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ABSTRACT 

Charles University in Prague  

Faculty of Pharmacy in Hradec Králové  

Department of Pharmacology and Toxicology 

Candidate: Stanislava Jarkovská 

Supervisors: Prof. Sandra Incerpi, Dr.  Přemysl Mladěnka 

Title of diploma thesis: Evaluation of antioxidant activity of hydroxytyrosyl lipophilic 

esters 

Scavengers of reactive oxygen and nitrogen species (RONS) or shortly 

antioxidants could have beneficial effects in diseases associated with oxidative stress. In 

addition, antioxidants are widely used today for stabilization of fats and oils in food 

matrices. Hydroxytyrosol, the main phenolic compound of olive oil, possesses strong 

antioxidant activity. Due to its highly polar nature it is less soluble in lipophilic 

environment that limits its use as antioxidant in foods and in prevention/treatment of 

diseases.  The aim of this thesis was to compare scavenging potential of parent 

compound hydroxytyrosol to its lipophilic esters with different side chain length. 

Antioxidant capacity of these esters that were synthetized in the Laboratory of 

Chemistry, Department of Mechanical and Industrial Engineering in university Roma 

Tre, were examinated in vitro  in 2,2´-azinobis(3-ethylbenzothiazoline-6-sulfonic acid 

diammonium salt (ABTS) radical scavenging assay and in L6-myoblasts in culture 

dichloroflourescein (DCF) fluorencent method. Results were compared with antioxidant 

capacity of free hydroxytyrosol and that of reference compound Trolox, a water soluble 

analog of vitamin E. Hydrophilic and lipophilic ABTS assays as well as cell-cultures 

experiments showed that better antioxidant capacities have esters with medium sized 

acyl chains within an ideal range of C6-C10. Cellular experiments showed marked 

decrease of antioxidant activity in esters with side chain longer than 10 carbons. None 

of tested compounds was significantly more active than Trolox in cells. 



 

 4 

ABSTRAKT 

Univerzita Karlova v Praze  

Farmaceutická fakulta v Hradci Králové  

Katedra Farmakologie a Toxikologie 

Kandidát: Stanislava Jarkovská 

Školitel: Prof. Sandra Incerpi, Dr. Přemysl Mladěnka 

Název diplomové práce: Zhodnocení antioxidační aktivity lipofilních derivátů 

hydroxytyrozolu 

 Látky schopné reakce s reaktivními formami kyslíku a dusíku, zkráceně 

antioxidanty, mohou mít prospěšné účinky u nemocí, v jejichţ patogenezi byl prokázán 

oxidační stres. Antioxidanty jsou dnes navíc široce vyuţívány jako stabilizátory tuků a olejů 

v potravinách. Hydroxytyrozol, hlavní fenolická látka přítomná v olivovém oleji, má silnou 

antioxidační aktivitu. Avšak kvůli jeho vysoké polaritě je méně rozpustný v lipofilním 

prostředí, coţ omezuje jeho vyuţití v potravinovém průmyslu a prevenci/léčbě nemocí. 

Cílem této práce bylo porovnat antioxidační aktivitu mateřské sloučeniny hydroxytyrozolu 

s jeho lipofilními estery s různou délkou postranního řetězce. 

Antioxidační kapacita těchto esterů hydroxytyrozolu se zvýšenou lipofilitou, které 

byly  nasyntetizovány a charakterizovány v laboratoři chemie na Katedře Mechanické a 

Industriální Chemie univerzity Roma Tre, byla vyzkoušena in vitro pomocí 

2,2´-azinobis(3-ethylbenzothiazolin-6-sulfonové kyseliny (ABTS) metody a na 

buněčných kulturách L6-myoblastů (fluorescenční metoda s pouţitím dichloroflouresceinu 

(DCF)).  Výsledky byly porovnány s antioxidační kapacitou volného hydroxytyrosolu a 

další referenční látkou Troloxem, ve vodě rozpustným analogem vitamínu E. ABTS metoda 

v hydrofilním i lipofilním prostředí stejně jako experimenty na buněčných kulturách 

prokázali nejlepší antioxidační kapacitu u esterů se střední délkou postranního řetězce 

v ideálním rozmezí C6-C10. Buněčné experimenty ukázaly významný pokles antioxidační 

aktivity u esterů s postranním řetězcem delším neţ 10 uhlíků. Ţádná z testovaných 

sloučenin nebyla podstatně účinější neţ Trolox v buňkách. 
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1 INTRODUCTION 
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This work was carried out in laboratories of Physiology and Chemistry at 

University Roma Tre. These two laboratories are interested in evaluation of antioxidant 

capacity of both naturally occurring and synthetic compounds. My work was focused on 

hydroxytyrosol and some of its lipophilic esters. These compounds were tested in vitro 

and in cells in culture.  

At present, numerous researches are interested in free radicals and antioxidants. 

Free radicals are produced in all cells of our body during aerobic metabolism, but they 

are kept at very low level due to physiological protective mechanisms. Under 

pathological conditions the production of free radicals is enhanced, protective 

mechanisms are not able to reduce sufficiently their level and cells reach the unsteady 

state called oxidative stress. The excess of free radicals oxidizes surrounding sensitive 

molecules such as lipids, proteins, carbohydrates and DNA, causing loss of their 

functions and damage. The oxidative stress has been related to well-known chronic 

degenerative diseases and aging. Compounds with antioxidant properties may protect 

cells against damaging effects of reactive oxygen and nitrogen species (RONS) and 

oxidative stress, therefore antioxidants are clearly important for our life and research in 

this field is required and necessary.  

Till this time many investigations have been carried out and many articles have 

been written about free radicals. The current science still has been trying to find answers 

to questions related to their rise, behavior, effects in living organism and elimination. 

Although the presence of free radicals in biological materials was discovered less than 

60 years ago, significant progress in their knowledge has been made. During this period 

views of free radicals have been changed. It has been discovered that free radicals are 

neither all bad and dangerous, nor antioxidants all good. At high concentrations, free 

radicals and their reactive metabolites are hazardous for living organism, but at low 

concentrations they play an important role as regulatory mediators in signalling 

processes.  

Dr. Wulf Dröge wrote in 2002: „At the beginning of the 21st century, there is a 

large body of evidence showing that living organisms have not only adapted to an 

unfriendly coexistence with free radicals but have developed mechanisms for the 

advantageous use of free radicals.“ 
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2 GENERAL PART 



 

 10 

2.1 OXYGEN – TOXIC GAS NECESSARY FOR LIFE 

Oxygen is a molecule very important for life that appeared in significant 

amounts in the Earth‟s atmosphere over 2.2 billion years ago due to the evolution of 

photosynthesis by cyanobacteria. It is worth to mention that the rise in atmospheric 2O  

brought two important facts. It led to formation of the ozone ( 3O ) layer in the 

stratosphere that protects living organisms from UV radiation and it removed ferrous 

iron ( 2Fe ) from aqueous environments by forming insoluble ferric complexes [1]. The 

second fact was not less important than the first because 2Fe  ion is known to react 

with hydrogen peroxide 22OH  to yield highly toxic hydroxyl radical (Eq. 1, Fenton 

reaction). It would have been practically impossible to evolve aerobic life on our planet 

with this metal ion [2]. The Fenton reaction occurs also in vivo, but it is carefully 

limited by availability of both 2Fe  and 22OH  [41]. 

Eq. 1: 2Fe + 22OH  intermediate complexes 
3Fe +

OH +
OH  

First organisms that appeared on Earth were anaerobic, because atmosphere at 

that time contained much nitrogen and carbon dioxide, but little oxygen. As atmospheric 

2O  rose, many anaerobic organisms died out, but some organisms (aerobic) began to 

evolve antioxidant defenses to protect against 2O  toxicity and started to tolerate oxygen 

[2].  

Molecular oxygen (dioxygen; 2O ) is essential for the survival of all aerobic 

organisms and it forms 21% of the current atmosphere. We need it for the efficient 

production of energy in mitochondrial respiration. This process results in the reduction 

of molecular oxygen to OH 2  (Figure 1). During electron transfer reactions in the 

respiratory chain, highly reactive metabolites of 2O , so called „reactive oxygen species“ 

(ROS), may be formed, e.g. the superoxide radical anion ( 
2O ), hydrogen peroxide 

( 22OH ) and the hydroxyl radical ( OH ). It means that ROS and free radicals (FRs) are 

formed as normal products of aerobic metabolism in all cells. But their excessive 

production under pathophysiological conditions has been related with several diseases 

[4]. Many scientists believe that oxygen is paradoxicaly toxic mainly due to the 

formation of the superoxide anion radical 
2O  as the first step in generation of another 

very reactive molecules [3]. 
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Figure 1. The mitochondrial respiration – main source of ROS. The electron transport chain in the inner 

mitochondrial membrane performs the reduction of oxygen to water. However, there is a constant leak of 

few electrons which results in the formation of superoxide radical anion. Complex I (NADH 

dehydrogenase) removes two electrons from NADH and transfers them to a lipid-soluble carrier, 

ubiquinone (Q). The reduced product, ubiquinol (QH2) can freely diffuse within the membrane. At the 

same time, complex I moves four protons (H+) across the membrane, producing a proton gradient. 

Complex II is not a proton pump, it removes electrons from succinate and transfers them to Q. 

