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ABSTRACT
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Supervisor PharmDr. Iva BouSova, Ph.D.

Prof. Sandra Incerpi, Prof. Jens Z. Pedersen, Pugfano Saso

Title of diploma thesisBiological activity of antioxidant compounds in LrByoblasts

from rat skeletal muscles.

This work was carried out in the laboratory of ghiegy at University Roma Tre
in Rome, under the supervision of Prof. Sandrarpic8he team of this laboratory
studies the antioxidants of different structured amaluates their ability to prevent the
production of reactive oxygen species and oxidasitress. The reactive oxygen and
nitrogen species play an important role as regolatoediators of physiological
responses. However, they can be also very harmeftduse they can damage DNA and
proteins, cause peroxidation of lipids and injutieeo biomoleculs. In my work, | tested
the antioxidant effect of different polyphenols i@adein, 5,6-dihydroxyflavone,
negletein, mosloflavone, gallic acid and its deiixe) in the cell culture (L-6 myoblasts
from rat skeletal muscles) and in thevitro test. The state of oxidative stress was
induced by cumene hydroperoxide (generator of centgydroperoxide radical) and
galvinoxyl. The methods used to evaluate the amtan activity were the cytotoxicity
assay (MTT), fluorescence assay (DCFH-DA method) atectron paramagnetic
resonance spectroscopy (EPR). Baicalein, 5,6-ddxydlavone and the synthetic ester
of gallic acid (methyl-3,4,5-triacetoxybenzoate)owied the significant scavenging
ability of free radicals at concentrations™00’ M. Negletein showed prooxidative
effect in the cells at concentration™® but in thein vitro test its scavenging ability
was comparable witlbaicalein or 5,6-dihydroxyflavone. Mosloflavone diwdt show
any scavenging ability at all. Gallic acid, becao$éts hydrophilic character, was not
able to enter the cells and trap radicals. On therchand, these compounds were able

to inhibit the cell proliferation.
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Nazev diplomové pracdiologicka aktivita antioxidénich latek v L-6 myoblastech ze

svali potkana.

Tato prace byla vytiena v laborat fyziologie na univerzit Roma Tre WRimé
pod vedenim Prof. Sandry Incerpi. Tato labarate zabyva vyzkumem antioxidant
raznych struktur a vyhodnocovanim jejich schopnobktanit proti vzniku reaktivnich
forem kysliku a oxidénimu stresu. Reaktivni formy kysliku a dusiku hdéjezitou roli
jako regul&ni mediatory ve fyziologickych odpéslich. Mohou vSak i Skodit a @pobit
poskozeni DNA a bilkovin, peroxidaci ligica posSkozeni dalSich biomolekul. Ve své
praci jsem studovalaizné polyfenoly (bajkalein, 5,6-dihydroxyflavon, hetgin,
kyselinu galovou a jeji derivat) v béiné kultde (L-6 myoblasty ze svalpotkana) a v
in vitro testu. K vyvolani oxidaniho stresu jsem pouZzila kumenhydroperoxid (zdroj
kumenhydroperoxid radikalu) a galvinoxyl. K vyhodeai aktivity antioxidarit jsem
pouZzila test cytotoxicity (MTT), fluorescéni metodu (DCFH-DA metoda) a
elektronovou paramagnetickou resotrdnspektroskopii (EPR). Dobrou antioxdafé
aktivitu prokazal bajkalein, 5,6-dihydroxyflavoneater kyseliny galové (methyl-3,4,5-
triacetoxybenzoat) zejména v koncentracich®10" M. Antioxidasni aktivita
negleteinu byla Jn vitro testu srovnatelnd s bajkaleinem a 5,6-dihydroxgiteem
naproti tomu v buné kulte vykazoval v koncentraci POM prooxidani (&inek.
Mosloflavone neprokazal Zzadnou antioxidaschopnost. Kyselina galova nebyla diky
svemu hydrofilnimu charakteru schopna prostupowabultk a tedy vychytavat volné
radikaly. Vedle antioxidaich vlastnosti bylo také zji&to, Ze tyto latky tlumi

burgé¢nou proliferaci.
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1 INTRODUCTION



This work was carried out in the laboratory of ghiegy at University Roma Tre
in Rome. The team of this laboratory under the sagen of Prof. Sandra Incerpi
studies the antioxidants of different structured amaluates their ability to prevent the
production of free radicals.

In last several years the topic of free radicalsdative stress and production of
reactive oxygen (ROS) and nitrogen species (RN8jdely discussed. ROS and RNS
play important role in the physiological functiortegy act as regulatory mediators of
many physiological responses (e.g. control of viasctone, control of ventilation,
redox homeostasis etc.) but they can be also harmhese compounds can cause
damage to DNA, lipids, proteins and other biomolesand that is why they participate
in the progress of many diseases as neurodegemeidiseases, atherosclerosis and
other cardiovascular diseases, malignant diseatiabetes mellitus etc. The free
radicals and oxidative stress are also includebertheory of aging.

The antioxidants are substances that may decreadegbion of ROS and slow
down the development of oxidative stress. Plamtsisf and vegetables are sources of
exogenous (also called dietary) antioxidants thelude vitamin C and E, carotenoids,
and plant phenolic compounds (e.g. flavonoids dmghplic acids). Nowadays, some of
these compounds are already used as dietary supmieniThere are many studies
suggesting that plant polyphenols have an abihitietiuce free radical formation and to
scavenge free radicals. They could be used indututhe prevention of oxidative stress
related diseases. All these hypotheses becamecsobjresent researches.

This work is focused on the evaluation of antioridactivity of polyphenols

different in structure.



2 GENERAL PART



2.1 THE OXYGEN AND ITS POTENTIAL TOXICITY

Oxygen itself is a biradical which contains two aimpd electrons with parallel
spins. This is the most stable form of @lso called ground state oxygen) which exists
in the air around us (McCord 2000, Haliwell 2006). contrast, all stable organic
molecules have electrons arranged in pairs witliparallel spins (Fridovich 1999).
Thermodynamically, oxygen wants to accept addili@ectrons (two per atom, four
per molecule) to produce water molecules, whicrehauch lower free energy. It is not
possible for oxygen to accept pair of electronshvantiparallel spin states due to
unconventional distribution of electrons, until ookits unpaired electrons is able to
spin inversion to make pairing possible. Fortunatéhere is a kinetic barrier (large
energy is needed to activate this oxidative reagtiovhich saves us from reacting with
surrounding molecules. On the other hand, thistkamestriction makes oxygen an ideal
terminal electron acceptor for biological systeresduse enzymes can hold oxygen in
contact and help it to overcome this kinetic barfMcCord 2000). So the electrons are
transferred to @one at a time. Finally four electrons (and fountpns) are needed to

reduce Q into two molecules of water (Fig. 1) (Fridovich9s.

e _ e oyt g _ . e~ 28T
DE —* Dz I quz - 0H + 0H —— Equ

Fig. 1. The pathway of oxygen reduction (Fridovict999)

The ability of Q to accept electrons one at a time enables to hupadlectron
pairs and results in free radical formation. If oglectron is transferred to,Othe
product is the superoxide anion radicab{Qif two electrons are transferred, it results
in production of hydrogen peroxid £§8,), which is a non-radical. The connection of the
third electron to KO, causes lysis of the O-O bond and one fragmenédsiaed to

water and other fragment is hydroxyl radic@ll}), very strong oxidant (McCord 2000).

2.2 FREE RADICALS

A free radical is defined as any species capablendépendent existence that
contains one or more unpaired electrons (Hallivegltl Gutteridge 2007). Although
most molecule$n vivo are non-radicals, there are also many free ralioathe living

organisms. Radicals can be formed by several mesrhanadding of a single electron

4



to a non-radical (reduction), loss of a single &tat from a non-radical (oxidation) or
cleavage of covalent bond (homolytic fission) (edll 2006). Free radicals can be
products of homolytic, heterolytic, or redox reaatiproducing either charged or
uncharged radicals species (Powers and Jacksor). Z0@@ radicals are very reactive
due to an unpaired electron, because electronsmare stable when are paired together
in orbital. When two radicals meet, they can coraelilreir unpaired electrons and create
a covalent bond (it means loss of activity). Ineceadical gives one electron to, or takes
one from other molecule, this molecule becomesdicah This type of reaction is
called chain reaction one radical begets other one, and so on (Halliv@89). The
oxygen-centered radicals and also reactive norcahdierivates of oxygen (e.qg.
hydrogen peroxide) are callecactive oxygen specieROS). Similarly, nitrogen
radicals and other reactive molecules that comanmgen as reactive center are called
reactive nitrogen speciefRNS). The common termeactive oxygen and nitrogen
speciefRONS), that covers both types, is often used @?swand Jackson 2008).

2.3 REACTIVE OXYGEN AND NITROGEN SPECIES

The reactive oxygen and nitrogen species are ptedot normal cellular
metabolism and play a dual role. They have bothtigesbiological effects, because
they are involved in many physiological processes] harmful effects, because they
are able to cause biological damage (termed asatwédand nitrosative stress) (Valko
et al. 2007). Free radicals have important rol@hagocytosis as microbicidal system
and take part in other biochemical reactions (&yfdroxylation, carboxylation or
peroxidation reactions, or in the reduction of rnhboleotides). They have also
biomodulating and regulatory abilities in signalartsduction processes during
transduction of intercellular informatio(ratkova et al. 1999). Among other positive
biological effects of free radicals belong theirtmapation in the formation of the
“second messenger” cGMP, control of smooth muselaxation, sensing of oxygen
tension and regulation of functions that are cdlgido by oxygen concentration,
enhancement of signal transduction from various brame receptors, ensuring of
redox homeostasis, and inhibition of platelet adiveéTab. 1) (Droge 2002).



Tab. 1. Important physiological functions that invdve free radicals or their derivates (Droge 2002).

Type of Radical Source of Radical Physiological Paess

Nitric oxide (NO) Nitric oxide synthase Smooth muscle relaxation and various other

cGMP-dependent functions.

Superoxide (§) NAD(P)H oxidase Control of ventilation.
Control of erythropoietin production, hypoxia-
inducible functions.
Smooth muscle relaxation.
Signal transduction from membrane receptors of

immunological functions.

Superoxide (§) Any source Oxidative stress responses and the maintenance
and related ROS of redox homeostasis.

