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A B S T R A C T

Due to the negative impact of reactive species (including free radicals) on humans and animals, the investiga-
tions to find effective substances (antioxidants), which protect living organisms against their damaging influence
are carried out throughout the world. As most widespread synthetic antioxidants are suspected of having a
noxious effect on the human body, more and more attention is paid to natural antioxidant compounds found in
plants (especially phenolic compounds). The aim of this paper is to present the data about antioxidant activity of
polyphenolic compounds with the emphasis on the main factors having influence on their antioxidant activity:
chemical structure, ability to form hydrogen bonds, capability of metal ions chelation and reduction, adduct
formation, kinetic solvents effect, mechanism of antioxidant reaction, capability of antioxidant enzyme activa-
tion and reduction potential.

1. Introduction

Intensive research on the metabolic role of oxygen has been carried
out for the last 40 years. In particular, the oxidative stress-related dis-
eases/disorders (neurodegenerative, cardiovascular, mitochondrial
diseases and even cancer) have gained a special attention (Chaturvedi
and Beal, 2013; Pham-Huy et al., 2008; Singh et al., 2004). As reported
in the literature (Dreher and Junod, 1996; Pham-Huy et al., 2008; Son,
2012) reactive oxygen and nitrogen species (including free radicals)
take part in their pathogenesis. In the living organism should there exist
the balance between production and accumulation of these reactive
species in cells and tissues as well as the ability of a biological system to
detoxify of these forms. The lack of this balance causes a phenomenon
called oxidative stress (Pizzino et al., 2017). At higher concentration,
the reactive species have a negative impact on humans, plants and
animals. This fact caused increasing interest in the attempts to under-
stand the mechanism of free radical action and find effective substances
(antioxidants) which protect living organisms against their damaging
influence (Lü et al., 2010; Shalaby and Shanab, 2013). This protective
role can take the forms of: preventing before formation of the reactive
species, scavenging the free radicals, formation of chelate complexes
with prooxidant metals, singlet oxygen and photosensitizers quenching,
enzyme deactivation or activation, removing and repairing damages
caused by the reactive species (Polumbryk et al., 2013).

The antioxidants used in medicine and industry are divided into two
groups: natural and synthetic ones. As most widespread synthetic

antioxidants are suspected of having a noxious effect on the human
body (Dawidowicz et al., 2015a; Lobo et al., 2010), more and more
attention is paid to natural antioxidant compounds found in plants
(Balasundram et al., 2006; Gupta and Sharma, 2006; Olszowy and
Dawidowicz, 2016). Among them, the most popular are the poly-
phenolic compounds which contain one or more hydroxyl groups in
their structure (Cheynier et al., 2013). These compounds can be
structurally divided into two major classes: phenolic acids (essentially
hydroxybenzoic and hydroxycinnamic acids) and flavonoids (Simić
et al., 2007). The former usually contain one benzene ring whereas the
basic flavonoid structure consists of 15 carbon atoms arranged in three
rings (C6–C3–C6), labelled A, C, and B, respectively (see Fig. 1)
(Wojdyło et al., 2007). It is worth mentioning that polyphenols in plants
are used not only for antioxidant defense but also for growth regulation,
hormonal activity, antimicrobial activity, pH regulation, metabolism
and induction of dormant period (Eghbaliferiz and Iranshahi, 2016;
Inácio et al., 2013).

The aim of this paper is to present and discuss the antioxidant ac-
tivity of polyphenolic compounds with the emphasis on the main fac-
tors having influence on their antioxidant activity including: chemical
structure, ability to form hydrogen bonds, capability of metal ions
chelation and reduction, adduct formation, kinetic solvents effect,
mechanism of antioxidant reaction, capability of antioxidant enzyme
activation and reduction potential.
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2. Mechanism of reaction

The antioxidant activity of polyphenolic compounds is associated
with the capability of inactivation of reactive radical species.
Neutralization occurs when antioxidant transfers its electron and/or
hydrogen atom to the radical. As follows from the literature
(Dawidowicz and Olszowy, 2012; Marković et al., 2013) scavenging of
free radicals by phenolic compounds can follow four chemical path-
ways: Proton Coupled-Electron Transfer (PC-ET/HAT), Electron
Transfer-Proton Transfer (ET-PT), Sequential Proton Loss Electron
Transfer (SPLET) and Adduct Formation (AF, as discussed above). The
balance between these mechanisms depends on the reaction environ-
ment.