2.2 FREE RADICALS AND THEIR REACTIVE METABOLITES 

A FR is defined as any atomic or molecular species capable of independent 

existence that contains one or more unpair electrons in one of its molecular orbitals. 

Each orbital can hold two electrons, spinning in opposite directions, that make them 

more stable. Molecular 2O  is qualified as a diradical because of its two unpaired 

electrons in the outer valence layers [5].  

Radicals are also formed by a homolytic fission of covalend bond during 

reaction called initiation. The initiation is caused usually by high temperature or 

radiation. When a FR reacts with a nonradical molecule, a new radical results 

(propagation). FRs are highly unstable and may participate in large number of 

subsequent reactions (chain reaction), in which other very reactive metabolites are 

formed [6]. For example, OH  is able to attack fatty acid side chains in membranes and 

lipoproteins and thus initiate the chain reaction of lipid peroxidation.  

Because of their high reactivity, most FRs have very short half life (10
-6

 seconds 

or less). Newly formed FRs and other metabolites have more pronounced oxidative 

http://en.wikipedia.org/wiki/Ubiquinone
http://en.wikipedia.org/wiki/Ubiquinol
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ability and they are often more reactive than their parent molecules [4, 6]. There are 

several types of chain reaction [7]: 

 FR may react with another molecule, the adduct still has an unpaired electron; 

 FR may be a reducing agent, donating a single electron; 

 FR may be an oxidizing agent, taking a single electron from a nonradical; 

 FR may abstract a hydrogen atom from a C-H bond (such as the case of lipid 

peroxidation) 

If two radicals meet, they can combine their unpaired electrons, join to form a 

covalent bond (a shared pair of electrons) and become a nonradical according to Eq 2. 

This type of reaction is known as termination [5]. 

Eq 2: A + A   AA  

2.3 MAJOR TYPES OF FREE RADICALS AND THEIR 

DERIVATIVES 

2.3.1 Reactive oxygen species 

ROS are oxygen-derived molecules, including oxygen radicals (superoxide 

anion radical 
2O , hydroxyl radical OH , peroxyl RO2

•, and alkoxyl RO
•
) and certain 

nonradicals that are either oxidizing agents and/or are easily converted into radicals, 

such as hypochlorous acid ( HOCl ), ozone ( 3O ), singlet oxygen ( 2
1O ), and hydrogen 

peroxide ( 22OH ) [4].  

Superoxide radical anion  

ROS generation starts with the formation of superoxide anion radical by 

donating an electron to molecular oxygen 2O . Superoxide is generated through either 

incomplete reduction of oxygen in electron transport systems or as a specific product of 

enzymatic systems, NADPH oxidases or xantine oxidases [9].  

NAD(P)H oxidases are multicomponent enzymes made of membrane-bound 

cytochrome and other protein parts. They are expressed nearly in all types of cells and 

tissue either at high levels or intermediate-low levels. NAD(P)H oxidases transfer 

electrons across biological membranes. In general, the electron acceptor is oxygen and 
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the product is superoxide anion radical. [8]. Xanthine oxidoreductase is an enzyme 

participating in physiological formation of uric acid from xanthine and hypoxanthine. 

During ischemia, its intercorversion into xantine oxidase takes place. Xantine oxidase, 

apart from the formation of uric acid, produces superoxide and hydrogen peroxide too. 


2O shows high instability in aqueous solutions, it is rapidly converted into 

22OH  by the antioxidant enzyme superoxide dismutase (SOD). SOD accelerates 

dismutation of superoxide anion radical into nonradical hydrogen peroxide according to 

Eq 3. 

Eq. 3: 
2O + 

2O + 2H
+
 → 22OH + 2O  

SOD is a key antioxidant enzyme discovered in 1968. By scavenging 
2O , SODs 

represent the first line of defence against oxidative stress (OS) and its subsequent 

effects. In  human cells three isoenzymes of SOD exist: cytosolic (CuZnSOD; SOD1), 

mitochondrial (MnSOD; SOD2) and extracellular (EC-SOD; SOD3) [10]. In biological 

tissues the superoxide radical anion can also be converted nonenzymically into the 

hydrogen peroxide and singlet oxygen [9]. 

Hydrogen peroxide 

22OH  is not a free radical but it is a reactive oxygen species. It is much more 

stable molecule than 
2O  and therefore a weaker oxidizing agent than 

2O . In addition 

to formation from dismutation of 
2O , a number of enzymatic systems also generate 

22OH  including urate and amino acid oxidases. Hydrogen peroxide is unable to oxidize 

DNA or lipids directly but can inactivate some enzymes [47]. It is able to diffuse across 

biological membranes, therefore, hydrogen peroxide formed in one location might 

diffuse across cell compartments and between cells. Thus ROS induced damage can be 

easily spread [4]. Hydrogen peroxide can be broken down by various pathways, of 

particular importance is the reaction with free transition metals (e.g. ferrous or cuprous 

ions) which produces the extremely reactive hydroxyl radical OH (Fenton reaction, 

Eq.1 above). The Fe
3+

 present in myoglobin, hemoglobin or cytochrome c can be 

reduced to Fe
2+

 by superoxide radical (Eq. 4) and then allows hydroxyl radical 

production. Alternatively, hydrogen peroxide may be converted into water by action of 

the other antioxidant enzymes catalase (Eq. 5) or glutathione peroxidase (Eq. 6) [6].  
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Eq. 4: Fe
3+

 + 
2O → Fe

2+
+ 2O  

Eq. 5: 22OH + 22OH → 2 OH 2 + 2O  

Eq. 6: 22OH + 2 GSH→ 2 OH 2 + GSSG 

Hydroxyl radical 

The hydroxyl radical OH  is probably the most dangerous FR that induce cell 

and tissue damage. The reason for this is that the hydroxyl radical reacts with almost 

every type of molecule found in living cells. It is formed in cell during the transition 

metal catalysed decomposition of superoxide and hydrogen peroxide [5]. Hydroxyl 

radical damages molecules close to site of their generation due to its high reactivity. 

[48]. 

Singlet oxygen 

Singlet oxygen 2
1O  is another reactive form of oxygen which have paired spins. 

Singlet oxygen is an electronically excited form of oxygen and is not a radical. It has a 

very short half-life but is capable of diffusion and is permeable to membranes. 

Dismutation of the superoxide anion in water can lead to the formation of singlet 

oxygen in biological systems [48]. 

Hypochlorite 

Hypochlorite is formed by the action of myeloperoxidase utilizing hydrogen 

peroxide (Eq. 7). Hypochlorite is predominantly formed by neutrophils and can damage 

various biomolecules by oxidizing thiols, lipids, ascorbate, and NADPH with the 

generation of various secondary products. Moreover, in the acid form (hypochlorous 

acid), this oxidant can cross cell membranes and can cause fragmentation and 

aggregation of proteins [47]. 

Eq. 7: 22OH + Cl
 –
→ HOCl+ OH

  – 
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Figure 2.  General association between free radicals and their reactive metabolites [6]. Most of reactions 

are described in section 2.3.  

 

2.3.2 Reactive nitrogen species 

The nitric oxide (NO
•
) is a small radical molecule formed by oxidation from 

aminoacid L-arginine to citrulline. This process is catalyzed by a family of enzymes -

nitric oxide synthases (NOS). There are three known isoforms of NOS, two are 

constitutive (neuronal nNOS; endothelial eNOS) and the third is inducible (iNOS) 

expressed in particular in macrophages after their stimulation [13].  

NO
• 

is an abundant reactive radical with a double function that acts as an 

important oxidative signalling molecule in a wide range of physiological processes, 

including neurotransmission, blood pressure regulation, defence mechanisms, smooth 

muscle relaxation and immune regulation. NO
• 

is soluble in both aqueous and lipid 

media, it readily diffuses through the cytoplasm and plasma membranes [13]. 

Cells of immune system produce during oxidative burst not only superoxide 

radical anion, but also NO
•
. Thus nitric oxide and the superoxide anion may react 

together to produce significant amounts of a more active molecule, peroxynitrite anion 

( ONOO ) (Eq. 8, Figure 2) [13]. This reaction occurs three times faster than the 

dismutation of superoxide to produce hydrogen peroxide. Peroxynitrite (or its 

protonated form ONOOH) is a strong oxidizing agent and can lead to depletion of thiol 

groups, damage to DNA, and nitration of proteins. [48].  

Eq. 8: NO
• 
+ 



2O → ONOO  
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 NO
• 
can be also converted to other reactive nitrogen species such as nitrosonium 

cation ( NO ), nitroxyl anion ( NO ) [9].  

2.4 MAJOR SOURCES OF FREE RADICALS  

2.4.1 Cellular sources 

Mitochondria 

Mitochondria are thought to be predominant source of ROS. ROS production is 

proportional to the rate of mitochondrial oxygen utilization. The generation accounts for 

1-2% of total 2O consumption under reducing conditions. Due to high concentrations 

of mitochondrial SOD, the intramitochondrial concentrations of 
2O  are maintained at 

very low levels [16].  

Endoplasmic reticulum  

This intracellular organelle is involved in lipid and protein biosynthesis. Smooth 

endoplasmic reticulum contains enzymes that catalyze a series of reactions involved in 

detoxification of lipid-soluble substances and other harmful metabolic products and in 

reduction of molecular 2O  to 
2O  and/or 22OH . The most studied are cytochrome 

P-450 and 5b  families of enzymes that can oxidize unsaturated fatty acids and 

xenobiotics [4]. 