2.3.1 SOURCES OF REACTIVE SPECIES

The most important sources of oxidants in cells are

a) Theaerobic respirationwvhen mitochondria consume @nd reduce it into 0.
The undesirable products of this process are supkroradicals, hydrogen
peroxide and hydroxyl radicals.

b) Phagocytic cellghat use the oxidative burst generating nitriadexisuperoxide,
hydrogen peroxide and hypochlorite to destroy biectar viruses. The problem
comes when chronic infection results in chronicgaytic activity and chronic
inflammation, which is a risk factor for variousdases and cancer.

c) Peroxisomesorganelles responsible for degradation of fattid® and other
molecules producing 4D, as by-product, which is degraded by catalase and
other enzymes. The part of®h can escape and contribute to damage of DNA.

d) Cytochrome P4500ne of the defense systems that prevents theatamm of
toxic molecules but also results in oxidant by-prod.

There are various exogenous sources contributingpegproduction of reactive
species (e.g. cigarette smoke, iron and coopes, sakcessive intake of phenolic
compounds, air pollution and various sources oftauh) (Ames et al. 1993).



2.3.2 THE MAIN TYPES OF ROS

Superoxide (Q") is formed by the reductiofi) of triplet-state molecular oxygen
(0,) (Fig. 2).

Dz + e — D;I (1)

This process includes enzymes such as NAD(P)Hasgichind xanthine oxidase,
or it can proceed non-enzymatically by redox-re@ctompounds of the mitochondrial
electron transport chain such as semi-ubiquinonéd® 2002). Just the mitochondria
are the main place of the;Oproduction (Cadenas and Sies 1998). It has beggested
that 1-3 % of all electrons in the transport cHa@k to oxygen to generate superoxide
(Valko et al. 2007).

Superoxide is negatively charged and it is rel&tiv@embrane impermeable.
Nonetheless, its relatively long half-life, compéreith other free radicals, enables
diffusion within the cells and consequently ther@ase in number of potential targets
(Powers and Jackson 2008). Although superoxidensidered relatively unreactive, it
can react rapidly with some radicals as ‘NfBd with some iron-sulphur clusters in
proteins (Halliwell and Gutteridge 2007). This cayapd can reduce some biological
materials (e.g. cytochrome& and oxidize some other molecules, such as aseorba
Superoxide undergoes dismutation into hydrogenxpgecand oxygeli2) by a reaction
that is catalyzed by superoxide dismutase (SOD) ZF and which provides a major
source of hydrogen peroxide in cells (Powers acistan 2008).

F0oD

Some of the @ formationin vivo can be a chemical accident (e.g. in the
mitochondria the electrons passing through theinsspy chain can leak from the
electron carriers and pass directly onto oxygerll(idell 1989). On the other hand, the
production of superoxide can be required by organi®r example it is generated
vivo by activated phagocytes to kill some bacteria taat be harmful (Curnutte and
Babior 1987). In case this essential defense meésmagoes wrong, the excessive
activation of phagocytes can lead to tissues danaage this is a cause of several

inflammatory diseases (Halliwell 1989).



Hydrogen peroxide (HO,) is stable, permeable to membranes and it has a
relatively long half-life within the cell. Hydrogeperoxide is cytotoxic, but it is
considered a relatively weak oxidizing agent. fotoxicity is a result of its ability to
generate hydroxyl radical through metal-catalyzsttion, such aBenton reaction (B
(Fig. 2) (Powers and Jacks@008). In biology, Fenton reaction is an importpatt of
the Haber-Weiss reactiod), where iron (or copper) is maintained in a reducech by
superoxide and this makes it able to catalyze ¢dnmdtion of hydroxyl radical from

hydrogen peroxide (Halliwell 1995):

H,0,+ Fe’" = Fe’™ + 'OH+ ~0H 3)
Fe2 ¥ cutt
0 +H,0,——— 0,+ "OH+ ~OH @)

The Haber-Weiss reacti@s) involves two steps:

F7jcu’™ 4+ 05 = Fe*7/cu™ + 0,

H,0,+ Fe* Jfcu™ = F*jcu** + 'OH+ "0OH

Hydrogen peroxide is produced in peroxisomes, thggomsites of oxygen
consumption in the cells. Peroxisomes contain alsrymes that decompose hydrogen
peroxide and prevent its accumulation. Hydrogeroxide is converted into water
mainly by glutathione peroxidase, or in the casé&sgxcessive accumulation also by
catalase (Drdge 2002, Valko et al. 2007).

Hydroxyl radical (‘OH) is a highly reactive compound with a strong oxitliz
potential. Due to its high reactivity, it is notlalio cross the membranes and reacts
immediately (in the range of nanoseconds) witrsattounding molecules (Powers and
Jackson 2008). It can attack and damage almosy enelecule found in living cells.
The generation of hydroxyl radical is also the majechanism by which malignant
cells are killed during radiotherapy. Most of thenemgy of radiation (e.g.
gamma-radiation) is absorbed by the cell water.sTiaidiation causes splitting of
oxygen-hydrogen covalent bond in water, givingsa to two radicals, hydrogen radical
H- and hydroxyl radicalOH (5):



radigtion

H—0—H——H+ '0OH (5)

When'OH is generated close to membranes, it can atteckatty acid side-chains
of the membrane phospholipids and cause biologd@inage called thdipid
peroxidation(Fig. 2).

Singlet oxygen t0,) is an electronically excited form of oxygen andsiinot a
radical. This compound has a very short half-lifiejis capable of diffusion and
permeation through the membranes. In the biologigsdlems, it is formed for example
during dismutation of superoxide anion in waterafiteon (2) mentioned above]
(Powers and Jacks@908). The oxidizing ability of singlet oxygen igsegtly increased
compared to triplet oxygen. Singlet oxygen can dfiyeoxidize proteins, DNA, and
lipids (Foote et al. 1985). Some dietary plantstamnphotosensitizers of singlet oxygen
(e.g. hypericin inHypericum perforatumpsoralens inApium graveolens The same
effect can be caused also by some drugs (e.g.offjuanolone antibiotics) (Morison
2004).

Hypochlorite (HOCI/OCI") is one of the strongest ROS, a highly reactivelamxi
produced by activated phagocytes, neutrophils aodogytes via the reaction of,&,
with CI" ions catalyzed by hem enzyme myeloperoxidé3€Kettle and Winterbourn
1997). The production of hypochlorite is one of thefense mechanisms against
invading microorganisms, but it can be also a cadigssue damage (Winterbourn and
Kettle 2000). Hypochlorite can cause damage tauarbiomolecules (oxidizing thiols,
lipids, ascorbate, NADPH) with the generation ofri®as secondary products.
Moreover this compound in the acid form (hypochimacid, HOCI) can cross cell
membranes and cause fragmentation and aggregdtjmmoteins by multiple reactions
(Halliwell and Gutteridge 2007).

_ mysloperoxidase

H,0,+ ClT —————— HOCl+ “OH (6)



2.3.3 THE MAIN TYPES OF RNS

Nitric oxide (NO°) is synthesized in higher organisms from the anca
L-arginine by nitric oxide synthases (NOS). There #hree main types of NOS:
neuronal NO§NOS1), which was first found in nervous tissu¢ ibis present in most
cell types;inducible NOS(NOS2) is widespread, but it is mainly found under
inflammatory conditions; andendothelial NOS(NOS3), originally described in
endothelial cells (Powers and Jack2008).

NO is an important biological signaling moleculé, glays role in various
physiological processes, such as neurotransmissgulation of blood pressure,
defense mechanisms, smooth muscle relaxation,ramaine regulation (Bergendi et al.
1999). NO is a weak reducing agent, which reacth wxygen to form nitric dioxide
and also with superoxide to produce peroxynitritéalljwell 1994). The latter
mentioned reaction proceeds rapidly. The reacteiwden NO and superoxig) takes
part in the regulation of vascular tone, becauseifNidentical to endothelium-derived
relaxing factor (EDRF), which is produced by enéditm as an important mediator of
vasodilator responses induced by pharmacologicahtagincluding acetylcholine and
bradykinin. Therefore controlled production of N@daGQ,” by endothelium provides

one controlling mechanism for regulation of vasctdame (Halliwell 1989):

0; +NO = 0ONOO™ (7)

The production of superoxide anion and nitric oxageurs also during oxidative
burst in the inflammatory processes and resulthénformation of peroxynitrite anion
(Fig. 2), which can damage DNA and cause lipid ati@h (Carr et al. 2000).

Peroxynitrite (ONOQ) is a strong oxidizing agent. It can decrease theumt of
thiol groups, damage molecule of DNA and can caiisation of proteins. Other effect
of the peroxynitrite formation is decrease in theakailability of Q™ and NO. The
reaction between £ and NO to produce peroxynitri{€) is three times faster than the
dismutation of superoxide to hydrogen peroxide (@svand Jacksdz008).

Both nitric oxide and peroxynitrite belong to RN@&dctive nitrogen species) and

their overproduction causes imbalance called ratres stress, which may lead to
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nitrosylation reactions that can change the strectf proteins and influence their
normal functions (Valko et al. 2007).

H202 H.0

HOCI — | '0, |+ CI

Hypochlorous Singlet
acid Qxygen
%H

<
&mmeﬁHo

Superoxide 0, Hydrogen Hydroxyl
anion radical peroxide radical

. Mitragen
J P-' NOY | dioxide

NO® [ —— | OONO"™ | ————» | HOOND

Mitric oxide FPeroxynitrite Mitric acid

Fig. 2. Mutual association between free radicals @htheir reactive metabolites Pura¢kova 2009)

2.4 OXIDATIVE STRESS

The state of oxidative stress (OS) comes, wherb#tence between ROS and the
available antioxidants is impaired. Sies (1997)raf oxidative stress as a disturbance
in the prooxidant-antioxidant balance leading t@aential damage (Fig. 3). This
damage to biomolecules, called oxidative damage t®nsequence of an attack of
reactive oxygen species (ROS), which are componalising organisms (Halliwell
and Whiteman 2004). The oxidative stress is vemplated and complex process and
its impact on the organism depends on the typexafant, on the intensity of its
production, on the composition and activities ofimas antioxidants, and on the ability
of repair systemsuratkova2007).

Oxidants are formed as products of normal metamglisut they can be also
produced in the inadequate amount under pathodbgsital conditions (Sies 1997).
One cause of OS can be decreased level of antitsidand depletion of dietary
antioxidants as well as of essential dietary ctunstits (copper, zinc, iron, magnesium)
(Halliwell 2006). The OS can also result from taxiproducing ROS or higher
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production of ROS by natural system, e.g. inadexaativity of phagocytes (Halliwell
and Gutteridge2007). Other cause is exposure to a variety of tagpresent in the
environment. Exogenous sources of ROS, which dmut&ito the increase in oxidative
stress, are cigarette smoke, ionizing radiationygslr ethanol, chemical reagents,
industrial solvents, and air pollution (Fig. 3) (& et al. 2009).

What happens and how cells fight against the oxidattress? It depends how
serious the damage is. Cells can increase thelifgredion, up-regulate their defense
and repair systems, and use other protective mesthait might happen that the cells
survive but cannot further proliferate. Severe akite damage, especially to DNA, can
lead to apoptosis, necrosis, or mechanisms witlufes of both (Halliwell 2006).