The PC-ET/HAT mechanism proceeds by rapid donation of hy-
drogen atom to the radical species R●. The reaction in this mechanism
is as follows:

ArOH + R● → ArO● + RH

The SPLET mechanism takes place when at first the dissociation of
antioxidant occurs and then the aroxyl anion (ArO−) is formed. In the
latter step the electron from the antioxidant anion can be transferred to
the scavenged radical resulting in formation of the radical anion (R−)
which is protonated in the final stage of the reaction:

ArOH → ArO− + H+

ArO− + R● → ArO● + R−

R− + H+→ RH

In the ET-PT mechanism the electron is transferred from the anti-
oxidant to the scavenged radical. The formed antioxidant cation radical
(ArOH●+) undergoes deprotonation and the hydrogen cation is trans-
ferred to the radical anion (R−):

ArOH + R● → ArOH●+ + R−

ArOH●+ + R− → ArO● + RH

In the above mentioned mechanisms the final effect is the same but
it is reached in a different way. Various antioxidant characteristics in-
fluence the mechanism: bond dissociation enthalphy (BDE) (particu-
larly important in the HAT/PCET mechanism), proton affinity (PA)
with the electron transfer energy (ETE) of ArO− (important in the
SPLET mechanism) and ionization potential (IP) of ArOH as well as
proton dissociation enthalpy (PDE) of ArOH●+ in the ET-PT me-
chanism. The balance between these mechanisms depends on the re-
action environment. The reaction between the phenolic antioxidants
and radical occurs mainly by combination of the PC-ET and SPLET
mechanisms. The former is slower and dominates in non-polar solvents
of low dielectric constant and low basicity, whereas the latter is faster
and is characteristic of solvents of high dielectric constant and high
basicity supporting antioxidant ionization (Friaa and Brault, 2006). The
ionization degree of phenolic antioxidant (ArOH) depends on both a
bulk property of the solvent (its relative permittivity), and a molecular
property (its relative ability to solvate, and hence stabilize anions
(ArO−)).

Finottii and Majo (Finotti and Majo, 2003) noticed that the ortho-
and para-substituents of the formed polyphenolic radicals (i.e., after
electron transfer or/and hydrogen transfer) are more stable than the
meta-radical. Additionally, the ionizing solvent favours formation of
non-covalent μ-stacked complexes between a large quercetin anion
(QH−) and other flavonoid anions with the DPPH radical (Foti et al.,
2011). The formed adduct allows better electron transfer between the
flavonoid anions and DPPH radicals as well as facilitates the radical
neutralization.

Antioxidant activity of phenolic compounds (including flavonoids)
is often predicted by determination of thermodynamic properties of the
parent compounds (mentioned above) or of the antioxidant radical
formed in the reaction, radical cations and anions. In the literature a lot
of attention is paid to the estimation of the above mentioned para-
meters for determination of antioxidant reaction mechanism and the
most reactive site in the structural compounds responsible for reactivity
and participation in the preferred mechanism.

According to Marković et al. (2013), who performed the experiment
with quercetin, among its five hydroxyl groups, the 4′- OH (ring B)
exhibits the greatest ability to hydrogen atom donation. Of all OH
groups in quercetin this group has the lowest BDE. The bond dissocia-
tion energies for the other groups change as follows: 3 - OH (ring C), 3′-
OH (ring B), 7 - OH and 5 - OH (ring A). As mentioned above the

Abbreviations

ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt

AF Adduct Formation
ArOH Antioxidant
ArOH ●+ Antioxidant Cation Radical
ArO Aroxyl Anion
ArO● Aroxyl Radical
BDE Bond Dissociation Energy
DPPH 2,2′- diphenyl picrylhydrazyl
ETE Electron Transfer Energy

ET-PT Electron Transfer-Proton Transfer
IP Ionization Potential
Nrf2 The nuclear factor erythroid 2–related factor 2
PA Proton Affinity
PCET Proton-Coupled Electron Transfer
PDE Proton Dissociation Enthalpy
R− Radical Anion
R● Radical
SPLET Sequential Proton Loss Electron Transfer
TEAC Trolox Equivalent Antioxidant Capacity
QH Quercetin Anion
QC Quantum Chemical