Peroxisomes 

Peroxisomes are important sources of total cellular 22OH  production [17]. They 

contain a number of 22OH -generating enzymes. Peroxisomal catalase utilizes 22OH  to 

oxidize a variety of other substrates. These types of oxidative reactions are important in 

liver and kidney cells in which peroxisomes detoxify a variety of toxic molecules [4]. 

Phagocytes 

Activated phagocytes, such as neutrophils and monocytes, produce a large 

amounts of ROS that are important for the elimination of invading organisms or 

abnormal cells via the phagocytic isoform of NADPH oxidase and myeloperoxidase. 

NADPH oxidase can be induced by microbial products such as bacterial 
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lipopolysaccharide, by lipoproteins, or by cytokines. The massive production of ROS is 

called the „oxidative burst“. The transfer of electrons occurs from NADPH to the 
2O  

from the inner side of the plasma membrane to outside. During phagocytosis, the 

plasma membrane is internalized as the wall of the phagocytic vesicle, which was once 

the outer membrane surface now facing the interior of the vesicle. This targets the 

delivery of 
2O  and its reactive metabolites internally for localized microbicidal 

activity. Activated phagocytes release also myeloperoxidase enzyme, which catalyzes 

the formation of HOCl, which is strong oxidant compound [4]. 

Transition metals 

Most metal ions, particularly copper and iron, are essential enzyme cofactors. In 

the free form these ions in biological systems can facilitate transfer of electrons to 

susceptible macromolecules such as proteins, lipids, DNA and other moleculs and lead 

to their damage. It is important for organisms that free transition metals in biological 

fluids are restricted to very low levels. Exposure to redox – active transition metals is 

controlled primarily through the action of specific chelating proteins such as 

ceruloplasmin or transferrin [18]. 

2.4.2 Non-cellular sources 

Environmental agents 

A variety of agents present in the environment can cause a direct oxidation of 

biological compounds and generation of ROS. External sources are cigarette smoke, 

UV radiation, drugs, ethanol, chemical reagents, industrial solvents, and pollution [14]. 

Nutritional imbalance 

In organism there are important enzymes that decrease concentrations of 

oxidants, such as glutathione peroxidases, superoxide dismutases and catalase. For their 

formation and activity dietary minerals are necessary. Lower intake or depletion of 

these minerals and antioxidants can lead to oxidative stress [14]. 

Most of antioxidants come from the diet: vitamine C, E and flavonoids and 

minerals (selenium, copper, manganese and zinc). 
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2.5 MAINTENANCE OF REDOX HOMEOSTASIS IN CELLS 

FRs and their derivatives exist in living tissues at low but measurable 

concentrations because they are common outcomes of aerobic metabolism [11]. If ROS 

production and their elimination are kept in balance, cells are in a stable state. After 

temporary exposure to ROS protective responses against oxidative damage are induced 

[9]. 

Protection against ROS and RNS is organized on three levels:  

(a) A first line of defense against ROS and RNS is protection against their formation. In 

organism are several protective systems, such as metal binding proteins (ferritin, 

transferrin, coeruloplasmins, metallothioneins) that protect against ROS formation or 

inhibitors of enzymes catalyzing FR formation. Specialized pigments such as melanin 

protect cells against UV radiation that is one of environmental sources of ROS 

production [6]. 

(b) When these primary protective systems are insufficient and FRs or reactive 

metabolites have already been formed, scavengers and trappers of FRs eliminate the 

high reactivity of FRs by turning them into nonradical and nontoxic metabolites. These 

compounds are called antioxidants and they prevent the oxidation of biologically 

important molecules [6].  

(c) If the protection of the organism fails at this level, repair systems recognize impaired 

molecules and decompose them. These reparative systems consist of proteinases, lipases 

and DNA repair systems, which decrease the oxidation of modified proteins, lipids and 

DNA bases, respectively [6]. 

The intracellular redox homeostasis is preserved primaly by thiols such as 

glutathione (GSH) and thioredoxin (TRX). Both of these thiols exist in cells in reduced 

and oxidized states. In cells high ratios of reduced to oxidised form GSH and TRX are 

maintained by GSH and TRX reductase, respectively. They represent the major cellular 

redox buffers. Under enhanced oxidative stress conditions, content of oxidized forms 

increases [4].  

In addition, there are compounds such as proteins, peptides and amino acids that 

have a relatively low specific antioxidant activity, but, when present at high 

concentrations, can contribute significantly to the redox homeostasis. Practically all 
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aminoacids can serve as targets for oxidative attack by ROS, although some aminoacids 

such as tryptophan, tyrosine, histidine, and cysteine are particularly sensitive to ROS. 

Because the cumulative intracellular concentration of free aminoacids is on the order of 

110  M, free aminoacids are quantitatively important ROS scavengers [9]. 

If the initial increase in ROS is relatively small, the antioxidant response may be 

sufficient to compensate it and to reset the original balance between ROS production 

and ROS scavenging capacity. Under certain conditions, ROS production is increased 

more strongly and persistently and the antioxidative response may not be sufficient to 

reset the system to the original level of redox homeostasis. In such cases, the system 

may still reach an equilibrium according to the model in Figure 3, but the resulting 

stable state may now be associated with higher ROS concentrations and different levels 

of free amino acids and/or different patterns of gene expression. The persistent 

production of abnormally large amounts of ROS or RNS may lead to persistent changes 

in signal transduction and gene expression which, in turn, may give rise to pathological 

conditions and state called oxidative stress [9]. 

 

 

Figure 3. The steady-state of cells is determined by the rate of ROS generation and their elimination. The 

enzymatic and non-enzymatic antioxidants are potent ROS scavengers but occur in cells at low 

concentrations. Aminoacids and proteins are less effective than classical antioxidants but they are present 

in cells at high concentrations.[9] 

2.6 OXIDATIVE STRESS 

Oxygen is vital for all living cells but on the other hand it is potentially 

dangerous when present in excess. OS is defined as an imbalance between production of 

FRs and reactive metabolites and their elimination by protective mechanisms, referred 

to as antioxidant systems [19]. 
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The term oxidative stress is used commonly, but it is not completely correct. An 

oxidation as a chemical reaction is always connected with a reduction. Therefore more 

precise term should be “redox stress” [6].  

OS can result from: 

1. diminished levels of antioxidants - for example, mutations affecting the 

activities of antioxidant defence enzymes such as CuZnSOD, or glutathione 

peroxidase, or toxins that deplete antioxidant defences. For example, many 

xenobiotics are metabolized by conjugation with GSH [20]. 

2. increased production of reactive species - for example, by exposure of cells or 

organisms to elevated levels of O2 or to other toxins that are themselves 

reactive species (NO2
•
) or are metabolized to generate reactive species, or 

excessive activation of „natural‟ systems producing such species (phagocytic 

cells in chronic inflammatory diseases) [20].  

Consequences of OS can include: 

1. adaptation of the cell or organism by upregulation of defence systems, which 

may (a) completely protect against damage; (b) protect against damage to 

some extent but not completely; or (c) „overprotect‟ (e.g. the cells is then 

resistant to higher levels of OS) [20]. 

2. cell injury - this involves damage (oxidative damage) to any or all molecular 

targets: lipids (Figure 4), DNA, proteins, carbohydrates, etc. Oxidative 

damage can also occur during adaptation (point 1 above). Not all damage is 

caused directly by FRs: damage to biomolecules can result from oxidative 

stress-related changes in ion levels (e.g. Ca
2+

) or activation of proteases, 

resulting from changes in signal transduction and gene expression [20]. 

3. cell death – the cell may (a) recover from the oxidative damage by repairing it 

or replacing the damaged molecules, or (b) it may survive with persistent 

oxidative damage or (c) oxidative damage, especially to DNA, may trigger 

cell death, by apoptosis or necrosis [20]. 

These effects of OS have been associated with several diseases, such as 

atherosclerosis, cardiovascular diseases, neurodegenerative diseases (Alzheimer and 

Parkinson), diabetes mellitus and metabolic syndrome, cancer and also psychic 
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disorders (schizophrenia). Even physiological processes such as aging have been 

associated with action of ROS [6].  
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Figure 4. Mechanism of lipid peroxidation. The overall effects of lipid peroxidation are the decrease of 

membrane fluidity, increase of permeability of the membrane for substances that do not normally cross it 

and damages to membrane proteins, inactivation of receptors, enzymes, and ion channels. Continuous 

lipid peroxidation lead to degradation of PUFAs, thus generating highly reactive malondialdehyde 

(MDA). MDA can react with free amino-group of proteins, phospholipids or nucleic acids. 

At present, the opinion that OS is not always harmful, has been accepted. 

