).

Growth inhibition

In vitro antifungal activity against five dermatophytes (Microsporum gypseum,
Microsporum  canis, Trichophyton  mentagrophytes,  Trichophyton tonsurans
andEpidermophyton floccosum) was evaluated using plate growth rate method.Each
compound was dissolved in dimethylsulfoxide (DMSQO). The DMSO concentration in the
final solution adjusted to 0.1%was added to the sterile culture medium (SDA) at 45°C. The
final concentration of the medium was 100 pg/ mL for the first preliminary study and then
changed for the evaluation of 1Cso. The mixture was homogenized and transferred to a

sterile Petridish to solidify.Controls were also prepared with equivalent concentrations
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(0.1% v/v) of DMSO. Inoculums were previously obtained by transplanting mycelium
disks cut from the periphery of a single mother cultures, incubated on thin sheets of
cellophane delicately extended on the agar plates and placed at 26°C until the appearance
of some characters that show how the fungus grew. According to the poisoned-food
technique, inoculums were then transferred to analyzed Petridish and incubated under
growth conditions. Antifungal activity was determined by measuring the diameter of the
inhibition zone for seven days. Percentages of growth inhibition were calculated by
comparing mean value of diameters of the mycelia in test plates with that of untreated
control plates following the Equation 6.The percent inhibition of growth was determined

as the average of three different experiments.

Equation 6: 1 = [(C - T)/C] 100%.
Where, | is the growth inhibition rate (%), C is the extended diameter of the circle
mycelium of the control (mm), and T is the exyended diameter of the circle during testing

(mm).

1X.3.5.1. Anti-Candida albicans activity

Stock solutions were prepared by dissolving the compounds in DMSO at a concentration
of 12.80 mg/mL. Minimal inhibitory concentration (MIC) of the synthesized agents was
performed by broth microdilution method. RPMI 1640 was buffered with 0.165 M MOPS,
solution was agitated and brought to PH 6.9 with a 1N NaOH solution. The solution was
filtered with a 8um filter using a sterilized syringe and stocked in fridge. Just before setting
up the assay, further dilute of stock solutions was dilute in 1:10 RPMI.

Fungal suspension was prepared by suspending a Candida albicans (ATCC 10231) aliquot
in 5 ml of sterilized water. The solution is well mixed and the density at 600 nm of the
microorganisms is measure so that the absorbance is between 0.08 and 0.1 corresponding
to the standard 0.5 McFarland i.e. 1 x 10° to 5 x 10° cells per mL. Fungal suspension was
added to the medium culture such that the final optical density at 600 nm will be 102 cells
per mL.

The last lane is the control plate containing 198 pL of nutrient broth + 2 ul of DMSO. In
the penultimate lane, 180 pL of fungal suspension without any test material +20uL nutrient
broth 10% (v/v) DMSO using as uninhibited fungal growth control. A volume of 40 uL of
test material in 1:10 (DMSO: RPMI) was pipetted into the first lane of the plate. To all
other wells 20 pL of nutrient broth. Serial dilutions were performed using a multichannel

pipette such that each well had 20 pL of the test material in serially descending
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concentrations. Firsts 10 rows were complete with 180 pL of fungal suspension (5 - 103
cfu/mL) was added to each well to achieve a concentration of 5 - 10? cfu/mL. Plate was
covered and placed into an incubator to 26°C and allow growth for 24 h.

The MIC value was defined as the lowest concentration of test compounds that resulted in
a culture with turbidity less than or equal to 80% inhibition when compared with the

growth of the control.

1X.3.6. Antiproliferative activity

Cell lines

Human cervical carcinoma (HeLa) and human CD4*T-lymphoblast (CEM) cells were
obtained from ATCC (Middlesex, UK). Human pancreatic carcinoma (Mia-Paca 2) cells
were kindly provided by Prof. Anna Karlsson (Karolinska Institute, Stockholm, Sweden).
All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (FBS, Gibso), 0.01M
Hepes (Gibco) and 1 mM sodium pyruvate (Gibco) in a humidified 5% CO- incubator at
37°C.