Fig. 1. Basic structures of: benzoic acid (a), cinnamic acid (b) and flavonoid (c).
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mechanism of antioxidant reaction can be determined by the reaction
environment. The same authors found that in the aqueous medium the
SPLET mechanism is favoured. This suggestion can be confirmed in
terms of proton affinity and electron transfer energy. The lowest values
of the mentioned parameter can be established for the 4′- OH (ring B)
and for 7-OH (ring A) groups. According to Musialik et al. (2009) in
alcohols the reaction between 10 examined flavonoids with the radical
(DPPH radical) is faster than in the nonpolar solvent. The fast kinetics is
associated with the electron transfer from the flavonoid anion to the
neutralized radical because in the aqueous or alcoholic or water/alco-
holic medium the solvent capability of both ionization and solvation of
the antioxidant anion formed in the first stage of the reaction is higher
(Litwinienko and Ingold, 2007). In the case of polar solvents the SPLET
mechanism is favoured. The insightful analysis of structure acidity and
structure activity for the chosen flavonoids (including quercetin), made
by the authors indicates that the hydroxyl groups at position 7-OH (in
the A ring) is the most acidic side in the molecule. According to the
above mentioned authors deprotonation is the easiest in this group. The
presence of the OH group at position 5 is responsible for the change of
acidity of the 7-OH group.

3. Chemical structure

The antioxidant is a substance which exhibits ability to transfer
electron and/or hydrogen atom during free radical neutralization
(Brewer, 2011; Ndhlala et al., 2010; Pinelo et al., 2004). As commonly
known, the antioxidant capability of phenolic compounds is dependent
on the number of hydroxyl groups in the ring structure and their ar-
rangements. An ortho position of hydroxyl groups confers high stability
to the radical formed after radical neutralization process (Cuvelier
et al., 1992). The higher the numbers of hydroxyl groups, the better
their antioxidant properties (Villaňo et al., 2005).

The data presented in the literature (Cuvelier et al., 1992; Rice-
Evans et al., 1996) suggests that the antioxidant activity of phenolic
acids can be associated with the hydroxyl groups which play a major
role in antioxidant activity of phenolic compounds. Indeed caffeic acid
(3,4-dihydroxy-cinnamic acid) with two hydroxyl groups exhibits better
antioxidant properties than p-coumaric acid (4-hydroxycinnamic acid)
which has only one hydroxyl group bound to the aromatic ring. Para
position enhances the antioxidant activity compared to ortho and meta
ones. Additionally the antioxidant activity of phenolic compounds de-
pend on the electron-withdrawing properties of the carboxylate group
in benzoic acids which have a negative effect on the H-donating abil-
ities of hydroxy benzoates. According to Rice-Evans et al. (1996) the
CO2H group exhibits lower electron withdrawing potential when not
adjacent directly to the hydroxyl groups. Hence, 3,5-dihydroxybenzoic
acid (resorcylic acid) exhibits better antioxidant properties than 2,5-
dihydroxy benzoic acid. Incorporation of –CH2- between the phenyl
ring and the carboxylic acid group (as in hydroxyphenyl acetic acids)
reduces impact of the carboxylate group.

It has been also found (Cuvelier et al., 1992; Piazzon et al., 2012;
Rice-Evans et al., 1996) that.

• antioxidant activity of monophenols increases when one or two
methoxy groups are located in the ortho position relative the hy-
droxyl groups. For example, sinapic acid (3,5-dimethoxy-4-hydro-
xycinnamic acid) is a better antioxidant compared to ferulic acid (3-
methoxy-4-hydroxycinnamic acid). On the other hand ferulic acid is
more effective than p-coumaric acid (4-hydroxycinnamic acid) etc;

• in the case of phenolic acids, the presence of methoxy group is not
equivalent to that of hydroxyl group. For example, ferulic acid (3-
methoxy-4-hydroxycinnamic acid) and vanillic acid (4-hydroxy-3-
methoxybenzoic acid) are less effective antioxidants than caffeic
acid (3,4-dihydroxy-cinnamic acid) and protocatechuic acid (3,4-
dihydroxybenzoic acid);

• cinnamic acids are better antioxidants compared to benzoic acid due

to the presence in their structure of the –CH]CH–COOH group
which enhances the antioxidant activity more than the –COOH
group (caffeic acid has better antioxidant properties than proto-
catechuic acid; the same is found also for ferulic and vanillic acids).
Due to the delocalization of the electron in the double bond the
radical formed from the antioxidant during the free radical neu-
tralization is stabilized;

• alkyl esterification does not affect antioxidant properties, e.g. very
similar antioxidant activity is exhibited by propyl gallate and gallic
acid (trihydroxybenzoic acid) but esterification by quinic acid re-
sults in the antioxidant activity decrease (chlorogenic acid is a worse
antioxidant compared to caffeic acid).