Depending on the type of oxidants, intensity and time of redox imbalance and the type 

of cells, oxidative stress can play a role in the regulation of other important processes 

through modulation of signal pathways (several signal transduction pathways rely on 

the action of ROS as signalling molecules, they act as secondary messengers), 

influencing synthesis of antioxidant enzymes, repair processes, inflammation, apoptosis 

and cell proliferation, and thus processes of malignity (Table 1). Cells exposed to FRs 

and/or reactive metabolites can respond differently – increased proliferation, arrested 

cell cycle, senescence, apoptosis or necrosis. The response of cells is dependent on the 

type of cells [28]. 
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Table 1. Physiological functions of free radicals and their derivatives [9] 

Type of radical Source of radical Physiological process 

Nitric oxide Nitric oxide synthases 

Smooth musle relaxation (control of 

vascular tone) and various other 

cGMP-dependent functions 

Superoxide and related 

ROS 
NAD(P)H oxidases 

Control of ventilation 

Control of erythropoietin production 

and other hypoxia-inducible functions 

Smooth muscle relaxation 

Signal transduction from various 

membrane receptors/enhancement of 

immunological functions 

Superoxide and related 

ROS 
Any source 

Oxidative stress responses and the 

maintanance of redox homeostasis 

 

2.7 OXIDANTS AND SKELETAL MUSCLE FUNCTION 

One part of this work concern L6-myoblast cells. It is worth to mention some 

basic knowledge known about skeletal muscles and their relation to oxygen species. 

Skeletal muscle is made up of individual components, muscle fibers (myocytes, 

myotubes). These fibers are formed by fusion of progenitor cells, myoblasts. In cell 

culture, myoblasts are able to spontaneously differentiate after few days to long-shaped 

myotubes. Myotubes are long, cylindrical, multinuclear cells composed of actin and 

myosin myofibrils repeated as sarcomere, the basic functional unit of mucsle cells. 

Regular physical exercise has many health benefits. Paradoxically, it is also 

known that contracting skeletal muscles generate FRs from a variety of cellular sources. 

During intense exercise skeletal muscles undergo drastic changes in O2 metabolism as 

any other tissue of our body. High levels of ROS arising during prolonged and intense 

exercise promote skeletal muscle contractile dysfunction resulting in muscle fatigue and 

oxidative damage to cellular constituents. However mild oxidative stress has a 

regulatory function during activation of antioxidant enzymes, and is thus involved in 

antioxidative protection. Most investigators have observed increases in SOD activity 

[53] as well as upregulation of both cytosolic and mitochondrial SOD isoforms in 

muscle fibers in response to endurance training [54].  

Antioxidants should not be taken before and during training exercise because they 

could interfere with muscle adaptation to the strenuous physical activity. Exercise 
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stimulates higher synthesis of antioxidant enzymes. Antioxidant supplementation could 

inhibit the increased synthesis. However, during strenous exercise in competition, 

increased levels and activities of antioxidants may not be sufficient, therefore 

administration of exogenous antioxidants just before and during the top sport 

performance could be appropriate [6]. 

2.8 ANTIOXIDANTS 

To protect against OS, a well-organized system of antioxidants works as a 

complex unit to counteract redox disturbances and preserve homeostasis in the cell. 

Antioxidants are defined as any substance that, when present at low concentration, is 

able to delay or inhibit the oxidation of substrates [11]. Nowadays the antioxidants are 

widely used in food industry, cosmetics, medicine and pharmacy. In the food industry 

the antioxidants are used for food preservation (to enhance stability of oils and fats and 

prevent their oxidation). Oxidized lipids, when absorbed in mammals, are incorporated 

into lipoproteins and this association (especially with LDL particles) is considered to be 

one of the main inducers of atherosclerosis [27].  

Synthetic antioxidants used for food protection are replaced by natural ones 

because of growing interest in bioquality. But the solubility of most of natural 

antioxidants in lipid media is low and this is a problem for their practical aplications. 

Development of new antioxidants with higher lipophilicity, better antioxidant capacity 

and less toxicity is desirable for better food preservation and for the prevention and/or 

treatment of a number of diseases associated with OS [26].  

The group of antioxidants can be divided according to various criteria into a) 

enzymatic and non-enzymatic, b) water-soluble  and lipid-soluble, c) chain breaking 

antioxidants and transition metal binding proteins, d) endogenous and exogenous (Table 

2). Antioxidants have been extensively studied because many of them show beneficial 

activities, such as antiinflammatory, antiatherosclerotic, antitumor, antimutagenic, 

anticancerogenic, antibacterial and antiviral activities. 

Endogenous antioxidants include some produced in the body that organisms 

developed as protection against „oxygen toxicity“. To endogenous antioxidants belong 

both enzymes (superoxide dismutase, catalase and glutathione peroxidase) and 
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nonenzyme antioxidants (albumin, transferrin and low-molecular-weight antioxidants 

metallothioneins, uric acid, lipoic acid, glutathione and ubiquinol) [6]. 

Exogenous antioxidants are obtained from the diet. Exogenous antioxidants are 

important because they show two functions, preventing food oxidation and increasing 

the amount of antioxidant agents in the organism, protecting against FR. The most 

important dietary antioxidants are certain vitamins  and phenolic compounds [32]. 

Chain breaking antioxidants (antioxidants except antioxidant enzymes and 

transition metal binding proteins) are molecules that can receive an electron from a 

radical or donate an electron to a radical with the formation of stable byproducts [29]. 

They stop propagation of chain reactions such as a lipid peroxidation.  

Interactions between chain breaking antioxidants in organism are complex. For 

instance, the ascorbate regenerate tocopherol from tocopheryl radical at the aqueous-

lipid interface and maintain its concetration in membranes and lipoproteins [30]. In a 

similar manner, glutathione can regenerate ascorbate from dehydroascorbate. Therefore 

it is difficult to predict how the antioxidants will function in vivo [22]. 

A second important property of chain breaking antioxidants is their ability to act 

as pro-oxidants. In certain circumstances, the presence of an antioxidant might 

paradoxically lead to increased oxidative damage. It has been shown in vitro that 

tocopherol might promote LDL oxidation in the absence of an aqueous phase 

antioxidant such as ascorbate [31]. 

Table 2. Antioxidants divided according to their properties. 

  
Endogenous  Exogenous 

Enzymatic 

SOD       

Catalase       

Glutathione peroxidases       

Non-enzymatic 

Glutathione     Vitamin E 

Metal binding proteins    Vitamin C   

Albumin      Carotenoids 

Metallothioneins   

 

Coumarins 

Uric acid    Polyphenols Polyphenols 

Lipoic acid Lipoic acid     

  Ubiquinol     

  
Hydrophilic Lipophilic Hydrophilic Lipophilic 
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2.8.1 Polyphenols 

Polyphenols are a group of secondary metabolites found in plants, characterized 

by the presence of several hydroxyl groups on aromatic rings in the molecule. 

Nowadays polyphenols are extensively studied because they are the most abundant 

antioxidants in the diet. Their main dietary sources are fruits and plant-derived 

beverages (fruit juices, tea, coffee, red wine), vegetables, cereals, chocolate and 

legumes. Their total dietary intake could be  high ~ 1 g/d, this is ~10 times higher than 

the intake of vitamin C and 100 times higher that the intakes of vitamin E and 

carotenoids [24]. 

These compounds may be classified according their structure into different 

groups (Figure 5, 6, 7) [25]: 

 phenolic acids (derivatives of hydroxycinnamic and hydroxybenzoic 

acid)  

 flavonoids (comprise subclasses such as flavonols, flavones, flavanones, 

catechins, anthocyanidins, isoflavones, dihydroflavonols and chalcones)  

 stilbenes (e.g. resveratrol) 

 lignans (formed of phenylpropane units) 

 

R1

R
2

R3

O

OH

Hydroxybenzoic acid

R1, R2 = OH, R3 = H : Protocatechuic acid

R1, R2, R3 = OH Gallic acid

R1

R2

OH

O

R1= OH : Coumaric acid

R1, R2 = OH :Caffeic acid

R1 = OCH3, R2 = OH : Ferullic acid

Hydroxycinnamic acid

 

Figure 5. Chemical structures of phenolic acids. 
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Figure 6. Chemical structures of stilbens and lignans. 
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Figure 7. Chemical structures of polyphenols. 

Several epidemiological studies support a contribution of polyphenol-rich diet to 

prevention of cardiovascular diseases, certain types of cancer, neurodegenerative 

diseases and diabetes mellitus [24]. 

Pharmacokinetics of various polyphenols has been only partly established which 

complicates the consiliation between in vitro and in vivo study. Generally they are 

poorly absorbed from the intestine, highly metabolized, or rapidly eliminated [25]. 

2.9 OLIVE OIL  

Olive oil is a product made from olive fruits of the olive tree, Olea europaea. 

Olive trees grow especially in the Mediterranean basin and parts of Asia Minor. Olive 

oil is commonly used in cooking, pharmaceutical and cosmetic industry. It can be 

consumed in the natural unrefined state, known as extra virgin olive oil or as a refined 

product that is chemically treated to neutralize the acid content and strong taste. Refined 
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oil is regarded as lower quality oil because during rafination process phenolic 

compounds are lost [32].  

 Extra-virgin olive oil is the principal fat component of the Mediterranean diet 

that is characterized by high consumption of fruit, vegetables, fish, legumes, wine, olive 

oil, and low intake of meat and saturated fats. A number of studies have indicated the 

Mediterranean diet and olive oil consumption with lower incidence of chronic 

degenerative diseases and certain types of cancer. This fact increased the interest in the 

Mediterranean diet and olive oil. Because of a relatively high fat content in 

Mediterranean diet in comparison with diet of other countries, it has been suggested that 

type of fat is more important than the total amount consumed [32,33].  