Oxidatively Cross-linked

»
PROTEINS : :
\ dified dified
Eytochrome P f{ 11?::‘ (Enzymes) | | roteins | 7| proteins
L5

Fig. 3. Mutual association between oxidants and aisixidants (Dura&kova 2009)
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NOS hJ
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tooxidat -
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NOS - NO-synthase, ROS - reactive oxygen specids, Catalase, SOD - superoxide dismutase, GPx -
glutathione peroxidase, GST - glutathione S-tramaske, UA - uric acid, GSH - reduced glutathione

2.5 ROS, HUMAN DISEASES AND AGEING

Oxidative stress plays a significant role in vasquathological conditions. The
important examples include cardiovascular diseasascer, diabetes, neurological
disorders, ischemia, and HIV infection. These disgsacan be divided into two groups.
The first category, called ,mitochondrial oxidativeress* conditions (including
diabetes mellitus and cancer), is characterizennalance in the thiol/disulfide redox

state and impaired glucose tolerance. The secdeday may be called ,inflammatory
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oxidative conditions”. This group is characterizby the excessive stimulation of
NAD(P)H oxidase activity by cytokines and some otlagents, which leads to
atherosclerosis and chronic inflammation, or xarghoxidase that increases formation
of ROS (e.g. ischemia and reperfusion injury) (Rr@§02, Valko et al 2007).

The free radicals are involved also in the proaaflssaging. The ,free radical
theory of aging®, first introduced in 1956 by Denthadarman (Valko et al. 2007),
provides an explanation for the relation betweeseate and aging. The disease is a
combination of changes that affect physiologicaictions and may lead to death.
Nowadays the free radical diseases (cancer andoatiierosis) are two major causes of
death (Harman 1991). The free radical theory oihggs based on the fact that
damaging effects of reactive species to DNA, limdsl proteins accumulate over time.
The cells can repair much of the damage to nudd®&k, but not to the mitochondrial
DNA (mtDNA). This extensive mtDNA impairment acculates, the cells die and the
organism grows old. The repair activity declineshwage, however antioxidant status
does not change significantly with age (Valko e@D7). The aging is also associated
with accumulation of oxidized forms of proteins ttmasults in the loss of catalyzing
activities of enzymes (Stadtman 2004). The oxigastress was also shown to cause
shortening of telomeres, which are essential tontlagntenance of genomic integrity.
Telomere dysfunction plays also critical role inrag There is evidence that the aging
is a multifactorial process and not only DNA anetpm damage is responsible for

observed pathophysiological changes (Valko etGO.72.

2.6 ANTIOXIDANT DEFENSE SYSTEM

The organisms were constraint on developing sefiegefense mechanisms due to
long lasting exposure to free radicals (Cadenad 1I®efense mechanisms against free
radical-induced oxidative stress involve: prevamgatmechanisms, repair mechanisms,
physical defenses, and antioxidant defenses (Vatkal. 2007). Antioxidant can be
defined as: “any substance that delays or preubst®xidation of a substrate” (i.e. all
molecules foundn vivo) (Halliwell and Gutteridge 2007). The antioxidalgfenses can
be divided into enzymatic and non-enzymatic onesb(T12). Enzymatic antioxidants
include superoxide dismutase (SOD), glutathionexidase (GPx) and catalase (CAT).

Compounds produced in the organism (endogenousxatdints) such as uric acid,
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lipoic acid, glutathione, ubiquinone (coenzymg)Qplasma protein thiols, and transport
proteins, belong to the group nbn-enzymati@ntioxidants. Besides them exogenous
antioxidants that are present in diet, e.g. vita@jrvitamin E, carotenoids, flavonoids,
and other polyphenolic compounds synthesized imtpjgplay important role in the
protection of organisms against oxidative damagsivies and intracellular levels of
these antioxidants are under normal conditionsalarize, which is essential for the

survival of organisms and their health (Valko et2807 Duratkova 2008).

Tab. 2. The most important endogenous and exogenoastioxidants

Antioxidant defense system

Enzymatic AOX Non-enzymatic AOX
endogenous exogenous

Superoxide dismutase (SOD) Glutathione Vitamin C
Glutathione peroxidase (GPX) Ubiquinone (Coenzymg Q Vitamin E
Catalase (CAT) Lipoic acid Carotenoids
Thioredoxin and glutaredoxin Uric acid Plant polgpbls

Transition metal binding proteins

(transferrin, ferritin)

Plasma protein thiols

2.6.1 ENZYMATIC ANTIOXIDANTS

Superoxide dismutase (SOD)is an enzyme that constitutes the first line of
defense against superoxide radicals. SOD catalylzesconversion of superoxide

radicals into hydrogen peroxide and oxygen, i.emditation of superoxid@).
_. _. 4 oD
02 _02 4+ 2H —>H2{?2—{?2 (8)

Although superoxide radicals are not highly toxids essential for cells to take
control of their level because they can attack arttact electrons from biological
membranes and thus initiate a radical reactione&upde radicals can also contribute

to the formation of hydroxyl radical and react WND to form peroxynitrite.
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In mammals, there are three isoforms of SGHDD1 (CuzZnSOD)primarily
located in the cytosol and the mitochondrial intermbrane space, requires copper-zinc
as a cofactor in its active sittOD2(MnSOD)is located in the mitochodrial matrix and
contains manganese in the active sg®D3 (CuzZnSODis located in the extracellular
space and also requires copper-zinc as cofactavegiRoand Jacksa?008). The active
site metal is in all SODs reduced by ong @nd then reoxidized by the next one. It
means that it transfers an electron from ongé @ the next while avoiding the
electrostatic repulsion that would hinder from direlectron transfer between twg O
(Fridovich 1999).

Catalase (CAT) is one of the hydrogen peroxide-removing enzymeBichv
collaborates with SOD. CAT converts®} to oxygen and two molecules of waté).

It is located in the peroxisomes of the most mamanatells.
CAT
2H,0, —2H,0 + 0, (9)

Most CATs are hem-containing enzymes; in theirvacsite is present iron as
cofactor (Fridovich 1999).

Glutathione peroxidase (GPX) is the most important hydrogen
peroxide-removing enzyme in animals (Brigelius-lEoh999). There were identified
five glutathione peroxidases in mammals (GPX1-GRX#)ich differ in the substrate
specificity and the cellular localization (Brigediirlohe 1999).

GPX is selenium-containing metalloenzyme that gatd the reduction of 4,
(10) or organic hydroperoxide (ROOH)1) to water (HO) and alcohol (ROH) using
reduced glutathione (GSH), which is oxidized totgiione disulfide (GSSG) (Powers
and JacksorR008). The regeneration of GSH is provided by ghitae reductase,
where NADPH has the reducing power (Meister andeksoin 1983).

2GSH + H,0,— G55G + 2H,0 (10)

265H + ROOH - 6556+ ROH + H,0 (11)
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The cells contain also several other enzymes, sashthioredoxin and
glutaredoxin antioxidant systems. Both of them ascdisulfide reductases and help to
maintain the reduced forms of protein as well as-pitein thiols. In this way, they

contribute to the maintenance of the redox baldRogvers and Jackson 2008).

2.6.2 ENDOGENOUS NON-ENZYMATIC ANTIOXIDANTS

Glutathione (GSH), a tripeptidey-L-glutamyl-L-cysteinyl-L-glycine, is the major
thiol antioxidant in the body. It is found mainly organs which are exposed to toxins
such as the kidneys, liver, lungs and intestinegLée and Kaplowitz 1991).
Glutathione is highly present in the cytosol, nueed mitochondria and is the major
soluble antioxidant in these cell compartments. ©Relized form of glutathione is
GSSG, glutathione disulphide (Valko et al. 2007yidixed glutathione is accumulated
inside the cells and its high concentration mayseaoxidative damage to many
enzymes. That is why the ratio of GSH/GSSG is algopeasure of oxidative stress of
an organism (Nogueira et al. 2004). GSH plays ke protein synthesis, amino acid
transport, DNA synthesis, and generally in theutetl detoxification. It is involved in
the reaction catalyzed by glutathione peroxidasalso takes part in the reduction of
lipid hydroperoxides and in the elimination of xbraiics (Gaté et al. 1999). GSH is
able to regenerate the most important antioxidasush as vitamin C and E, back to

their active forms (Valko et al. 2007).

Another endogenous antioxidant is for examyddquinone-10 (coenzyme @),
a lipid-soluble compound, whose main biologicaldiion is to act as an electron carrier
of the respiratory chain in mitochondria. Its regdidorm ubiquinol-10 is an efficient
scavenger of free radicals occurring in the memdgsdfrei et al.1990). It can scavenge
lipid peroxide radicals, prevent the lipid peroxida, and also regeneratetocopheryl
radical (Lass and Sohal 1998).

Lipoic acid is a naturally occurring compound that is synthediin small
amounts by plants and animals, including humansitfSet al. 2004). Its antioxidant
properties include the ability to scavenge reactdxggen species (ROS) and to
regenerate endogenous antioxidants (as glutathamk vitamins E and C). This
compound has also metal chelating activity resglimreduced ROS production. Lipoic
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acid can trap radicals in both agueous and lipidosimding due to its amphiphilic
character. Lipoic acid contains two thiol group$jstn may be oxidized or reduced. The

reduced form, dihydrolipoic acid, is a potent redgagent (Singh and Jialal 2008).

Uric acid is an end-product of purine metabolism in humars @ther primates.
Uric acid is a powerful scavenger of peroxyl raticdaydroxyl radicals and singlet
oxygen (Powers and Jackson 2008). Urate can aah adectron donor and it is also
able to chelate metal ions such as iron and cogpeprevent the formation of hydroxyl
radicals (Halliwell and Gutteridge 2007).

The transition metal binding proteins (ferritin, transferrin, lactoferrin,
caeruloplasmin) are able to scavenge free metal ioon and cooper, so these metals
are not able to catalyze formation of hydroxyl catlivia the Fenton reaction (Young
and Woodside 2001).

2.6.3 EXOGENOUS NON-ENZYMATIC ANTIOXIDANTS

However, despite of these developed body’s endagedefense systems, some
ROS still escape and can cause damage and soaiteereeeded other mechanisms to
prevent the cumulative oxidative effects. Part of aliet is constituted of plants
containing various compounds that have also am#xi properties due to their
structure. These compounds derived from food arkedcaexogenous (dietary)
antioxidants (Pietta 2000)This group includes well-known antioxidants\agmin G
the most important antioxidant in aqueous phagamin E (tocopherolsy, B, v, 6 and
tocotrienolsa, B, v, 8), the major lipophilic antioxidant that traps peybradicals and
prevents the lipid peroxidation in cell membraned Bpoproteins; ocarotenoidg(Sies
et al. 1992).