As for flavonoids (Freeman et al., 2010; Pietta, 2000; Vellosa et al.,
2011) it was found that (for clarity see Fig. 2):

Fig. 2. Structures of flavonoids listed in the paper.
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• the compounds with catechol moiety in the ring B, hindered phenols
containing the methoxy group, and the monophenolic B ring exhibit
different antioxidant properties. The catechol group in the B ring is
characterized by better electron donating activity. The additional
OH group in the B ring enhances the antioxidant activity (for ex-
ample myricetin has better antioxidant properties than quercetin),
the presence of only one OH group in the B ring reduces this activity
(kaempherol is a worse antioxidant than quercetin). The presence of
more than three hydroxyl groups in the aromatic ring (in the B ring
of flavonoids) does not improve the compound antioxidant activity
(Cuvelier et al., 1992);

• the presence of single hydroxyl group in 3′-position with a small
electron-donating potential is responsible for low activity of com-
pounds (hesperetin exhibits relatively low antioxidant activity). In
contrast, the 4′-position would show more rapid formation of the
phenoxyl radicals (Pannala et al., 2001);

• conjugation of the ring A with B by the heterocyclic, unsaturated
ring C improves the antioxidant activity of polyphenolic com-
pounds. Worse antioxidant properties are exhibited by flavonoids in
which no conjugation between the rings B and C is present;

• a 2,3 double bond conjugated with the 4-oxo group favours electron
delocalization;

• the presence of the 3-hydroxyl group in the heterocyclic ring also
increases the antioxidant activity of phenolic compounds since the
3-OH group supports the reaction with free radicals (Butkovic et al.,
2004). The worse antioxidant activity of flavones is due to the lack
of the hydroxyl group. The reactivity of the 3-hydroxyl group is
intensified by the electron donating effect of the hydroxyl groups at
positions 5 and 7 (Rezk et al., 2002);

• conjugation between the 4′-hydroxyl group and the 3-hydroxyl
group through the ring C enhances the antioxidant activity because
the attraction of electron by the phenoxyl radical from the free ra-
dical is facilitated. The relatively high antioxidant activity of
kaempferol, a flavonoid with the single hydroxyl group in the ring B,
compared with the other monohydroxyl compounds can be ex-
plained using the above argument (Packer and Sies, 2001; Pannala
et al., 2001);

• the additional hydroxyl or methoxyl groups at positions 5 and 7 of
the ring A have less important influence on antioxidant activity of
compounds compared to the hydroxyl groups in the ring B;

• generally glycosylation of 3-hydroxyl groups reduce the antioxidant
properties of compounds. Hence rutin (quercetin-3-rutinoside) ex-
hibits worse antioxidant activity than quercetin (Simić et al., 2007).
However, according to Kähkönen and Heinonen (2003) glycosides
in bulk oil are more effective than the aglycones;

• the presence of the pyrogallol group in the ring B (as for epi-
gallcatechin) or galloylation of the 3-hydroxyl group (as for epi-
gallcatechin gallate, epicatechin gallate) enhances the antioxidant
activity (Braicu et al., 2011);

• in the case of isoflavones, the location of the ring B at position 3 of
the heterocyclic ring increases their antioxidant properties (Pietta,
2000);

• the mixture of compounds, which do not have catechol groups or 2,3
double bonds can exhibit strong antioxidant properties. In the ORAC
method the synergistic antioxidant effect was observed for the
mixture of naringenin and hesperetin (Freeman et al., 2010).

4. Hydrogen bonding

The role of intramolecular hydrogen bonding on antioxidant ac-
tivity of phenolic compounds has been discussed in the literature (Foti,
2007). Substituents in ortho-position (especially – methoxy, hydroxyl
and amine groups are widespread in natural compounds) are con-
sidered as the H-bond acceptors. The presence of di-active groups (-OH)
in the compound, –OH with –NH2 and –OH with –OCH3 is responsible
for better antioxidant properties of compounds (Bendary et al., 2013;

Hoelz et al., 2010). Due to these groups in the ortho position, com-
pounds are capable of forming intramolecular hydrogen bonding which
stabilizes the phenoxyl radical generated in the first step of the free
radical neutralization. According to Leopoldini et al. (2004) hydrogen
bond interactions are essential for enhancing the stability of antioxidant
radical, so the catechol (ortho diphenolic) functionality is the main
feature that affects the antioxidant activity. The formation of radical
from hydroxyl group in catechol gives rise to species in which the
electron appears to be delocalized over the whole molecule and stabi-
lized by hydrogen bond interactions. A worse antioxidant activity of
kaempferol results from the absence of the ortho diphenolic structure in
the ring B. For this substituent BDE values are very small as compared
to phenol. Participation of these groups in antioxidant radical formation
gives rise to species in which the odd electron appears to be delocalized
over the whole molecule and stabilized by hydrogen bond interactions.
Intramolecular interactions, which influence on the antioxidant activity
of polyphenols should be taken into account in order to correctly pre-
dict the antioxidant behaviour of the more complicated natural poly-
phenols (Ali et al., 2013; Amorati et al., 2003).