 Olive oil is believed to exert its biological benefits mainly via compounds with 

antioxidant properties. Although the composition of olive oil is complex, the major 

groups of compounds thought to contribute to its observed health benefits include oleic 

acid, squalene and at least 30 phenolic compounds. All of them have been found to 

influence OS [32].  

Oleic acid represents 70–80% of the fatty acids present in olive oil. It is a 

monounsaturated acid with one double bond (MUFA, 18:1) that makes it less 

susceptible to oxidation than polyunsaturated acids [37]. Squalene is a triterpene 

hydrocarbon and a major intermediate in the biosynthesis of cholesterol. Olive oil is 

composed of approximately 0.7% squalene. The majority of squalene is transported to 

the skin, where it may provide a chemoprotective effect against FRs after exposure to 

high levels of ultraviolet radiation [36]. 

2.9.1 Phenolic constituents of olive oil 

Olive oil phenolic compounds are the most well studied and characterized olive 

oil components. The phenolic compounds are hydrophilic and a consistent amount of 

phenols is lost during olive oil production in the olive mill wastewater. But they are also 

found in the oil. Due to their antioxidant properties they significantly contribute to the 

stability of extra virgin olive oil. In general, olive oil contains three or four major 

classes of phenolic compounds, depending on the authors division. The main phenolic 

compounds present in virgin olive oil are [32]: 

 simple phenols (tyrosol, hydroxytyrosol and vanillic, gallic, caffeic, 

coumaric acid);  
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 secoiridoids (oleuropein, verbascoside, ligstroside);  

 lignans (pinoresinol and acetopinoresinol).  

The most abundant phenolic compound in the drupe is oleuropein. With the 

progression of maturation, oleuropein undergoes enzymatic and nonenzymatic 

hydrolysis and yields hydroxytyrosol (HT). HT is the major phenolic compound in olive 

oil. HT and oleuropein give extra-virgin olive oil its bitter, pungent taste and have 

powerful antioxidant activity both in vivo and in vitro (Figure 8) [32]. 

HO

HO

OH

HO

OH

O

CO2CH3

O

O
O

H

H

HO

H

HO

H OH

H
OH

O

Oleuropein

Hydroxytyrosol

 

Figure 8. Main phenolic compounds in olive oil 

HT and tyrosol are structurally related, except that HT have another hydroxy 

group in meta position. Due to the presence of ortho-diphenolic group in its chemical 

structure HT has a significantly higher antioxidant activity than tyrosol [32]. The 

secoiridoids contain in their chemical structure either a hydroxytyrosol (oleuropein 

derivatives) or tyrosol (ligstroside derivatives) and are also characterised by the 

presence of elenolic acid in its glucosidic or aglyconic form [32].  

Ortho-diphenolic or catecholic moiety increases the stability of the molecule. In 

fact, it is very reactive towards to FR. After donating of proton and scavenging of 

electron from the radical, a hydrogen bond between the hydroxy group and oxygen  is 

formed. The radical form of HT and other polyphenolic compounds is stabilized 

through the formation of several resonance structures generated by benzen ring. This 

facilitates a donating of hydrogen from the other phenolic group resulting in the 

formation of o-chinon structure (Figure 9). 
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Figure 9. Formation of radical in compounds with catechol moiety. 

Hydroxytyrosol is released from oleuropein by hydrolysis also during olive 

storage and pressing, due to the action of cellular esterases or acidic catalysis [40]. 

Black olive pericarp extract (from the outer layer of the black olive) has a higher 

concentration of phenolic compounds and a higher antioxidant capacity than green olive 

pericarp extract. HT is considered to be a more efficient antioxidant molecule than 

α-tocopherol [38]. 

Proved effects of olive oil phenolic compounds [39]: 

 antimicrobial activity in vitro;  

 antioxidant properties; 

 chemoprotective activities; 

 prevention of the endothelial dysfunction by decreasing the expression of cell 

adhesion molecules, and increasing nitric oxide (NO) production and inducible 

NO synthesis by quenching vascular endothelium intracellular free radicals; 

 inhibition of platelet-induced aggregation; 

 enhancement of the mRNA transcription of the antioxidant enzyme glutathione 

peroxidase (dependent on the tissue); 

 antiinflammatory activity. 
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2.10 METHODS FOR ASSESSMENT OF ANTIOXIDANT CAPACITY 

The term antioxidant capacity means the quantity of FR scavenged by a 

compound or a mixture of compounds. Sometimes antioxidant capacity and antioxidant 

activity are used as synonyms, but antioxidant activity refers to a kinetic term. The 

antioxidant activity is in fact the speed constant of the reaction between molecule of 

antioxidant and oxidant. 

Many chemical methods (Rancimat, DPPH, ABTS methods) and biological 

methods (Comet, DCF methods) are used for assessment of antioxidant capacity. 

Chemical methods are qualitative and they are used to find out whether the 

compound is an antioxidant or not. These methods are simple and there is no use of 

animals or tissues in contrast to biological methods. The biological methods are used to 

confirm results from the chemical methods under different conditions and to evaluate 

the biological suitability of the test molecule. 

2.10.1 Exaples of chemical methods 

2.10.1.1 DPPH method 

The method is based upon the use of the commercial stable nitrogenic free 

radical 1,1-diphenyl-2-picrylhydrazyl (DPPH
•
). The stability of the radical is reached by 

the delocalization of the spare electron over the whole molecule. The delocalisation also 

gives rise to the deep violet colour, characterised by an absorption band in ethanol 

solution centred at about 520 nm. When a solution of DPPH
•
 is mixed with a substance 

that can donate a hydrogen atom, this gives rise to the reduced form with the loss of this 

violet colour (although yellow colour from the picryl group is still present). 

Representing the DPPH radical by Z
•
 and the donor molecule by AH, the primary 

reaction is according to Eq. 9 [21]. 

Eq. 9: Z
•
+ AH = ZH+ A

•
 

ZH is the reduced form and A
•
 is free radical produced in this first step. This latter 

radical will then undergo further reactions with another molecule of the same kind that 

was produced by a parallel reaction. The overall stoichiometry is the number of 

molecules of DPPH reduced (decolorised) by one molecule of the reductant [21]. 
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 The efficient concentration (EC50 value) is a parametr used for interpretation of 

results. This is defined as the concentration of substrate that causes 50% loss of the 

DPPH activity (colour); residual (yellow) colour of the reduced form has to be taken 

into account [21]. 

2.10.1.2 Rancimat test 

Rancimat test is a simple and widely used chemical method for determination of 

stability of antioxidants and antioxidant potency in food matrices and biological 

systems. In fact, oxidative stability is an important criterion for evaluating the quality of 

oils and fats. 

The operating principle of the rancimat test consists of the analysis of the 

accelerated oxidation of lipidic matrixes by the Rancimat instrument. There are two 

steps of analysis. In principle (induction time) oxidation takes place according to a 

radical chain mechanism, giving rise to peroxides. Then, a stream of air is blown 

through the sample at a temperature between 50ºC- 220ºC. Under these conditions, the 

peroxides previously formed are converted into easily volatile oxidation products 

(aldehydes, ketones) which have the typical rancid odour. 

These products are transferred by the stream of air into a measuring vessel 

containing deionised water whose conductivity is continually being measured. The 

conductivity depends on the dissociation of volatile carboxylic acids in the water. 

The Rancimat test measures stability to oxidation by registration the 

conductivity as function of the time: minor lipidic degradation corresponds to minor 

conductivity. 

2.10.1.3 ABTS assay 

This method measures the ability of antioxidants to quench a radical cation 

ABTS
•+

 in both lipophilic and hydrophilic environment. ABTS
•+

 is a blue-green 

chromophore prepared by reaction of 2,2´-azinobis(3-ethylbenzothiazoline-6-sulfonic) 

acid (ABTS) with potassium persulfate K2S2O8 (Figure 10). 

 Molecule of ABTS
•+

 stabilized by resonance absorbs a visible spectrum in 

absorbance 630, 734, 812 nm. The addition of antioxidants reduces it to ABTS (by 

donating an electron) followed by decolorization. The extent of decolorization as 
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percentage inhibition of ABTS
•+

 radical cation is determined as a function of 

concentration and calculated with respect to the activity of Trolox (analog of vitamin E). 
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Figure 10. Reaction of preparation of ABTS+• radical cation. 
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2.10.2 Examples of biological methods 

2.10.2.1 DCF method  

Among the methods used to evaluate the antioxidant activity in living cells, the 

most popular are the assays based on fluorogenic probes. 

2′,7′-dichlorodihydrofluorescein (DCFH2) is a traditional fluorescent probe used 

to detect ROS generation. The diacetate derivative DCFH-DA (nonpolar, nonionic) 

crosses cell membranes and by intracellular esterases is enzymatically hydrolyzed to 

non-fluorescent and non-permeable DCFH, that is trapped into the cytosol. In the 

presence of reactive oxygen species or radical generators (e.g. H2O2 and cumene 

hydroperoxide) DCFH is rapidly oxidized to highly fluorescent 2‟,7‟-

dichlorofluorescein (DCF) (Figure 11). DCF absorbs and emits electromagnetic 

radiation between 480 and 540nm, and its fluorescence is proportional to the amount of 

radicals in cells [34,57]. 