In recent years, the interest is focused on plahtphenols, very important class

of defense antioxidants.

2.6.3.1POLYPHENOLS

Polyphenols (i.e. molecules with several phenalaugs on aromatic ring) are the

most abundant antioxidants in our diet and are syickad constituents of higher plants
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(they are found in fruits, vegetables, cerealsyesli dry legumes, chocolate and
beverages, such as tea, coffee and wine). Curesetirch is focused on their possible
antioxidant abilities to help in the prevention wérious diseases associated with
oxidative stress. The health effects of polyphedeisend on the consumed amount and
on their bioavailability, which can be decreasedrirdy their metabolism. The
polyphenols are secondary metabolites of plantgeravthey play role in defense against
ultraviolet radiation or aggression by pathogenslyphenols are classified into
different groups according to their structupgtenolic acids, flavonoids, stilbenes)d
lignans(Manach et al. 2004).

Flavonoids create the largest group of polyphene¥hich represents the
important source of dietary antioxidants. Antioxitdactivities of flavonoids, gallic acid

and its derivative became a subject of study i work.

Gallic acid

Gallic acid (GA, 3,4,5-trihydroxybenzoic acid, F#y) and its derivatives are
widely present in the plant kingdom. GA belongsthe hydroxybenzoic acids, the
group of plant polyphenols (Lu et al. 2006).

OH
HO

OH

OH

Fig. 4. Structure of gallic acid

GA can be found in various natural products, liedirquts, sumac, tea leaves, oak
bark, green tea, apple-peels, grapes, strawbepiesapples, bananas, lemons, and in
red and white wine (Sun et al. 2002). GA can bagmeas free molecule or as a part of
tannin molecule. GA and its derivatives have showany beneficial effects, as
antiallergic, antimutagenic, anti-inflammatory aticarcinogenic effects (Madlener et
al. 2007). The three hydroxyl groups present in the structir€A, especially the OH
group in thepara-position to the carboxylic group, are responsiblethe free radical
scavenging activity. GA is quickly metabolized iretbody. The main GA metabolites
are products of methylation (4-O-methylgallic acd@carboxylation (unconjugated and
conjugated pyrogallol), and dehydroxylation (regmot) (Lu et al. 2006).
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Flavonoids

Flavonoids belong to the group of plant polyphenolghich constitutes
an important class of defense antioxidants. Flamare formed in plants from the

malonate and aromatic amino acids phenylalaninetgmgine by shikimate pathway

(Harborne 1986). The basic flavonoid structure (B is the flavan nucleus, which

consists of 15 carbon atoms arranged into thregs (A, B, C).

Fig. 5. Basic flavonoid structure (flavan nucleusjPietta 2000)

The flavonoids of various classes differ in theeleof oxidation and substitution

of the ring C (Fig. 6). Nevertheless, the individbampounds within each class differ

in the substitution of the rings A and B (Piett®@p
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Fig. 6. Structures of flavonoids (Pietta 2000)

Flavonoids occur in various vegetables and frsisces, and in different medical
plants and beverages, such as wine (particuladymiee), tea, and in lower levels also
in the beer (Kuhnau 1976). Apart from their physgital roles in plants where they act

as antioxidants, antimicrobials, photoreceptorsuai attractors, feeding repellants and
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protectors against UV radiation, flavonoids are am@nt components of the human diet
(Pietta 2000). Flavonoid intake can range betwde8d mg/day (Larson 1988). The
present epidemiological studies prove the posgitidéective role of dietary flavonoids.
Diet rich in polyphenols is associated with lowskrof developing of some age-related
diseases in humans. Antioxidant action of flavorartiudes:

a) inhibition of enzymes responsible for superoxideoanproduction, such as
xanthine oxidase, protein kinase C, and anothewnreeg involved in the
generation of ROS (cyclooxygenase, lipoxygenaseaoygenase, glutathione
S-transferase, NADH oxidase)

b) ability to chelate trace metals (iron and coop&hich are potential enhancers of
ROS production (e.g. reduction of®k to "OH)

c) due to their lower redox potentials (0.23 £<€0.75 V), flavonoids are able to
reduce highly oxidizing free radicals, which haeelox potentials in the range
of 2.13-1.0 V by hydrogen atom donation (Buettn®83). The rising aroxyl
radical (FI-O) may react with a second radical creating a staplaone
structure (Fig. 7) (Pietta 2000).

TH R RH 0°
~ OH / A o OH
/ﬂ -gl,/ \-_ i JI\ ug‘
. ___;f- H__-:-"ﬁr

"

FI-OH FlI-0

j.. CH N . j],x .0
JOQNRNEAEN g

_____f_.‘a""

Fig. 7. Scavenging of ROS (R by flavonoids (Pietta 2000)

The possible side reaction of the aroxyl radicdlew FI-O interacts with oxygen
generating quinones and superoxide anion, exidtgs Teaction can occur in the
presence of high levels of transient metal ions msndesponsible for the undesired
prooxidant effect of flavonoids (McCord 1995). Sowiethese aroxyl radicals (those
with E® > 0.282 V) may also oxidize ascorbate, which istim regenerated by
glutathione. That causes a decrease in the plagsmeewctrations of ascorbate and

glutathione. On the other hand, flavonoids as @igr@nd tea catechinE(= 0.22 and
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~ 0.4 V, respectively) may be able to regeneratecopherol from thex-tocopheryl
radical (Pietta 2000).

The relationship between flavonoid structure argl Stavenging activity was
established on the basis of many studies. The ndag@rminants for radical-scavenging
activity are:

a) the presence of a catechol group in the ring B (twdroxyl groups inortho
position), which has better electron donating priee and is a radical target

b) 2,3-double bond conjugated with the 4-oxo groupictviis responsible for the
electron delocalization

c) the activity can be enhanced by the presence oydBskyl group in the
heterocyclic C ring, or an additional hydroxyl gpoim the ring B (Pietta 2000).

Many people are hoping that one day some pill, Whkiprovide the same benefit
effects of dietary polyphenols as fruits and vebples will be invented. However, there
is a problem with bioavailability of polyphenolshd barriers that must be overcome
include: solubility, permeability, metabolism, e&tion, target tissue uptake and
disposition (Hu 2007).

The dietary flavonoids may be used as first antiamt defense in the digestive
tract by scavenging and restricting formation of R@Papas 1996). Flavonoids are
completely absorbed from gastrointestinal tracly @Xceptionally. They are present in
the glycosidic forms that are usually too polartoo large to penetrate through the
intestinal membrane (Liu and Hu 2002). Intestinakyanes break them to aglycone
forms that are highly permeable, but the bioavditgbs still limited because of the
poor solubility of aglycones in water (Hu 2007). tRere is a question if the amount of
polyphenols absorbed is sufficient for the antiexid function? Plasma levels of
unconjugated flavonoids are not higher thanML and the metabolites have a lower
antioxidant activity, because the radical-scavemdiydroxyl groups are blocked by
methylation, sulphation or glucuronidation (Manastd Donovan 2004, Williamson et
al. 2005). It has been proposed that protectivecefbf flavonoids occurs before
absorption, i.e. within the stomach, intestines anbbn. The gastrointestinal tract is
constantly exposed to reactive species (some amuped by GIT itself, some come
from food). It explains the suggested ability @vibnoids to protect against gastric and

possibly colonic cancer (Halliwell 2007).
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2.7 ROS AND MUSCLES

In this work, the myoblasts from rat skeletal mascivere used as a cell culture
model for experiments, in which the ability of s#&sl antioxidants to decrease ROS
formation was evaluated. Due to this fact | introellnere the main sources of ROS and
RNS in skeletal muscles and possible conditions ey lead to the increase in their
concentration.

The evidence that skeletal muscles are potentiatss of ROS and RNS and the
exercise is associated with an increase of themdtion is known for more than 20
years. The primary free radicals generated by tMeteuscle, both at rest and during
activity, are NO and superoxide, that may leach® formation of hydrogen peroxide,
peroxynitrite, or in the presence of catalytic siion metals into hydroxyl radicals
(Fig. 8). The skeletal muscles have a well-devedopgstem to regulate ROS and to
prevent its possible injury (Jackson et al. 200h¢ skeletal muscles appear to function
quite well in relatively high oxidizing environmentThey are exposed to such quantity
of mechanic and metabolic insults during exerclsa tould kill most of other cell
types (Clanton et al. 1999). The protective systemside mitochondrial and cytosolic
isoforms of superoxide dismutase (MnSOD and CuZnf@Btalase and glutathione
peroxidase enzymes, awdrect scavengers of ROS (e.g. glutathione, vitaBimand
ascorbate) (Jackson et al. 2007).

The endogenous sites for ROS generation in skeletakcles include
mitochondria, sarcoplasmic reticulum, plasma memdraphospholipase A and
probably also xanthine oxidase (Jackson et al. 2007

Mitochondria are the major site of superoxide generation isugs (mainly the
complexes | and Il of the electron transport chaifhere is also CuzZnSOD in the
mitochondrial intermembrane space to minimize tlossgility of the superoxide
release to the cytosol (Muller et al. 2004). Theodoiction of superoxide in
mitochondria is increased during aerobic contracamd it is directly related to the
elevated oxygen consumption that occurs with irsgdamitochondrial activity. There
is also evidence that the ROS formation in musci®ahondria grows up with age
(Jackson et al. 2007).

There were identified NADH oxidase enzymes in thsarcoplasmic reticulum
(SR). The superoxide generated by these enzymesegpio influence calcium release
by the SR (Xia et al. 2003).
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Numerous studies have indicated that skeletal rausalls release superoxide into
the extracellular spac@his is probably due tplasma membraneedox systems that
enable the electron transport across the plasmabnage One of these systems can be
the NAD(P)H oxidase complex localized in the regafnthe plasma membrane. The
relevance of these processes to skeletal musclkeactions has not been established,
but it is feasible that such systems are activdigthg contractile activity (Jackson et
al. 2007).

Phosholiphase A (PLA;) is an enzyme that cleaves arachidonic acid from
membrane phosholipids. The activation of BlmAay stimulate NAD(P)H oxidases and
ROS generation in muscle mitochondria and can seldOS into the extracellular
space (Zuo et al. 2004).

The levels ofxanthine oxidasavere found to be increased in rat skeletal muscles
in contrast to human skeletal muscles. Howeverthiaa oxidase probably plays a role
in exercise-induced ROS production (Jackson €04l7).

Skeletal muscles normally contain tN©S1andNOS3isoforms of NO synthase
that is responsible for NO formation. NOS1 is latadl in the muscle sarcolemma,
while NOS3 in the muscle mitochondria. Higher releaof NO was demonstrated
during contractile activity and also during passsteetching of muscle (Kobzik et al.
1995).