5. Metal ions chelation and reduction

As follows from the literature (Shahidi and Zhong, 2015), the an-
tioxidant activity of polyphenols, consists in not only the ability to
neutralize a free radical but also to inhibit the oxidation process. This
noxious process is responsible for deterioration of food products and
living organisms aging. The oxidation process proceeds faster in the
presence of ionic metals such as copper and iron. Metals catalyze food
radical formation by abstracting hydrogen (Choe and Min, 2009). They
also promote the decomposition of hydroperoxides or take part in the
production of hydroxyl radical in the Fenton reaction (Craft et al.,
2012). The antioxidant activity of polyphenolic compounds connected
with inhibition of the oxidation process can result from their ability to
chelate and/or to reduce metal ions. As reported in the literature
(Gülçin, 2006) the compounds with two or more groups such as: OH,
–SH, –COOH, –PO3H2, C]O, –NR2, –S– and –O– are able to chelate
metal ions. The ortho position of these groups increases chelation
ability (Santos et al., 2017). Due to the presence of –OH groups in their
structure, e.g. caffeic acid (Adjamani and Asare, 2015), gallic acid,
chlorogenic acid (Andjelkovic et al., 2006), protocatechuic acid
(Yoshino and Murakami, 1998), the polyphenolic compounds are good
metal ion chelators.

As follows from the studies flavonoids are capable of chelation iron
and copper ions which is related to their structure and pH (Mira et al.,
2002). According to Fernandez et al. (2002) and Symonowicz and
Kolanek (2012) three potential coordination sites in the polyphenolic
compounds (flavonoids) are between:

• 5-OH (ring A) and 4-carbonyl group (ring C)

• 3-OH and 4-carbonyl group (both in ring C)

• 3′-OH and 4′-OH group in ring B

The above statement was made by Mira et al. (2002) who proved
that at pH 7.4 and 5.5 the polyphenolic compounds (flavonoids) exhibit
ability to chelate Cu2+ in the same site probably between the 5-OH and
4-carbonyl groups, while at pH 7.4 myricetin and quercetin appear to
chelate additional Cu2+ in the ortho-catechol group. They also stated
that in the case of myricetin and quercetin Fe3+ chelation is possible
after reduction of Fe3+ to Fe2+ prior to binding of metal ion. The Fe3+

reduction ability is connected with the presence in the compound
structure:

• 2, 3-double bond in the ring C

• 3-OH and 4′-OH group in the ring B

• 3-OH in the ring C
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The copper reducing capability can depend largely on the number of
hydroxyl groups (Mira et al., 2002). For nonflavonoid polyphenolic
compounds formation of an inactive Fe2+ polyphenolic complex by
reducing Fe3+ was observed by Yoshino and Murakami (1998).