The antioxidants prevent the oxidation of DCFH into DCF by blocking the 

propagation of radical reactions initiated by ROS. The decrease of the DCF 

fluorescence is therefore proportional to the antioxidant capacity. 

The capacity is calculated as percentage of inhibition of fluorescence in presence 

of an antioxidant donating a radical proton. 
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Figure 11. The principle of  DCFH2-DA assay. 

2.10.2.2 Comet assay 

The Comet assay is a single cell gel electrophoresis. It is frequently used to 

detect and quantitate DNA damage in individual cells. The damage usually detected are 

single strand breaks as well as double strand breaks. The procedure consists of the 
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encapsulation of cells in a low-melting-point agarose suspension, lysis of the cells in 

neutral or alkaline conditions, and electrophoresis of the suspended lysed cells [35].  

DNA is organized in large supercoiled structures in nucleus. By gamma 

radiation or alkylating agents the molecule of DNA is broken into shorter and longer 

fragments which could be stretched out by the electrophoresis. After electrophoresis the 

DNA is stained with a fluorescent dye and in fluorescence microscope resembles a 

comet with a head and a tail. The method is quantified by measuring the relative 

fluorescence from head and tail of the comet [35]. 

2.11 MEASUREMENTS OF ANTIOXIDANT CAPACITY OF 

HYDROXYTYROSYL ESTERS 

The antioxidant capacities of some hydroxytyrosyl esters have been evaluated by 

several researches, but their results differ although they used the same method. In this 

section there is the summary of results of various analytical methods.  

The antioxidants function either in aqueous, lipid or in heterophases systems 

depending on their polarity. Antioxidant activity is strongly affected by composition of 

the test system (the presence of surface-active substances and their interactions with 

both oxidants and antioxidants) [42]. In numerous articles is observed paradoxical 

behaviour of antioxidants, such as polar antioxidants are more active in bulk oil systems 

whereas non-polar antioxidants are more active in lipid suspended in aqueous systems. 

The phenomenon is known as “polar paradox” [43]. The explanation of this 

phenomenon is that hydrophilic and lipophilic antioxidants differ in the affinity towards 

to air, water, oil phases or interface [44]. In bulk oils the hydrophilic antioxidants may 

be more effective because they are oriented in the oil-air interface where they can 

efficiently protect against oxidation of lipids. In contrast, in oil-in-water emulsion 

systems, hydrophobic antioxidants are located in the oil and the oil-water interface 

where they are more protective than hydrophilic antioxidants, which are partitioned into 

the aqueous phase and are not present in interface [42] (Figure 12). 
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Figure 12. Interfacial distribution of hydrophilic and lipophilic antioxidants in bulk oil compared to oil-

in-water emulsions [44]. 

Measurement of antioxidant activity by Rancimat method was carried out with 

hydroxytyrosyl derivatives esterificated in different hydroxy groups. Finally, it was 

observed that the position of acylation is an important factor influencing antioxidant 

activity in lipids. Derivatives acylated in primary alcoholic group showed prolongation 

in induction times than those acylated in one of the phenolic groups [26]. This confirms 

the importance of ortho-diphenolic moiety in antioxidant capacity. 

The lenght of side acyl chain does not significantly influence the antioxidant 

capacity as shown in Table 3. HT and its derivatives had similar induction times. There 

is also demonstrated that free HT as its derivatives has better capacity than commonly 

used natural antioxidant vitamin E and synthetic one butylhydroxytoluen (BHT) 

[26,50]. 

Table 3. Results of measurements antioxidant capacity of HT and some of its derivatives obtained from 

Rancimat method.  

  Control HT HT acet HT palm HT stea HT olea 

Rancimat 

[50] 
Vit E= 18 h 
BHT= 8 h  

29 h 30 h 29 h   30 h 

Rancimat 

[26] 
Vit E= 11,2 

h     
13,4 h 13,2 h 13,5 h 

Values are shown as induction times (ITs; time of oxidative stability of lipid matrice)  

Esters of HT have been tested also by DPPH method in methanol [51] and 

cyclohexane [52]. In the DPPH method in methanol (Table 4) is shown the antioxidant 

capacity of HT with hydroxytyrosyl acetate, which showed better result with respect to 

reference compound Trolox. Hydroxytyrosol acetate is another phenolic compound 

which has been identified in virgin olive oil. Due to the presence of the ester group it is 
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more soluble in lipophilic phase [50]. Measurement in cyclohexane showed a bit lower 

antioxidant capacity for hydroxytyrosyl acetate and stearate.  

 Some derivatives of HT have been tested also by ABTS method in ethanol. 

The best scavenger of ABTS radical was hydroxytyrosyl palmitate, another two 

derivatives had capacity comparable with the reference compound α-tocopherol. 

Table 4. Esters of HT tested by DPPH method in methanol [51] and cyclohexane [52] and by ABTS 

method in ethanol with respect to control [26]. 

  Control HT HT acet  HT but HT palm HT stea HT olea 

DPPH in 

MeOH 

Trolox= 

0,24 
0,19 0,26         

DPPH in 

cyclohexane 
  

25 μM ± 

7 

22 μM ± 

1 

25 μM ± 

1 
  

21 μM ± 

7 
  

ABTS in 

EtOH 

Vit E= 

72% 
      90% 72% 74% 

Results of  measurements in methanol are expressed as EC50 (mol of antioxidant/mol of DPPH•) after 15 

min. In case of cyclohexane results are expressed as SC50 (concentration of antioxidant able to quench 

50% of DPPH•) after 5h. Results of ABTS are expressed as % of inhibition of ABTS•+ by antioxidant of 

final concentration 10μM. 

Antioxidant activity of hydroxytyrosyl esters was evaluated also by biological 

method using brain homogenates [50]. Trujillo et al. used this model because brain 

tissue is more vulnerable to oxidative damage caused by peroxyl radical due to its 

relative lack of antioxidant enzymes and its high abundance of oxidizable substrates. 

The capacity of HT and hydroxytyrosyl acetate, palmitate and oleate to prevent the lipid 

peroxidation in brain homogenate was similar to that of α-tocopherol. BHT and 

hydroxytyrosyl linoleate showed greater activity than the other esters (Table 5, lipid 

peroxidation). Derivatives with long side chain showed higher capacities to prevent the 

protein oxidation (protein oxidation). The protection against oxidative DNA damage 

was evaluated by Comet assay [52]. Summarizing the data, HT was less damaging at 

basal level and more effective in protecting against H2O2 induced damage. Within the 

lipophilic analogues of HT, DNA damaging properties and protective effects of the 

compounds were inversaly proportional to the chain length. 
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Table 5. Assessment of HT and its esters in biological environment [50, 52]. 

  
Control HT HT acet 

HT 

palm 
HT stea HT olea HT lin 

Lipid 

peroxidation 

BHT= 
20% 

Vit E= 

55% 

50% 60% 48%   50% 35% 

Protein 

oxidation 

BHT= 
2,55  

Vit E= 

2,17 

32± 2 23± 1 3,6± 0,2   
12,14± 

0,04 

8,67± 

0,04 

Comet assay 

1 

 

Control= 

39% 
(white) 

41% 42% 45% 57%     

Comet assay 

2 

 

Control= 
84% 

(cells+ 

H2O2) 

45% 57% 60%       

Lipid peroxidation: results are expressed as % of malondialdehyd produced in brain homogenate after 

adding of radical generator cumene hydroperoxide.  

Protein oxidation: % of protein oxidation after incubation with cumene hydroperoxide and antioxidants.  

Comet assay 1: TDNA (% of fragmented DNA with antioxidants).  

Comet assay 2: TDNA (% of fragmented DNA with antioxidants and H2O2) 
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3 AIM OF THE WORK 



 

 40 

Hydroxytyrosol is present in considerable amount in all parts of olive tree and 

olive oil. HT shows many interesting biological activities and possesses strong 

antioxidant activity, but it undergoes quick oxidation in the air. It can be synthetized by 

several methods and is commercially available. Because of its limited solubility in lipid 

media, the search for new lipophilic derivatives with enhanced properties is of high 

interest. The esterification of the primary alcoholic group of HT leads to more stable 

compounds with side lipophilic chain. 

The aim of this thesis was to evaluate the antioxidant activity of hydroxytyrosyl 

esters and determine the relationship between increasing lipophilicity and antioxidant 

properties. The antioxidant capacities of the compounds was evaluated both in vitro by 

spectrophotometric ABTS assay and in L6-cells in cultures by DCF fluorescent assay. 

 



 

 41 

4 EXPERIMENTAL PART 
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4.1 MATERIALS AND METHODS 

4.1.1 Chemicals and reagents 

 HT (C0) and its lipophilic esthers (C2-C18:1) were synthetized and 

characterized at Department of Mechanical and Industrial Engineering, 

University Roma Tre (Figure 13);  

 Cumene hydroperoxide, trypsin, phosphate buffer saline (PBS) were purchased 

from Sigma-Aldrich (St Louis, MO, USA);  

 2´,7´-dichlorodihydrofluorescein diacetate (DCFH2-DA) was obtained from 

Molecular Probes (Eugene, OR, USA);  

 Dulbecco‟s modified Eagle‟s medium (DMEM), antibiotics and sterile 

plasticware for cell culture were from Flow Laboratory (Irwine, UK);  

 Fetal bovine serum was from GIBCO (Grand Island, NY, USA); 

 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 

2,2´-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) 

and potassium persulfate were purchased from Fluka (Biochemica, Switzerland).  