The presence of some amount of oxidized glutathaserell as lipid and protein
oxidation products during exercise is normal stateé perhaps may be important in cell
signaling. It has been hypothesized that ROS piagortant roles in the normal
contracting myocytes to regulate ‘“Canetabolism, contractile behavior, and perhaps
utilization and control of energy substrates. Theessive ROS formation during
fatigue and hypoxia probably through signal pathweayn function to protect the
muscles from the overstimulation and injury. Despf this ability severe ischemia,
hypoxia, heat stress, septic shock and stretch cedluinjury may lead to
oxidant-mediated injury to myocytes and resultia imechanic dysfunction (Clanton et
al. 1999).
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Fig. 8. Potential sites for the production of suparxide and nitric oxide in skeletal muscles (Powers
and Jackson 2008)
Fe —iron, NOS - nitric oxide synthase, SOD — sapiele dismutase, PM — plasma membrane, SR —

sarcoplasmic reticulum, PLA- phospholipase AGPx — glutathione peroxidase, CAT - catalase
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3 AIM OF THE WORK

25



The main goals of this work were:

a) to investigate potential antioxidant activity oflesged polyphenols (baicalein,
5,6-dihydroxyflavone, negletein, mosloflavone, igalacid and its derivative
1625) in cell culture (L-6 myoblasts from rat shkale muscles) using

fluorescence assay with DCFH-DA probe and cytoibxassay

b) to study the antioxidant activity of the above ni@méd compoundsn vitro

using electron paramagnetic resonance spectrogesiy)

c) to evaluate their ability of preventing the fornoatiof ROS (reactive oxygen

species) that may cause the oxidative stress
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4 MATERIALS AND METHODS
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4.1 REAGENTS

All flavones (baicalein, mosloflavone, negleteing-8ihydroxyflavone) were
synthesized and characterized by Prof. P. BovjcBiipartment of Chemistry,
“La Sapienza” University of Rome.

» Gallic acid and the compound 1625 were synthesaretlcharacterized in the
laboratory of Prof. V. Parmar, Department of ChemjdJniversity of Delhi.

* The cumene hydroperoxide, galvinoxyl, glucose, phate buffer saline (PBS)
and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphengttazolium bromide] were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

o 2'7'-dichlorodihydrofluorescin diacetate (DCFH-DAyas obtained from
Molecular Probes (Eugene, OR, USA).

* Dulbecco’s Modified Eagle’s medium (DMEM), antilidst and sterile plastic
ware for cell culture were products of Flow Laborgt(Irvine, UK).

» Fetal bovine serum was purchased from GIBCO (Gisladd, NY, USA).

4.2 PREPARATION OF PHOSPHATE BUFFERED
SALINE

The solution of phosphate buffered saline (PBS) prapared by dissolving the
phosphate buffered saline powder (pH 7.4) in 10Q0oirdistilled water.Then, 100 mL
of this PBS solution was supplemented with 90 mggloicose (final concentration

5 mM) and warmed up before the experiment in thb twa37 °C.

4.3 PREPARATION OF FETAL BOVINE SERUM AND
ITS ENRICHMENT WITH ANTIBIOTICS

The fetal bovine serum (FBS, 100 mL) was thawedwadned for 30 min in the
bath of 57 °C and immediately it was dispensediquats of 5 ml into 50 mL tubes and
supplemented with 1 mL of antibiotics (solution oning 100 pg/mL of streptomycin
and 100 U/mL of penicillin). After it all tubes ctaining FBS + ATB were stored in the
freezer at -20 °C. Five hundred mL of Dulbecco sd¥led Eagle’s medium (DMEM,
containing 4.5 g/L of glucose) was supplementedh \wimL of 100 mM pyruvate and
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10 mL of 200 mM glutamine. The tube containing FBATB was thawed in time of
need and together with the bottle of DMEM was watrap in the bath to 37 °C. Then
45 mL of DMEM was added into the tube containingSFBATB, and this solution was

used for the cell seeding and for the trypsinizatio

4.4 CELL CULTURE

The L6 cells from rat skeletal muscles obtainednfrAmerican Type Culture
Collection (Rockville, MD) were used in all expegents. Cells were seeded in flasks
for tissue culture and grown in DMEM supplementedhwl0% FBS, glutamine,
pyruvate, and antibiotics (100 pg/mL of streptomyand 100 U/mL of penicillin) in
the atmosphere of 5% G@t 37°C. The cells reached confluence after fiagsdand

were kept in culture as myoblasts by continuousgges (D’Arezzo et al., 2004).

4.4.1 TRYPSINIZATION

For the propagation, cells were seeded in 25 ftasks for tissue culture and
grown in DMEM supplemented with 10% FBS, glutamipgruvate, and antibiotics
(100 pg/ml of streptomycin and 100 U/ml of peninillin the atmosphere of 5% G@t
37°C. They reached confluence (about 2 %adlls) after five days. It was necessary to
detach cells from flask’'s surface and bring thensuspension in order to accomplish
following passage. This detaching was achieveddujtian of trypsin solution diluted
1:10.

DMEM (supplemented with FBS + ATB) was discardeahirflask (25crf) and
cells were washed twice with 5 ml of DMEM (withoeBS + ATB). Then 2 ml of
trypsin solution diluted 1:10 were added to cetis 45 seconds. After this time, a part
of trypsin solution was discarded and the flask wegst for 8-10 min. in the incubator
(5% CQ at 37°C). The detached cells were collected froenfiask’s wall with 5 ml of
DMEM (supplemented with FBS + ATB) and the cell gaission was transferred to a
centrifuge tube and centrifuged at 1000 rpm for B.nAfter centrifugation, the
supernatant was discarded and cells were resuspendel0 ml of DMEM
(supplemented with FBS + ATB).

The appropriate amount of the cell suspension wedex! for the experiments.
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4.5 INTRACELLULAR ROS DETERMINATION

2", 7" -Dichlorofluorescin (DCFH) is widely used fiescent probe for measuring
the extent of oxidative stress in cells. diacetate form 2", 7dichlorodihydrofluorescin
diacetate DCFH-DA) is able to diffuse through the cell mermhe, inside the cell is
hydrolyzed by intracellular esterases into DCFH,clhis in the presence of ROS
oxidized into highly fluorescent compound 2°,7 Harofluorescein (DCF) (Fig. 9).
The fluorescence intensity can be easily measunddtaepresents the principle of the
cellular assays for determination of oxidative strextent.

This probe is more suitable for detecting total R@8duction (not individual
radicals) in living cells or tissuebecause several substances present in the cefls ma
interfere with the formation of DCF. DCFH can beidized by several enzymes as
peroxide oxidase or xanthine oxidase. Its oxidatian also occur by action of,8; in
the presence of Eeions, when'OH causing the oxidation is produced via Fenton
reaction. DCFH is also sensitive to the presencesible light or UVA radiation that
causegeneration of semiquinone radical (DERvhich reacts with oxygen and forms
superoxide radical generating®} during its dismutation. This increasing formatmin
H.O, leads to an artificial rise of DCFH oxidation asmhsequently to an amplification
of DCF fluorescencgRota et al. 1999, Gomes et al. 2005).
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Fig. 9. Mechanism of entry of DCFH-DA into the cell

2',7'-dichlorodihydrofluorescin diacetate (DCFH-DA)

L-6 cells were seeded in 75 trflasks for tissue culture and grown in DMEM

supplemented with 10% FBS, glutamine, pyruvate, amdibiotics (100 pg/ml
of streptomycin and 100 U/ml of penicillin) in 5%0¢ at 37°C. At the time of
experiment, the cells reached confluence aboul @ xells. DMEM was discarded and
cells were washed twice with 5 mL of PBS containgigcose 5 mM at 37°C. Cells

were gently scraped off in three following stepwiice with 3 mL and once with 2 mL
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of PBS with glucose 5 mM (i.e. totally 8 mL) at & °The cell suspension was
transferred to a centrifuge tube and centrifugedl2®0 rpm for 5 minutes. The
supernatant was discarded and the pellet re-susgenith a plastic Pasteur pipette in
5 mL of PBS with glucose 5 mM. Then 5 pL of thecgtgolution (10 mM in dimethyl
sulfoxide, DMSOQO) of fluorescent probe DCFH-DA (fineoncentration 10 pM) were
added. The incubation was carried out in the dark30 minutes at 37°C. The cells
were gently re-suspended every 10 min and cen&dug 1200 rpm for 5 min at the end
of incubation. The supernatant was discarded aadcéi pellet was re-suspended in
5 mL of PBS with glucose 5 mM and centrifuged agdihe final supernatant was
discarded and the pellet was re-suspended in 2 mIPBS obtaining the final
concentration of 3 x f&ells/mL. Prior to the experiment, a recovery wasied out in
the dark for 45 min at 37°C (Pedersen et al. 2007).

Intracellular fluorescence was measured using lesdance spectrometer
Perkin-Elmer LS 50B (Norwalk, CT) under continugentle magnetic stirring at 37°C.
Excitation and emission wavelengths were set at¥@&nd 530 nm using 5 and 10 nm
slits, respectively. The assay was carried ouhénfinal volume of 3 mL of PBS with
glucose 5 mM containing appropriate amount of sedpension. When the base line of
cell fluorescence was stable, 3 pL of studied ardent were pipetted into the cuvette
and the resulting solution was incubated for 10 atir87°C. Then 10 pL of cumene
hydroperoxide diluted 1:100 in DMSO (final concextitbtn 300 uM; radical generator)
was pipetted into the cuvette and the fluorescevaeregistered for 10 min. DMSO at
the concentrations used during these experimedtadati affect the fluorescence signal.
The antioxidant ability of studied compounds tordase the production of ROS was
determined by the decrease in the intracellular D@ escence, reported A&/10 min
relative to the fluorescence change induced by [ BBOcumene hydroperoxide alone
(100%), was calculated according to the equgtl@) (Pedersen et al. 2007).

AFE g/ 10MIN
ROS production (%) = a0+ cou/ - » 100
AF 5 /10min

(12)

AOX = antioxidant, CUM = cumene hydroperoxide
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4.6 CYTOTOXICITY ASSAY (MTT)

The MTT (cytotoxicity) assay is a biological methasingin vitro cell culture for
cytotoxicity testing. This assay is a good indicadb cell viability. The cells, which
remain viable after exposure and incubation witualied chemical (in this case after
exposure to ROS), are able to reduce yellow watlehte salt MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbronejd into insoluble, intracellular
metabolite blue formazan crystals (Fig. 10) (Ozdeshal. 2009).