6. Adducts and dimers about antioxidant properties

As mentioned above, the number of hydroxyl groups and other
aromatic ring substituents are two main factors associated with the
antioxidant activity of phenolic compounds (Bendary et al., 2013). Arts
et al. (2003) determined the antioxidant activity of catechol, resorcinol
and hydroquinone (see Fig. 3) using the ABTS method (employing 2,2′-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt).
All compounds possess two hydroxyl groups in the ortho, meta and para
positions, respectively. According to the Hammett sigma (σ)values
(substituent parameter σ is derived from the acidity constants, Ka's of
substituted benzoic acid) of aromatic hydroxyl groups, in particular
those in position 3, exhibit strong capability of electron withdrawal
from other compounds or radicals (σ=0,12) whereas the hydroxyl
groups located in 2,4 position have an electron donating effect (σ= -
0,37). On this basis, resorcinol should possess weaker antioxidant
properties because the reaction of resorcinol with a radical would be
reduced by the electron-withdrawing effect of the –OH group in the
meta-position. The presented results are surprising because the obtained
value of Trolox Equivalent Antioxidant Capacity (TEAC) for resorcinol
is ca. twice as high as those established for catechol and hydroquinone.
The accurate reaction between the resorcinol and ABTS cation radical
points out that the better antioxidant activity of resorcinol results from
formation of a new product (adduct) which also shows antioxidant
activity. Hence the more intense antioxidant activity of resorcinol does
not reflect the antioxidant activity of resorcinol itself, but is the sum of
antioxidant activities which have a parent compound (resorcinol) and a
product of its reaction with the ABTS cation radical (Arts et al., 2003).
The formation of covalent adduct between the phenolic compounds and
ABTS cation radical was also observed for the other phenolic com-
pounds, for example arbutin − glucoside of hydroquinone which is
present in bearberry, bilberry, strawberry tree, or in pear (Tai et al.,
2016), phlorglucinol and catechin (Osman et al., 2006), propofol,
chrysin (Arts et al., 2004)), rutin, hyperoside, quercitrin, quercetin (Liu
et al., 2014) and other monohydroxyl compounds (Pannala et al.,
2001). The formed adducts were mainly combination of the phenolic
compounds with the fragment from the ABTS cation radical (as con-
firmed by the band in the UV spectrum at ca. 226 and 344 nm). In many
cases the new compounds exhibit antioxidant properties which make
prediction of actual antioxidant properties impossible in terms of che-
mical structure of a parent compound. The formation of adduct with the
oxidized form of the polyphenol and dimer was also observed using the
DPPH method (Osman, 2011). Then in the case of catechol, hydro-
quinone and resorcinol there was no adduct formation and the anti-
oxidant activity of these compounds determined by means of the DPPH
method decreases as follows catechol > hydroquinone > resorcinol
(Bendary et al., 2013). It is different from the results obtained by Arts
et al. (2004) in the ABTS assay. The formation of polymeric oxidation
product of properties similar to that of the parent compound anti-
oxidant activity was observed during the studies of antioxidant activity
of polyphenolic compounds in micelles (Roginsky, 2003) or their oxi-
dation in the flow column electrolysis (Hotta et al., 2001). The dimer
formation was observed by Pannala et al. (2001) during the ABTS ra-
dical cation neutralization by monohydroxyl compound and hindered
phenol. They also found that the ferulic acid dimer exhibits antioxidant
properties which are better than those of the monomer.

7. Kinetic solvent effect

It has been noted that the solvent influences the kinetics of the re-
action between radical and antioxidant (Foti and Ruberto, 2001;

Thavasi et al., 2009; Tsimogiannis and Oreopoulou, 2004). The solvent
takes part in the reaction between the radical and antioxidant. It par-
ticipates in the electron or/and hydrogen transfer from the antioxidant
to the neutralized radical. The solvents are characterized by different
ability to donate or accept protons in the hydrogen bond (H–B). When
the ability to accept protons increases, the reaction rate constant de-
creases. The antioxidant groups which are capable of giving protons to
the radical are blocked by a solvent and in this way they are deacti-
vated. Hydrogen atom transfer from the antioxidant to radical is im-
possible for the steric reason (Amorati et al., 2017). This so-called
“kinetic solvent effect” depends only on properties of solvent but is
independent of radical which is neutralized (Litwinienko and Ingold,
2007). The action of polyphenolic antioxidant is associated with the
mutual equilibrium between the “free” and “blocked” groups in the
antioxidant structure (Banks et al., 1996; Foti and Ruberto, 2001). Two
parameters can impact on the kinetic solvent effect. The literature de-
scribes the ability of solvent to act as hydrogen-bond acceptors (labelled
β) and of phenolic antioxidant to act as hydrogen-bond donors (labelled
α) (Dawidowicz et al., 2015b; Litwinienko and Ingold, 2004). “Ab-
normal solvent effect” can be discovered in the reaction between the
phenolic compounds and the radical (DPPH radical) in alcohols
(Litwinienko and Ingold, 2007). The mechanism SPLET, in which a
solvent facilitates the antioxidant dissociation and stabilization of the
formed antioxidant ions, was explained in terms of abnormal solvent
effect.

Additionally, the impact of solvent on the antioxidant activity is
connected with the solvent capability of association. Forming different
multiplex clusters facilitates or disturbs the electron and/or hydrogen
transfer in the measuring system (Dawidowicz et al., 2012, 2015b;
Dawidowicz and Olszowy, 2013).

8. Reduction potential

The antioxidant activity of phenolic compounds is also connected
with the reduction potential. Butkovic et al. (2004) during the experi-
ments observed the linear correlation between the reduction potentials
of flavonoids and the logarithm of the rate constants for the reaction
with the DPPH radicals. The lower reduction potential, the more likely
the molecule is to donate its electron to the radical. The values of re-
duction potentials for the chosen phenolic antioxidant are listed in
Table 1.