HO

HO

OCOR

R = CH3, acetate C2

R = C3H7, butyrate C4

R = C5H11, hexanoate C6

R = C6H13 heptanoate C7

R = C7H15,octanoate C8

R = C8H17, nonanoate C9

R = C9H19, decanoate C10

R = C11H23 dodecanoate C12

R = C15H31, palmitate C16

R = C17H35, stearate C18

R = C17H33, oleate C18:1

 

Figure 13. Chemical structures of HT‟s derivatives. 
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4.1.2 Trolox equivalent antioxidant capacity assay (TEAC)  

4.1.2.1 Preparation of ABTS 

For preparation of 7 mM solution of ABTS
•+ 

we dissolved 38.4 mg (0.07 mmol) 

of ABTS in 10 mL of distilled water and 23.65 mg of potassium persulfate K2S2O8 

(0.087 mmol) in 25 mL of distilled water, 10 mL of both solutions were brought to final 

volume 25 mL. The mixture was kept in the dark at room temperature for 12-16h before 

use. At the time of experiment ABTS solution was diluted in ethanol to an absorbance 

of 0.70 (± 0.02) at 734 nm. 

4.1.2.2 Preparation of standard solutions for measurements in ethanol  

Stock solutions of trolox, HT and HT‟s derivatives were prepared in ethanol 

(final concentration between 2-4 mM). To measure the antioxidant capacity of pure 

compounds dissolved in ethanol, the stock solutions were subsequently diluted in 

ethanol to reach final concentrations ranging from 100 µM-1.5 mM. Solutions were 

stored in the dark at the temperature of 2-8ºC.  

4.1.2.3 Preparation of standard solution for measurements in ethanol/ refined olive 

oil  

Stock solutions of trolox and HT and HT‟s derivatives were prepared by 

dissolution in hexan (final concentration between 2-4 mM). To measure the antioxidant 

capacity of pure compounds in lipidic environment, the stock solutions were 

subsequently diluted in hexan with addition of refined olive oil to reach final 

concentrations ranging from 100 µM-1.5 mM. Solutions were stored in the dark at the 

temperature of 2-8ºC. 

4.1.2.4 Determination of antioxidant capacity 

For the spectrophotometric assay, 1 ml of the ABTS
•+

 diluted solution were 

mixed with 10 μL of the standard solution of tested compound (ratio 1: 100) at different 

concentrations. The activities of pure compounds were estimated at four different 

concentrations. VIS spectroscopy has been used to evaluate the absorbance‟s difference 

between an ABTS
·+

 solution before and 1 minute after the addition of the aliquots of 

antioxidant to test. The analyses have been repeated at least in quadruplicate. 
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The radical-scavenging activity of the samples was expressed as % reduction of ABTS
•+

 

absorbance according to Eq 10. 

Eq. 10: % reduction = [(Acontrol - Atest)/ Acontrol)] × 100 

Acontrol is the absorbance of the control (ABTS
•+ 

solution without test 

compound) and Atest is the absorbance of the test sample (ABTS
•+ 

solution plus 

compound). Trolox was used as a reference compound and results were expressed as the 

Trolox equivalent antioxidant capacity (TEAC). It is defined as the concentration (mM) 

of Trolox having the equivalent antioxidant activity to a 1 mM solution of the 

compound. 

4.1.3 Cell cultures 

L-6 cells from rat skeletal muscle were obtained from the American Type 

Culture Collection (Rockville, MD, USA). Cells were grown in Dulbecco's modified 

Eagle's medium, supplemented with 10% fetal bovine serum, 100 g/ml streptomycin 

and 100 U/ml penicillin, in a humidified atmosphere of 5% CO
2
 at 37°C. The cells 

reached confluency after 5 days and were kept in culture as myoblasts by continuous 

passages at pre-confluent stages. 

4.1.3.1 Trypsinization 

For experimental purposes, cells are cultivated in plastic flasks of 25 cm
2
 (about 

2×10
6
 cells) for maintenance of cell culture and 75 cm

2
 (6×10

6 
cells) for experiments. In 

such flasks, cells are provided with growth medium comprising the essential nutrients 

required for proliferation, and the cells adhere to the surface and each other as they 

grow. During trypsinization, the surface layer of cells is exposed to enzymatic action of 

trypsin. The trypsin is an enzyme from class of proteases. It is used for degradation of 

protein matrix which bind the cells to surface of flask and to each other, and releases 

these cells in suspension. Main steps of this procedure are: 

 Elimination of  the medium from cultivating flask 

 Washing of cells by 5 mL of DMEM (without serum) (2×) 

 2 mL of typsin were added into flask with cells and left for 45sec under the 

sterile hood 
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 Removal of the trypsin solution 

 The flask was placed in incubator for 8-10 minutes 

 5 mL of DMEM with serum were put into the flask and the cells came in 

medium 

 Centrifugation of cell suspension   

 Removal of supernatant and dilution in 10 mL of the medium 

 Appropriate amounts of cells were seeded for the experiments 

4.1.4 Intracelullar ROS determination 

4.1.4.1 Preparation of cells for experiment 

We followed the procedure described by Pedersen et al. [55]. At the time of the 

experiment the DMEM was discarded and cells were washed twice with 5 mL PBS 

containing 5.0 mM glucose at 37°C. Cells were gently scraped off with 8 mL phosphate 

buffer saline (PBS) plus glucose at 37°C and the cell suspension was transferred to 

a centrifuge tube. Cells were centrifuged at 1200 rpm for 5 minutes, the supernatant was 

discarded and the pellet re-suspended with a plastic Pasteur pipette in 5 mL PBS plus 

glucose. Incubation with the fluorescent probe DCFH2-DA at a final concentration of 

10 µM (from a stock solution of 10 mM in DMSO) was carried out in the dark at 37°C 

for 30 minutes. The cells were gently re-suspended every 10 min. At the end of 

incubation the cells were centrifuged at 1200 rpm for 5 min. The supernatant was 

discarded and the cell pellet was re-suspended in 5 mL of PBS plus glucose and 

centrifuged again at the same speed for the same time. The final supernatant was 

discarded and the cell pellet was re-suspended in 2 mL PBS at a final concentration of 

3×10
6 

cells/mL. Before starting the experiment, a recovery was carried out at 37°C in 

the dark for 60 min. 

4.1.4.2 Measurements of antioxidant activity 

Intracellular fluorescence was measured under continuous gentle magnetic 

stirring at 37°C in a Perkin-Elmer (Norwalk, CT, USA) LS 50B luminescence 

spectrometer. Excitation and emission wavelengths were set at 498 nm and 530 nm, 
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respectively using 5 and 10 nm slits for the two light paths. The assay was carried out in 

3 mL final buffer containing 100-200 µL of cell suspension in a quartz cuvette.  

As radical generator was used cumene hydroperoxide diluted 1:100 in DMSO 

(final concentration 300 µM); DMSO at the concentration used did not affect the 

fluorescent signal. The antioxidant activity of compounds was determined by the 

decrease in the intracellular DCF fluorescence, reported as ΔF/10 min, and was 

calculated with respect to the fluorescence change induced by 300µM cumene 

hydroperoxide alone (control fluorescence 100%). Cells were incubated with 

compounds for 10 min at 37°C before addition of cumene hydroperoxide. 

Activity of compound has been calculated according the Eq. 11.  

Eq. 11: activity (%) = [1- (∆Faox/∆Fcum)] × 100 

Faox= fluorescence after addition of antioxidant 

Fcum= fluorescence after addition of radical generator 

4.1.5 Statistical analysis 

Results are expressed as means ± standard errors of the means (SEM) of at least 

four different experiments. Linear regression was performed by the use of Microsoft 

Excel program. Coefficients of slopes were calculated by the software Microcal Origin 

5 (Massachusetts, USA). Differences among the activities of substances were compared 

by ANOVA (one way analysis of variance) followed by Dunnet Post test and 

differences between hydrophilic and lipophilic environment were tested by Students 

T-test. Both latter analysis were performed by use of GraphPad Prism version 4.00 for 

Windows, GraphPad Software (San Diego California USA).  
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4.2 RESULTS 

The potential antioxidant activity of the hydroxytyrosyl esters  was evaluated by 

ATBS assay in ethanol to mimic hydrophylic ambient and in ethanol/refined olive oil 

solutions to increase the lipohilic ambinent and in cells as well. A standards, free HT 

and another well-known antioxidant Trolox were used.  

4.2.1 In vitro evaluation 

The antioxidant activity of HT and its esters were measured by above decribed 

ABTS assay both in ethanolic and ethanol/refined olive oil (2%) solutions. The figure 

14 shows the variation of absorbace of ABTS
·+

 as function of the time in an ethanolic 

solution (7 mM) after the addition of hydroxytyrosyl hexanoate (C6) 15μM. 

The reaction between antioxidant and ABTS
·+

 occurs fastly, reaching the equilibrium 

after a minute. All the antioxidants tested, in hydrophilic and slightly lipophilic 

environment, showed a similar behaviour. 