It has been proposed that this reaction is maesylt of activity of mitochondrial
enzymes (reductases) and electron carriers (Marshall. 1995). However, there is
evidence that the MTT reduction in mammalian cellalso catalyzed by a number of
non-mitochondrial enzymes. This observation wasfiooed also by the study of
Bernas and Dobrucki (2002), who reported that entyall fraction of MTT-formazan is
deposited in (or at the surface of) mitochondrizesglas most of MTT is reduced in
other cellular compartments, e.g. in the cytoplaand in the regions of plasma
membranes. MTT may also interact with the outee sidl the inner mitochondrial
membrane (Bernas and Dobrucki 2002).

The product of this reaction, formazan, is solabili by extraction with alcohol or
DMSO and can be quantified spectrophotometricalifpere the optical density is
directly related to the number of viable cells (Bed al. 1995).

N

/ \N
/ Mitochondrial reductase /NH
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N
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Fig. 10. Reduction of yellow MTT into blue metabate formazan
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The method of Hansen et al. (1989) with some meoalions was used to
determine toxicity of antioxidants during the expents on intracellular ROS
measurements. The experiment was carried out iweikplates using 1 x fccells at
the confluent state per well.

DMEM was discarded with Pasteur pipette from eael and cells were washed
twice with 1 mL of PBS with glucose 5 mM per well3¥°C (i.e. totally 2 mL/well).
Then 1 mL of PBS with glucose 5 mM was pipetted ieach well at 37°C. Thirty pL
of cumene hydroperoxide diluted 1:100 (final concation 300uM) and antioxidants
in desired concentration were added into one andvlls at the timept respectively.
The six-well plates were placed into incubator (8%, at 37°C) for 10 min. At the
time tomin, 30 KL of cumene hydroperoxide diluted 1:100 (fic@ncentration 30Q.M)
were added into the wells, where cells were treafiéid antioxidant. The six-well plates
were put back into incubator for 20 min. After ibation, the solution was discarded
from all wells with Pasteur pipette and cells warashed with 1 mL of PBS with
glucose 5 mM per well at 37°C. Then 1 mL of MTTwan (concentration 1 mg/mL)
was pipetted into each well and the plate was iatatfor 3 h (5% C@at 37°C).

Thereafter, cells were transferred into 1,5 mL eploef-tubes with Pasteur
pipette and centrifuged at 1300 rpm for 10 min. Bapernatant was discarded, the
pellet was re-suspended in 300 pL of PBS with gdecb mM, sonicated on ice for
15 sec using Ultrasonic W-225R (setting 4), andntleentrifuged in microfuge at
13000 rpm for 10 min. The supernatant was discaashedthe final pellet re-suspended
in 200 pL of DMSO. This resulting solution (200 wk@s placed into cuvettes together
with 1800 pL of PBS with glucose 5 mM and MTT foizaa was measured using the
spectrophotometer at 560 nm (Pedersen et al 2007).

4.7 ELECTRON  PARAMAGNETIC  RESONANCE
SPECTROSCOPY (EPR)

Electron paramagnetic resonance spectroscopy ¢or kalown as electron spin
resonance or electronic magnetic resonance specpigsis a magnetic resonance
technique used for the study of paramagnetic nad$erii.e. materials containing
unpaired electrons such as free radicals and timmsmetal complexes) (Atherton

1993). In a magnetic field, an unpaired electron gecupy one of two energy levels.
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These levels are characterized by a quantum numb@lectron spin), which can take
two values —1/2 or +1/2 (i.e. it has parallel statth or antiparallel statagainstthe
field). These unpaired electrons interact with e@oagnetic radiation (Cammack and
Shergill 1995). The electromagnetic wave radiatbrexternal magnetic field causes
the excitation of unpaired electrons from the loveethe higher energy level (Takeshita
and Ozawa 2004). The energy accepted by electregual to the difference between
these two energy levels (Cammack and Shergill), state of different spin. This
absorption of energy of the electromagnetic wawteigcted by spectrometer. The EPR
of in vitro samples is usually measured with electromagnetawew(“*X-band”)
9-10 GHz (Takeshita and Ozawa 2004). The free aadignals are detectable down to
levels of 0.1uM, although higher concentration may give well-teed EPR spectra
(Cammack and Shergill 1995).

Stock solutions of all flavones were prepared if9&thanol at the concentration
of 10 mM. A galvinoxyl solution (10 mM in ethanolb%) was freshly prepared
immediately before each experiment. Galvinoxyl atuson is a stable radical that is
converted to galvinol in the presence of an antiamt (Fig. 11). Systematic screening
of studied flavones was made with the final coneiuns of 0.1, 1.0 and 1M in the
presence of 1M galvinoxyl. The solutions were drawn into glasapitlaries and
measured using the ESP300 instrument (Bruker Sysgtr, Karlsruhe, Germany)
equipped with highly sensitive Tivh X-band cavity. Radical spectra were recorded at
room temperature using 0.6 G modulation, 1 mW mvence power and scan time of
42 s for a 30 G spectrum. Normally, four spectraensccumulated to obtain a suitable
signal-to-noise ratio. The kinetics of the reactiwas followed for 15 min at room

temperature or until the radical signal had disappe (Pedersen et al. 2007).
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Fig. 11. Reduction of galvinoxyl to galvinol in thepresence of an antioxidant
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4.8 THE CELL PROLIFERATION ASSAY

L-6 cells were seeded in Petri dish (30 mm x 15 nam)l grown in DMEM
supplemented with 10% FBS, glutamine, pyruvate, aktB (100 pg/mL of
streptomycin and 100 U/mL of penicillin) in 5% g@&@ 37°C. The achieved confluence
of cells was 1 x 10cells/dish (in 2 mL of medium) at the day of thel counting. The
medium was changed after 24 hours. The solutistuafied compound was added 48 h
after the cell seeding (t = 0).

At the time of the cell counting, DMEM was discaldeom Petri dish and cells
were washed twice with 1 mL of DMEM without serune (2 mL totally). Then 1 ml
of trypsin solution diluted 1:10 was added to tlghdwith cells for 45 seconds. After
this time, a part of trypsin solution was discarded the dish was kept for 5 min. in the
incubator (5% C@at 37°C). The detached cells were re-suspenddléctam in 1 mL
of DMEM supplemented with FBS and ATB, and transgdrfrom Petri dish into the
tube.

The cells were re-suspended with Pasteur pipettensure the homogenity of
sample before the cell counting. Then@0of the cell suspension was transferred into
each chamberwhere the cell counting followed. The cells wereumted in five
quadrants of the chamber, i.e. in four cornersiartie middle. The cell counting was
repeated every 24 hours (up to 96 hours). The nurabeells in 1 mL has been

calculated according to the equati@s):

N = N x 10* (13)

N = number of cells in 1 mLW = the mean of the cells in five quadrants? iDthe

dilution factor, which is constant for Neubauer rcier
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5 RESULTS
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5.1 INTRACELLULAR ANTIOXIDANT ACTIVITY

The intracellular antioxidant activity was deterat® using the standard assay
based on the fluorescence of DCFH-DA probe andtoyicity assay was performed
using the MTT probe. Four flavonoids from the groop flavones and two

representatives of phenolic acids were studied.

Fluorescence assay

Baicalein showed the highest antioxidant actiwty all studied flavonoids.
5,6-Dihydroxyflavone and the synthetic ester of ligalacid (methyl-3,4,5-
triacetoxybenzoate) proved the significant antiexid activity especially at
concentrations IB10’ M. Negletein had a prooxidative effect in the sekt
concentration 1® M but at the lower concentrations (3@0® M) it decreased ROS
production approximately by 60%. Mosloflavone diut prove any scavenging ability
and it even acted as a prooxidant at the highesterdrations (18-10° M). Gallic acid
showed only slight ability to inhibit ROS produgatio

Cytotoxicity assay (MTT)

5,6-Dihydroxyflavone proved a good antioxidant wtyi at the concentration of
10° M, when it protected 100% of cells. However, notpctive effect was observed at
concentration 18 M.

Unfortunately, MTT assay with baicalein, negleta@ind mosloflavone was not
successful and all cells died during the experimé&his result was surprising, because
baicalein should have the protective effect on RiB&luction according to the results
of DCFH-DA method. Based on these findings, theafbf studied flavones on the cell
proliferation was tested.

Gallic acid and its ester (methyl-3,4,5-triacetosryboate) did not show any

protective effect in any tested concentration.

Proliferation assay:

| found out that all tested flavones inhibit thal roliferation at concentration
10° M. 5,6-Dihydroxyflavone and baicalein exerted ks inhibitory effect on cell

proliferation, while negletein and mosloflavoneed to be strong inhibitors.
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5,6-DIHYDROXYFLAVONE

5,6-Dihydroxyflavone belongs to the group of flaesnThis compound contains
two hydroxyl groups in thertho{osition in the ring A (Fig. 12). It was dissolved
DMSO and its ability to decrease production of R@®$-6 cells was tested in the final
concentrations 1810 M. 5,6-Dihydroxyflavone showed a good scavenginifjtsitat
the concentrations of 7810’ M, when it was able to restrict the ROS production
10-22% (Fig. 13).
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Fig. 12. Structure of 5,6-dihydroxyflavone
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Fig. 13. The effect of 5,6-dihydroxyflavone on thdevel of intracellular ROS formed in L-6
myoblasts after the exposure to cumene hydroperoxé The production of ROS was measured
through DCF fluorescence assay. The ROS productiof¥) was calculated according the eq. 13. as
a decrease in the intracellular DCF fluorescenceAF/10 min, considering the fluorescence of
300 pM cumene hydroperoxide to be 100%. The data arexpressed as the mean = SD of n = 2-6

independent experiments. * p < 0.001, Student’s &t.
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Only two concentrations of 5,6-dihydroxyflavone f1and 1¢ M) were tested
using MTT assay. The results of this method cordointhe data obtained from
DCFH-DA method. 5,6-Dihydroxyflavone at the coneatibn of 10° M showed a
good antioxidant activity and protected 100% ofscabainst damage caused by ROS.

However, nearly no protective effect was obsertazbacentration 1M (Fig. 14).
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Fig. 14. The effect of 5,6-dihydroxyflavone (1M and 10 nM) on the cell viability (%) of L-6
myoblasts after exposure to cumene hydroperoxide (8 uM). The blue crystals of MTT formazan,
which correspond to the amount of viable cells, wermeasured at 560 nm using spectrophotometer.