Compounds with low oxidation potentials (Epa < 0.45 V) show the
antioxidant activity, whereas those with the high Epa values (> 0.45 V)
act also as prooxidants (Simić et al., 2007). For example, the prooxidant
activity can be observed for hesperidin and naringenin (Epa values >
0.45 V) which are able to induce oxidized alterations in the liver cells
(Constantin et al., 2013). Additionally, a structural analysis of the
phenolic compounds confirmed that the multiple OH substitution and
conjugation of compounds have impact on their electrochemical pro-
file. The presence of a second hydroxyl group in the benzene ring result
in considerable reduction of Epa values (see kaempherol and quercetin
in Table 1). It was observed that oxidation of phenolic compounds with

Fig. 3. Chemical structures of catechol, resorcinol and hydroquinone.
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the hydroxy group in the ortho position leads to the formation of qui-
none and to lowering of the electrochemical potential (Sousa et al.,
2004; Trabelsi et al., 2004). Simić et al. (2007) noted that introduction
of a methoxy group instead of a hydroxyl one in the position meta re-
lation to COOH shifts the Epa toward a more positive value (see ferulic
and caffeic acids in Table 1). The electrochemical oxidation process of
polyphenolic compounds (especially flavonoids), has not been fully
examined so far. For the polyphenolic compounds on voltammograms a
few peaks are observed. As follows from the literature (Brett and Ghica,
2003; Macikova et al.,. 2012) the first voltammetric peak, which occurs
at low reduction potential, corresponds to two-electron oxidation of
–OH groups at positions 3′ and 4’ in the B ring. The presence of the
other peaks (the second and third etc.) is associated with the oxidation
of the C-3 hydroxyl group (also a very small anodic peak because the
hydroxyl group can form the intermolecular hydrogen bond with the
oxygen at position 4 in the ring C) and with the presence resorcinol
moiety in the A ring (position 5 and 7) occurring at a high reduction
potential. This statement was confirmed during the examination of
compounds in which structure lacks the C-3 hydroxyl group due to
glycosylation (for example for rutin only two anodic peaks – one from
the catechol moiety at 0.4 V in the ring B and the other one at ca. 1 V
from the resorcinol moiety in the A ring are observed) (De Oliveira-
Roberth et al., 2012; Zielińska et al., 2010).

9. Antioxidant enzymes activation

The protective effects of polyphenolic compounds in the biological
systems are associated with not only their the activity of enzymes which
are engaged in the oxidation process in living organisms (capability of
electrons transfer to free radicals or chelation of metal, but also with
activation of antioxidant enzymes (Butkovic et al., 2004). Some phe-
nolic compounds (especially flavonoids) can influence the activity of
enzymes which are engaged in the oxidation process in living organisms
(Martín et al., 2010; Procházková et al., 2011). It is known from lit-
erature that flavonoids are able to activate of glutathione - related
enzymes (glutathione S transferase, glutathione peroxidase and glu-
tathione reductase) (Masella et al., 2004). Yeh and Yen (2006) noted
that gentisic acid, gallic acid, ferulic acid and p-coumaric acid, which
were dosed to rats (at a dosage of 100mg/kg body weight for 14
consecutive days), caused the increase of activity of superoxide dis-
mutase, glutathione peroxidase, and catalase in the liver and small in-
testine. Also better activity of antioxidant enzymes was noted by Silva
et al. (2012) during the examination of the aqueous extract and its
polyphenolic fractions of Halimeda opuntia (Linnaeus) Lamouroux
which were investigated in rats with chemically induced liver injury.
The obtained results can be explained by an increase of gene tran-
scription (mRNA) as well as the Nrf2 transcription factor which are
caused by phenolic compounds (including flavonoids). The higher ex-
pression of the Nrf2 is responsible for induction of the so-called phase II

antioxidant enzymes which are very important in chemoprevention
(Krysztofiak and Krajka-Kuźniak, 2015). As reported in the literature
(Afsar et al., 2016; Bode and Dong, 2003; Han et al., 2007), the effects
of polyphenolic compounds on the antioxidant enzyme expression and
activity could be associated with modification of signal transduction
pathways. This activity of polyphenolic compounds as well as ability to
activate a number of cellular kinases (Bahadoran et al., 2013; Hasima
and Ozpolat, 2014; Pandey and Rizvi, 2009) have positive impact on
human health.