 

Figure 14. The variation of absorbace of ABTS·+ as function of the time in an ethanolic solution (7 mM) 

after the addition of hydroxytyrosyl hexanoate 15μM. 
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Figure 15 and Table 6 shows inhibition of ABTS•+ radical formation by tested 

compounds in hydrophilic ambient. Linear relationship between concentration and 

inhibition of radical formation was observed in all compounds (Figure 15) with high 

regression coeficients (all R
2
>0.98). The most efficient compound in hydrophilic 

conditions was standard antioxidant Trolox followed by hydroxytyrosyl octanoate and 

hydroxytyrosyl nonanoate.  

 

Figure 15. Antioxidant activity of selected tested compounds in hydrophilic ambient (Trolox, 

hydroxytyrosol /C0/, C2, C4, C8, C12, C16, C18:1) in hydrophilic ambient. The figure shows inhibition 

of ABTS•+ radical formation by compounds with short, medium and long sized acyl chains as a 

representatives. 
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Table 6.  Slopes and TEAC values for measurement in hydrophilic environment. 

Compound Slope 
TEAC in 

hydrophilic 
environment 

C0 3,60±0,17* 0,71± 0,04 

C2 2,25±0,17*
+
 0,45± 0,04 

C4 3,00±0,06*
+
 0,60± 0,02 

C6 3,71±0,11* 0,74± 0,03 

C7 3,90±0,07* 0,77± 0,02 

C8 4,43±0,26*
+
 0,88± 0,06 

C9 3,89±0,07*
+
 0,77± 0,02 

C10 3,89±0,08* 0,77± 0,03 

C12 3,85±0,02* 0,76± 0,01 

C16 3,92±0,08* 0,78± 0,03 

C18 3,20±0,09* 0,64± 0,03 

C18:1 3,52±0,03* 0,70± 0,02 

Trolox 5,04±0,07
+
   

All values are expressed as means ± SEM. TEAC values are expressed as mM TE (Trolox equivalents) 

Statistical significance: * p<0.01 vs trolox, + p<0.05 vs HT 
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The compounds have been tested also in ethanol/refined oil solution (2%) 

(Figure 16, Table 7). Again, linear relationship between concentration of tested 

compound and activity was observed for all compounds (all R
2
>0.97).  In contrast to 

hydrophilic ambient, under this more lipohilic conditions, Trolox was not the most 

active compound. The most active compounds were hydroxyltyrosyl butyrate and 

hydroxyltyrosyl hexanoate. None of tested derivatives were significantly less active 

than the parent compound. 

 

Figure 16. Antioxidant activity of selected tested compounds (Trolox, hydroxytyrosol/C0/, C2, C4, C8, 

C12, C16, C18:1) in slightly lipophilic ambient. The figure shows inhibition of ABTS•+ radical formation 

by compounds with short, medium and long sized acyl chains as a representatives. 
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Table 7. Slopes and TEAC values for measurement in lipophilic environment. 

Compound Slope TEAC in lipophilic 
environment 

C0 3,17± 0,21* 0,63± 0,07 

C2 2,98± 0,28* 0,60± 0,09 

C4 5,70± 0,24*
++

 1,14± 0,11 

C6 5,65± 0,12*
++

 1,13± 0,08 

C7 4,30± 0,10* 0,86± 0,06 

C8 4,58± 0,11*
+
 0,92± 0,07 

C9 4,95± 0,09
++

 0,99± 0,07 

C10 4,30± 0,13* 0,86± 0,07 

C12 4,10± 0,10
+
 0,82± 0,06 

C16 4,28± 0,18
++

 0,86± 0,08 

C18 3,60± 0,06
++

 0,72± 0,08 

C18:1 4,26± 0,07
++

 0,85± 0,06 

Trolox 5,00±0,25   

All values are expressed as means ± SEM. TEAC values are expressed as mM TE (Trolox equivalents). 

Statistical significance: * p<0.001 vs Trolox, + p<0.05 vs HT, ++ p<0.001 vs HT 
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Comparison of activities of all tested compounds between hydrophilic and 

lipophilic ambient is shown in Figure 17. Marked increase in potency of scavenging 

activity was observed in particular for hydroxytyrosyl butyrate and hydroxytyrosyl 

hexanoate. 

 

Figure 17. Comparison of lipophilic vs. hydrophilic activity of tested compounds. Results of compounds 

C0-C18:1 obtained from ABTS assay in ethanolic and ethanolic/refined olive oil solutions. Statistical 

significance: ** p<0.01, * p<0.05. 
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4.2.2  Evaluation of antioxidant activity in L6-myoblasts 

Antioxidant capacity of lipophilic esters derived from HT (C2-C18:1) was 

analyzed directly in cells and compared with Trolox and HT /C0/ (Figure 18). 

Derivatives with side chains composed from 2 to 10 carbons were similarly active as 

Trolox and parent compound. Additional increase in the side chain length led to marked 

decrease of antioxidant activity in apparent relationship to the lenght of side chain. 

 

Figure 18.  Antioxidant activities of compounds C2-C18:1 compared with free HT (C0) and referend 

compound Trolox. Statistical significance: * p<0.05, *** p<0.001 vs Trolox; + p<0.01, ++ p<0.001 vs 

HT. 
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5 DISCUSSION 
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 Ortho-diphenolic group is one of the main contributors to the antioxidant 

activity of phenolic compounds. Estherification of primary alcoholic group of HT 

preserves the ortho-diphenolic group, and thus the differences in the antioxidant activity 

between HT and its derivatives are supposed to be associated with the length of side 

lipophilic chain.  

All tested esters synthetized as previously described [49] showed nearly costant 

antioxidant capacities, comparable or higher than HT itself. Better antioxidant capacitity 

is observed by the medium sized acyl chains. Our data are similar with those found in 

recent literature [46], in which hydroxytyrosyl lipophilic esters and ethers were 

evaluated in their antioxidant capacities. In the similar manner, the authors have 

reported a better activity for the medium sized compounds. These differences in their 

and our results could be attributed to the steric effect of the elongation of the alkyl chain 

group present in the hydroxytyrosyl esters. In particular, experiments in cells 

demonstrated that elongation of side chaine by more than 10 carbons gradually 

decreases the antioxidant capacity (Fig.18). 

It is worth to notice that almost all compounds (except for HT) have a slightly 

better antioxidant capacity when tested in slightly lipophilic environment (see Fig.17). 

This fact is not in agreement with a polar paradox, that predicts a higher antioxidant 

activity of non-polar, hydrophobic phenols in polar, hydrophilic media [43]. 

From the data obtained it seems there is not a linear structure-activity 

relationship. The increase in lipophilicity did not influence proportionally the 

antioxidant properties of HT. The best activity in hydrophilic environment have esters 

with C7-C16 acyl chains, while in lipophilic environment the highest activity possess 

C4 and C6. 

 The data evidenced that the elongation of side chain at the begining enhanced 

the antioxidant capacity, but from C12 the level of antioxidant capacity found a plateau. 

Probably with the prolongation of side chain the conformational freedom grows may 

lead to the coiling of the side chain which could cover the catechol moiety with 

concomitant inhibition of antioxidant capacity. This could account for the minor 

antioxidant capacity of long chain esters particularly in cells. However, it is not clear 

why antioxidant activity in lipohilic conditions did not decrease so markedly as it did in 

cells. Therefore additional factor may play a role. This factor may be trapping of very 

lipophilic compounds in the plasma membrane. Prodrug esters may be a good example 

as they were demonstrated to cross plasma membrane in relationship to side chain 
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length [56]. But again, this relationship was not linear, the maximal cellular uptake was 

observed in esters with C4-9 acyl chains and, similarly to results from this study, 

decreased with additional increase in side chain length. Our results did not account for 

the antioxidant activity that these esters that could  perform inside the bilayer against 

ROS attack from extracellular enviromnent. Therefore, more work needs to be done to 

answer this question.  
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6 CONCLUSSION 
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Antioxidant activities of ester of hydroxytyrosol do not lineary correspond to the 

length of side chain both in hydrophilic/lipophilic conditions and cells.  

In both cases, medium sized esters have shown higher antioxidant capacity 

compared to parent HT itself with a maximum in the range C6-C10. While in the ABTS 

assay, esters with longer chains (C12-C18) have shown an antioxidant capacity similar 

to HT, in cells a significant decrease has been observed. None of tested esters was 

significantly more active in cellular experiments than syntetic derivative of vitamin E - 

Trolox. 
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7 LIST OF ABBREVIATIONS 

ABTS 2,2´-azinobis(3-ethylbenzothiazoline-6-sulfonic) acid 

cGMP Cyclic guanosin monophosphate 

DCF  2‟,7‟-dichlorofluorescin  

DCFH2 2′,7′-dichlorodihydrofluorescin 

DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate  

DMEM Dulbecco‟s modified Eagle‟s medium 

DMSO Dimethylsulfoxide 

DNA Deoxyribonucleic acid 

DPPH Diphenylpicrylhydrazyl 

EC Efficient concentration 

FR Free radical 

GSH Glutathion 

HT Hydroxytyrosol 

IT Induction time 

MDA Malondialdehyd 

MUFA Monounsaturated fatty acid 

NO Nitric oxide 

NOS  Nitric oxide synthases 

OS Oxidative stress 

PBS Phosphate buffer saline 

PUFA Polyunsaturated fatty acid 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

SOD Superoxide dismutase 

TEAC Trolox equivalent antioxidant capacity 

TRX Thioredoxin 
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