The graph shows results of representative experimérnb,6-DHF stands for 5,6-dihydroxyflavone.
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BAICALEIN

Baicalein is flavone with three hydroxyl groups nexo each other
(5,6,7-trihydroxy) in the ring A (Fig. 15). This egound was dissolved in DMSO and
its ability to decrease production of ROS in L-6levas tested in the range of final
concentrations I810"° M. Baicalein showed a good scavenging ability i al
concentrations used, even at the concentratiofl MDwas still able to decrease ROS
production to ~ 46% (Fig. 16).
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Fig. 15. Structure of baicalein
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Fig. 16. The effect of baicalein on the level of fracellular ROS formed in L-6 myoblasts after the
exposure to cumene hydroperoxide. The production ofROS was measured through DCF
fluorescence assay. The ROS production (%) was calated according the eq. 13. as a decrease in
the intracellular DCF fluorescence,AF/10 min, considering the fluorescence of 300 uM mene
hydroperoxide to be 100%. The data are expressed abe mean = SD of n = 3 independent

experiments. * p < 0.005, Student’s t-test.
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NEGLETEIN

Structure of negletein is similar to the structafebaicalein. The difference is in
the methylation of hydroxyl group in the positiorf/ring A (Fig. 17). This compound
was dissolved in DMSO and its ability to decreasmpction of ROS in L-6 cells was
tested in the range of final concentrations®>10"° M. This compound was able to
reduce ROS production to ~ 45% at the concentratidd?-10° M, surprisingly this
scavenging ability dramatically decreased at thecentration 18 M (Fig. 18).

H3CO o
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Fig. 17. Structure of negletein
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Fig. 18. The effect of negletein on the level oftiacellular ROS formed in L-6 myoblasts after the
exposure to cumene hydroperoxide. The production ofROS was measured through DCF
fluorescence assay. The ROS production (%) was calated according the eq. 13. as a decrease in
the intracellular DCF fluorescence,AF/10 min, considering the fluorescence of 300 uM mene
hydroperoxide to be 100%. The data are expressed g@he mean = SD of n = 2-8 independent

experiments. * p < 0.001, Student’s t-test.
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MOSLOFLAVONE

The structure of mosloflavone is similar to thatbaficalein, just two hydroxyl
groups in the position 6 and 7 of the ring A arghyilated (Fig. 19). This compound
was dissolved in DMSO and its ability to decreasmpction of ROS in L-6 cells was
tested in the range of final concentrationg-10*° M. Mosloflavone did not show any
scavenging activity in all tested concentrationsrdbver, it showed prooxidative effect
in two highest concentrations (1@nd 1¢° M) (Fig. 20).
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Fig. 19. Structure of mosloflavone
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Fig. 20. The effect of mosloflavone on the level oftracellular ROS formed in L-6 myoblasts after
the exposure to cumene hydroperoxide. The productio of ROS was measured through DCF
fluorescence assay. The ROS production (%) was calated according the eq. 13. as a decrease in
the intracellular DCF fluorescence,AF/10 min, considering the fluorescence of 300 uM mene
hydroperoxide to be 100%. The data are expressed ghe mean = SD of n = 2-5 independent

experiments.
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L-6 cells were counted every 24 hours (up to 96réloto discover, if the cell
propagation can be affected by the presence obadéint. All antioxidants were used
at the final concentration POM. The results showed that all tested flavonesbitdd
cell proliferation. Negletein and mosloflavone pedvto be strong inhibitors of cell
proliferation (Fig. 21), while 5,6-dihydroxyflavon@and baicalein exerted slight
inhibitory effect (Fig. 22).
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Fig. 21. The effect of negletein and mosloflavon@@> M) on the cell proliferation. The counting of

cells was repeated every 24 hours for four followmp days. The graph shows representative

experiment.
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Fig. 22. The effect of 5,6-dihydroxyflavone and baalein (10° M) on the cell propagation. The
counting of cells was repeated every 24 hours forodir following days. The graph shows

representative experiment. 5,6-DHF stands for 5,6#dydroxyflavone.
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GALLIC ACID

Gallic acid, 3,4,5-trihydroxybenzoic acid (Fig. 23Was used at the final
concentrations I8-10° M. The results of DCFH-DA method in L-6 cell exat
significant scavenging ability of this compound yorit the concentration of FOM
(Fig. 24).
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Fig. 23. Structure of gallic acid
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Fig. 24. The effect of gallic acid on the level dfitracellular ROS formed in L-6 myoblasts after the
exposure to cumene hydroperoxide. The production ofROS was measured through DCF
fluorescence assay. The ROS production (%) was calated according the eq. 13. as a decrease in
the intracellular DCF fluorescence,AF/10 min, considering the fluorescence of 300 uM mene
hydroperoxide to be 100%. The data are expressed ghe mean = SD of n = 3-4 independent

experiments. * p < 0.005, Student’s t-test.
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The MTT assay was performed with gallic acid at domcentrations 10 and
10® M, but no protective effect against cumene hydroyide-induced damage in L-6

cells was observed (Fig. 25).

125

=
o
o

I

~
a1
I

Cell viability (%)
S

N
Ul
I

Fig. 25. The effect of gallic acid (1@M and 10 mM) on the cell viability (%) of L-6 myaoblasts after
exposure to cumene hydroperoxide (30QuM). The blue crystals of MTT formazan, which
correspond to the amount of viable cells, were meased at 560 nm using spectrophotometer. The

data are expressed as the mean + SD of n = 2 diféet experiments. GA stands for gallic acid.
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COMPOUND 1625

The compound 1625, methyl-3,4,5-triacetoxy benz@aig 26), was synthesized
as the ester derivative of gallic acid. It was digsd in DMSO and its ability to
decrease production of ROS in L-6 cells was testethe range of concentrations
10°-10° M. In contrast to gallic acid, it showed good smaying ability at the
concentrations I0M and 16° M. Compound 1625 was able to inhibit ROS produrctio
by 83-88% (Fig. 27).
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Fig. 26. Structure of compound 1625
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Fig. 27. The effect of compound 1625 on the level mtracellular ROS formed in L-6 myoblasts
after the exposure to cumene hydroperoxide. The pduction of ROS was measured through DCF
fluorescence assay. The ROS production (%) was calated according the eq. 13. as a decrease in
the intracellular DCF fluorescence,AF/10 min, considering the fluorescence of 300 uM mene
hydroperoxide to be 100%. The data are expressed abe mean +SD of n = 3 independent
experiments. * p < 0.001, Student’s t-test.
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The MTT assay with compound 1625 did not confirme tlesults obtained by
DCFH-DA method. Surprisingly, this compound €la&nd 16° M) did not protect cells

against free radical-induced damage at all (Fig. 28
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Fig. 28. The effect of compound 1625 (M and 10 nM) on the cell viability (%) of L-6 myoblasts
after exposure to cumene hydroperoxide (30@M). The blue crystals of MTT formazan, which
correspond to the amount of viable cells, were meased at 560 nm using spectrophotometer. The

data are expressed as the mean + SD of n = 2 diféett experiments.
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5.2 ANTIOXIDANT ACTIVITY INVITRO (EPR)

The samples of antioxidants were prepared in ¢timeentration 0.1, 1 and 1M
by dilution of their stock solutions (10 mM) withthanol 95% (see Materials and
methods section 4.7). The EPR spectra of prepam@gles were measured. Galvinoxyl
10 uM was used as a free radical standard becausedmpound gives typical EPR
spectrum consisting of two parts. The height of Edgal is directly proportional to
the concentration of the radical, when it is reduby an antioxidant, its spectrum
disappears (Fig. 29). The amount of galvinoxyl, shhiemains in a sample, depends on

the scavenging ability of an antioxidant, its quignand on the time of incubation.

3400 3500 3510 3520 3530
Magnetic Field (G)

Fig. 29. EPR spectrum of 1QuM galvinoxyl in ethanol (top), and after addition d an antioxidant
with good scavenging ability (bottom). In this casespectrum of the radical disappeared, i.e.

galvinoxyl radical was trapped completely.

This method was used to evaluate vitro antioxidant activity of flavonoids
5,6-dihydroxyflavone, negletein, mosloflavone, dogicalein. The good scavenging
ability of negletein, 5,6-dihydroxyflavone and lkal®in was proved also by EPR
method. They were able to trap all galvinoxyl ratcat 1QuM concentration also in

short time interval. Mosloflavone did not show @awavenging ability (Tab. 3).
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Tab. 3. Reaction between flavonoids and galvinoxyl'he data show the concentration of galvinoxyl
that remained in a sample after 5, 10 and 15 min oincubation. The initial concentration of

galvinoxyl was 10uM. The data are reported as mean * SD of n = 3 diffent experiments.

Sample 5 min 10 min 15 min

Galvinoxyl standard 1QM 10.0+£ 0.1 10.0+ 0.0 9.9+ 0.1
+ Baicalein 1QuM 0.3+ 0.2 0.0+ 0.0 0.0+ 0.0
+ Baicalein 1uM 5.8+1.1 1.3+0.4 0.1+ 0.1
+ Baicalein 0.1uM 9.4+ 0.8 6.8+ 0.4 6.2+ 0.7

+ 5,6-dihydroxyflavone 1QM 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0

+ 5,6-dihydroxyflavone 1M 4.7+ 0.7 0.9+ 0.6 0.2+ 0.2
+ Negletein 1uM 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
+ Negletein uM 6.4 +0.8 20+04 0.8+0.4
+ Mosloflavone 1QuM 9.7+ 0.2 9.9+ 0.1 9.6+ 0.2
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6 DISCUSSION
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This work was focused on the evaluation of antiaridactivity of selected
flavones (baicalein, 5,6-dihydroxyflavone, mosleglae, and negletein) and
representatives of phenolic acids (gallic acid asdlerivative 1625). Both flavonoids
and phenolic acids belong to the group of planyploénols, widespread constituents in
higher plants, which exert antioxidant propertiBsie to their antioxidant ability, the
research in last years has focused on the posgideentive activity of these
compounds in the development of various diseasssceted with oxidative stress
(Manach et al. 2004).

Baicalein is one of the major flavonoids &fcutellaria baicalensjsherb used in
Chinese and Japanese folk medicine. It has beeortegpthat baicalein possesses
antioxidant and other pharmacological effectsslable to scavenge reactive oxygen
species and inhibit lipid peroxidation (Hamada kt1893). Baicalein also inhibits
proliferation of myeloma cells. The cell prolifat is suppressed by reduction of
12-lipoxygenase activity that is overexpressedumdr tissues such as prostate cancer,
breast cancer and so on. Baicalein is also ahledtece apoptosis through the activation
of caspase-3 in human leukemia HL-60 cells (Lile2@06).Mosloflavoneis present in
plantsDesmos chinensi@/an Kiem et al. 2005) dvlosla soochowensis Matsudé/u
et al. 1981).Negletein is found in Centaurea clemente{Righi et al. 2010) or
Colebrookea oppositifoliaherb used in Chinese folk medicine for the treatment of
fractures, traumatic injuries and rheumatoid atighr{Yang F. et al. 1996)5,6-
Dihydroxyflavone is a chemical constituent dPrimula modesta However, the
potential antioxidant properties of these compoufedsept baicalein) have not been
widely studied yet. All flavones used in this wonlere synthesized by Prof. Paolo
Bovicelli at the Department of Chemistry, “La Sapa” University of Rome.