Cell proliferation

Suspension of CEM cells were seeded in 96-well microtiter plates at 60.000 cells/well in
the presence of different concentrations of the compounds. The cells were allowed to
proliferate for 48 h or 72 h, respectively, and then counted in a Coulter counter. The 50%
inhibitory concentration (ICso) was defined as the compound concentration required to
reduce cell proliferation by 50%. HelLa and Mia-Paca2 cells were seeded in 96-well plates
at 15.000 cells/well in the presence of different concentrations of the compounds. After 4

days of incubation, the cells were trypsinized and counted in a Coulter counter).

ICs0 Determination

The compounds were dissolved in DMSO at 20 mM (stock solution) and kept in the
refrigeratoruntil use. Then, compound dilutions were made in cell culture medium, and
serial compoundconcentrations were tested starting at 100 uM as the highest concentration.
The DMSO concentration, present at the highest compound concentration was 0.5% that is
at a concentration that did not affect the tumour cell proliferation. The ICso values were

calculated using Equation 10.
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Equation 10: C1 - [50- N1%/N2% - N1%] - (C1 - C2)

Wherein C1 is the compound concentration that inhibitscell proliferation more than 50%;
C2 is the compound concentration that inhibits cell proliferation lessthan 50%); N1%
represents the cell number (in percent of control in the absence of compound) obtainedin
the presence of C1 and N2% represents the cell number (in percent of control in the
absence ofcompound) obtained in the presence of C2.

IX.3.7. HERG expressed in HEK

Cell line
Electrophysiology study was performed using HEK293 cells stably transfected with hERG
CcDNA.

Reagents and solutions

Test substances were formulated in 0.1% DMSO. Stock solutions were diluted in
extracellular solution plus 0.05% Pluronic F-68 (Sigma), to final perfusion concentrations,
which were 0.1, 1 and 10 pM. In positive control group, 0.003-0.03-0.3 uM E-4031
(Tocris) was assessed as a test compound.

The composition of the extracellular solutionwas (in mM): NaCl 137; KCI 4; CaCl, 1.8;
MgCl, 1; D-glucose 10; N 2 hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)
10; pH 7.4 with 1 M NaOH.

The intracellular solution composition was (in mM): KCI 130; MgCl: 1.0; Ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’ N’-tetraacetic acid (EGTA) 5; MgATP 5; HEPES 10; pH
7.2 with 1 M KOH. The intracellular solution was filtered through a 0.2 um polycarbonate
membrane filter upon formulation.

All reagents were purchased from Sigma-Aldrich.

Voltage protocol

The voltage protocol used to evaluate the effect of test substances on hERG channel
currentwas as follows: step from -80 mV to —50 mV for 200 ms, +20 mV for 4.8 s, step to -
50 mV for 5 s then step to the holding potential of -80 mV. The step from -80 mV to the
test command (+20 mV) results in an outward current (i.e. current flows out of the cell)

and the step from the test command (+20 mV) to -50 mV results in the tail current. The
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pulse pattern was repeated continuously at 15 sec intervals from a holding potential of —80
mV.

The voltage protocol was run and recorded continuously during the experiment. The
stability of recording was assessed through initial wash with extracellular solution alone.
The vehiclewas then applied for 3 min followed by the test substance. The test substance
was applied in triplicate to ensure adequate mixing. The standard combined exposure time
was 5 min. Each substancewas tested in at least 2 cells for every concentration. All

experiments were performed at ambient temperature.

Data analysis

Data acquisition and analyses were performed using the QPatch Assay software. The
average of current amplitude values recorded from 4 sequential voltage pulses were used to
calculate for each cell the effect of the test substance by calculating the residual current (%
control) compared with vehicle pre-treatment and the % of inhibition (Equation 9).

The normalized data were plotted against the concentration of compound. The —Log of
concentrations of compounds required to decrease current by 50% (plCso) were determined

by fitting the data to a Hillequation with n >2
Equation 9: I/1o = 1/[1+ ([C]/1C50)"™], with pICso = -logICso
Where lo and | are the current amplitudes measured in the absence and presence of test

compound, respectively, [C] is the concentration of compound in the external solution and

nH is the Hill coefficient.
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