Thefluorescence assay with DCFH-DAdrobe and cytotoxicity test were used to
evaluate the ability of tested compounds to inHR@S production induced by cumene

hydroperoxide in L-6 cells. Both baicaleiand 5,6-dihydroxyflavonein higher

concentrations (I0 M and 10° M) showed good protective effect against oxidative
damage. This scavenging ability is probably related the structure of tested
compoundsThe structure-activity relationship of various flavonoids was described.
Flavonoids with good scavenging ability possesstaatiol group in the ring B (two
hydroxyl groups inortho-position) and a 2,3-double bond conjugated with 4hoxo
group in the ring C (Pietta 2000). All tested commpas lack the catechol group in the
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ring B but 2,3-double bond conjugated with the 4-gxoup in the ring C is present in
their structure. In addition, 5,6-dihydroxyflavohas two hydroxyl groups and baicalein
even three hydroxyl groups in the ring A. This matbol structure in the ring A is
probably responsible for potent free radical scgirem and antioxidant effects of
baicalein (Gao et al. 1999), just like two hydrogybups in the position 5 and 6 for the
scavenging activity of 5,6-dihydroxyflavone. Thespible explanation is that hydroxyl
groups in adjacent positions may share an elettapped from a free radical and create
a stable quinone structure. Alsgtotoxicity assayconfirmed good scavenging ability
of 5,6-dihydroxyflavone at the concentration of>M. Unfortunately, MTT assay with
baicalein was not successful because all cells digohg the experiment. That is why
the cell proliferation assaywith studied flavones was performed. The obtairesailts
showed that both 5,6-dihydroxyflavone and baicalehibited cell proliferation. Such
interaction between cells and antioxidant coulabe of the reasons, why the cells died
during MTT assay. Other possible explanation off dehth during experiment could be
either too long incubation with cumene hydroperexa its too high concentration.
Unfortunately, the real cause of this problem rermainknown and its solution would
become a part of further study targeted to optitrtomeof MTT assay.

In contrast, _negleteirshowed lower ability to inhibit ROS production and
mosloflavonewas not able to inhibit the ROS production at attter mentioned
compound even exerted the prooxidative effect ghdr concentrations (f0and
10° M). Both compounds lack the catechol group in tirgg B, but they have
2,3-double bond conjugated with the 4-oxo groupthe ring C as baicalein and
5,6-dihydroxyflavone. Negletein has similar struetto baicalein but its third hydroxyl
group in the position 7 is methylated into methaypup. This methoxylation is
probably the reason for the decrease in the scawgragtivity of negletein. We have
supposed that this methoxy group could cause & $texdrance and it may disable the
o-hydroxyl group from trapping of free radicals. Nftavone has two methoxy groups
in the position 6 and 7 and only one hydroxyl grauphe position 5. The presence of
these two methoxy groups instead of two hydroxglgs inorthojositions is probably
the reason why it has nearly no protective effeciR®OS production. These structural
features may explain why negletein and mosloflavdidenot protect cells during MTT
assay. Other possible reason of unsuccessful M$ayasould be inhibition of the cell
proliferation by negletein and mosloflavone, whigas even more pronounced than in

the case of 5,6-dihydroxyflavone and baicalein.
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EPR assayis thein vitro method, which was employed in order to confirm the
scavenging ability of tested antioxidants usingletaadical galvinoxyl. The scavenging
ability of tested compounds was evaluated as deeneaconcentration of galvinoxyl in
the sample. The obtained results confirmed the geodvenging ability of
5,6-dihydroxyflavone (1@uM) and baicalein (1M) that reduced the galvinoxyl level
to zero, i.e. all radicals in the sample were tep'he scavenging activity of negletein
(10 uM) was surprising, because it was also able to galvinoxyl completely in
contrast to the results obtained in cell cultureashflavone showed again nearly no
scavenging ability. Several questions regardingoaitlant ability of tested flavones
remain unsolved, e.g. why negletein|iMd decreased the ROS production only by 20%
in cells butin vitro was able to trap all the radicals? The hypothtbsis methoxy group
next to theortho-hydroxyl groups has some steric influence on tiioaidant
scavenging ability should be investigated, becaesalts of EPR showed that this is
probably not the main reason of negletein’s loweavenging ability in cells. It is also
possible that negletein at 10M concentration is cytotoxic (because its lower
concentrations exerted better protective effectthe® explanation of its lower
scavenging ability in cells may be that the finfileet of antioxidant in cell culture
depends also on the amount of antioxidant thargtdethe cell and also on the possible
metabolic changes of antioxidant within the celhafy, the fact that antioxidants react
with artificially prepared stable radical galvindxguring EPR method while during
DCFH-DA method react with ROS should be also caersid.

The obtained results confirmed that the relatiomsbetween the structure of
flavonoids and their scavenging activity existspexsally relationship between good
scavenging ability and the presence atho-hydroxyl group in the structure of

flavonoids.

The second part of this work was focused on théuatian of antioxidant activity
of gallic acid and its derivativecompound 1625(methyl-3,4,5-triacetoxy benzoate).
Gallic acid is found in various natural producteltea leaves, oak bark, grapes, red and
white wine, strawberries, pineapples, bananas)emdns (Sun et al. 2002). Gallic acid
and its derivatives have shown to possess manyfibaheeffects, e.g. antiallergic,
antimutagenic, anti-inflammatory, and anticarcinugeeffects (Madlener et al. 2007).

The gallic acid and its derivative 1625 used insthork were synthesized and
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characterized in the laboratory of Prof. V. Parmarthe Department of Chemistry,
University of Delhi.

The intracellular antioxidant activity of gallic idcand compound 1625 were
evaluated with the fluorescence and cytotoxicitgagsin L-6 cells._Gallic acids
reported to be a strong natural antioxidant (Ga#l€1992), which is known to suppress
reactive oxygen species and enhance the levelsSH (Slaga 1995). These good
antioxidant properties of gallic acid are connecteith its structure, where three
hydroxyl groups, especially the OH group in fhera position to the carboxyl group,
are responsible for its free radical scavengingviggt(Lu et al. 2006) Our results of
fluorescence assayshowed some scavenging effect of gallic acid ocayl10® M
concentration, but there was no significant efteanhibit ROS production at its lower
concentrations. However, not even the concentrat®hM protected the cells during

MTT assay. In contrast to gallic acid, its ester compound®36&howed a great

scavenging ability. It decreased the ROS productiod2-17% at concentration 10
and 10° M measured bjluorescence assay with DCFH-DALu et al. (2006) reported
that gallic acid showed weaker protective effeckant its esters because of
its hydrophilic properties. The hydrophobicity ia anportant factor for antioxidant
activity within cell systems. A hydrophobic antidant may easily enter the cytoplasm
and suppress ROS formation. The hypothesized mesrhaf compound 1625 and also
the explanation of its better scavenging abilityhat this compound is able to easily
cross the plasma membrane, its ester bond is ddawesterases within the cell and the
released gallic acid can trap free radicals. Builarly to baicalein, théATT assay did
not confirm the results of compound 1625 obtaingd&FH-DA method and all cells
died during MTT assay. Why was compound 1625 desablscavenge free radicals as
in the case of DCFH-DA method? According to theultssmentioned in the diploma
thesis of Elena Candelotti (2009), the compound5162d better inhibiting effect on
ROS production in THP-1 cells after 30 min of pmetibation with antioxidant, the
proliferation assay showed that compound 1625 sgges the cell propagations in L-6
cells and also in THP-1 cells, and the EPR assafiroted that compound 1625 is able
to trap free radicals (galvinoxyl) after longer émBased on these results, the reason
why the cells died during MTT assay could be beeaofk the inhibiting effect of
compound 1625 on the cell proliferation (as in t@se of baicalein, negletein and
mosloflavone). One of the suggestions for furthgpegiments is to prolong the

pre-incubation of cells with antioxidant before thenene hydroperoxide is added.
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7/ CONCLUSIONS
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Baicalein proved the highest antioxidant activityah studied polyphenols in the
cell culture. 5,6-Dihydroxyflavone demonstratedomparable antioxidant activity with
baicalein particularly at highest concentrationd€0%10’ M). This good ROS
scavenging ability is probably associated withghesence obrtho-hydroxyl groups in
their structure. Mosloflavone did not show any axtant activity, even in
concentration 1®and 1¢° M it had a prooxidant effect. Negletein acted esogidant
at the highest measured concentrationl ) but at the lower concentrations it proved a
decrease of ROS production but not so significariiacalein or 5,6-DHF. On the other
hand, negletein proved to reduce the concentrafiéree radical galvinoxyl to the same
level as baicalein or 5,6-DHF in the vitro EPR assay. The potential steric effect of
methoxy group on the antioxidant activity shoulddree a subject of further study. The
disability of tested flavones to protect cells dgriMTT assay (except 5,6-DHF) is
probably associated with observed side effecthercell proliferation.

The data of gallic acid and its ester derivative3.6howed the latter mentioned
compound had a better antioxidant activity and ah#ity to prevent ROS production
probably due to its hydrophobic properties thabwallthis compound to enter to the
cells.

There still remain many questions about these comg® that should be

investigated in the future.
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ATB
CAT
cGMP
DCF
DCFH
DCFH-DA
DMEM
DMSO
DNA
EDRF
EPR
FBS
FI-O’
GIT
GPx
GSH
GSSG
H20;
HOCI/OCTI
MTT
NAD(P)H
NO
NOS
o
‘OH
ONOO
(ON
PBS
PLA,
RONS
ROS
RNS
SOD
SR

Antibiotics

Catalase

Cyclic guanosin monophosphate
2',7'-dichlorodihydrofluorescein
2',7'-dichlorodihydrofluorescin
2',7'-dichlorodihydrofluorescin diacetate
Dulbecco’s modified Eagle’s medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Endothelium derived relaxing factor
Electron paramagnetic resonance spectroscopy
Fetal bovine serum

Aroxyl radical

Gastrointestinal tract

Glutathione peroxidase

Glutathione

Glutathione disulphide

Hydrogen peroxide

Hypochlorite, hypochlorous acid
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetralium bromide
Nicotinamide adenine dinucleotide (phogeha
Nitric oxide

Nitric oxide synthase

Superoxide radical

Hydroxyl radical

Peroxynitrite

Oxidative stress

Phosphate buffered saline
Phospholipase A

Reactive oxygen and nitrogen species
Reactive oxygen species

Reactive nitrogen species

Superoxide dismutase

Sarcoplasmic reticulum
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