10. Theoretical aspects in determination of antioxidant properties
of polyphenolic compounds

In parallel with the increasing experimental research concerning the
antioxidant polyphenolic compounds the huge interest in theoretical
chemistry applications in the estimation of their antioxidant activity is
observed (Galano et al., 2016). The quantum chemical (QC) studies
have provided a significant amount of data on reactions mechanisms
between the phenolic compounds and free radicals (Alov et al., 2015;
Marković et al., 2016; Perez-Gonzalez et al., 2012). Hence, many
computational protocols have been developed to produce reliable
quantitative data concerning the kinetics of radical-molecule reactions
in solutions. The reported theoretical data show that different reaction
mechanisms in various solvents, the largest contributions of the given
mechanism in neutralization of different radicals, and reactivity of
compounds in comparison with another antioxidant can be determined
(Galano et al., 2012, 2015; León-Carmona et al., 2012; Leopoldini et al.,
2011a,b; Mazzone et al., 2016). To estimate the antioxidant activity of
phenolic compounds the OH groups acidity values and the binding
energies for the complexation process have been very often studied
employing theoretical and computational methods (Leopoldini et al.,
2011a,b). In many papers the deprotonation mechanisms are in-
vestigated using computational chemistry within the density functional
theory framework for many phenolic compounds (Álvarez-Diduk et al.,
2013; Leopoldini et al., 2011a,b). The QC calculated parameters based
on the electronic properties of the phenolic molecules and the phenoxyl
radicals, radical cations or phenoxide anions (BDE, IP, PA, ETE) are
very informative in the prediction of antioxidant activity of phenolic
compounds (Filipović et al., 2015; Jeremić et al., 2017; Leopoldini
et al., 2004). The theoretical chemistry has confirmed that both the
dissociation energy of phenolic hydroxyl bond and the ionization po-
tential are the main factors which determine the antioxidant activity of
these compounds (Iuga et al., 2012; Leopoldini et al., 2010, 2011a,b;
Milenković et al., 2017; Stepanić et al., 2013). Moreover, the calculated
data are in good agreement with the experimental values, which sup-
port the reliability of the calculations presented in many papers
(Alberto et al., 2013; Marino et al., 2014).

11. Some other factors affecting antioxidant activity of phenolic
compounds

As it was shown in our previous papers the antioxidant activity of
phenolic compounds depends also on the other components not ex-
hibiting antioxidant properties which are present in the measuring
system. Such factors as type of metal ions and their concentration, as
well as pH influence on the estimation of antioxidant activity of com-
pounds in the DPPH, ABTS and β-carotene bleaching assays
(Dawidowicz and Olszowy, 2010, 2011, 2015).

The antioxidant activity of phenolic compounds estimated by the
DPPH, ABTS and β-carotene bleaching assays decreases with metal ions
concentrations. In the case of experimental methods which employ the
colour radicals (DPPH and ABTS assays) in the acidic environment, the
antioxidant activities are worse which is associated with low dissocia-
tion of the examined compounds and another mechanism of radical
neutralization (Dawidowicz and Olszowy, 2012). In the β-carotene
bleaching assay the higher hydrogen ions concentration causes an

Table 1
Values of reduction potential for chosen phenolic compounds.

Compounds Epa [V]a

caffeic acid 0.31 (Sousa et al., 2004)
(+) catechin 0.36 (Butkovic et al., 2004)
chlorogenic acid 0.39 (Sousa et al., 2004)
ferulic acid 0.53 (Sousa et al., 2004)
fisetin 0.39 (Gil and Couto, 2013)
hesperetin 0.72 (Freeman et al., 2010)
kaempferol 0.39 (Butkovic et al.,2004)
luteolin 0.41 (Freeman et al., 2010)
myricetin 0.20 (Freeman et al., 2010)
naringenin 0.76 (Freeman et al., 2010)
p-coumaric acid 0.59 (Freeman et al., 2010)
quercetin 0.29 (Freeman et al., 2010)

a First voltammetry peak.
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apparent increase in the antioxidant activity of the phenolic compound
which is due to inhibition of peroxyl radicals formation in the presence
of hydrogen ions. Contrary to hydrogen ions, alcalic metal ions accel-
erate the formation of peroxyl radicals and in this way they are re-
sponsible for the acceleration of β-carotene depletion and worse anti-
oxidant activity (Dawidowicz and Olszowy, 2010, 2015).

The presence of water in the measuring systems causes an increase
of antioxidant activity of phenolic compounds as observed in the DPPH
and ABTS assays (Dawidowicz and Olszowy, 2011; Dawidowicz et al.,
2012). This fact can be explained in terms of the change of solvent
structure in the presence of water (Dawidowicz et al., 2015b) - water
takes part in breaking down of solvent clusters facilitating hydrogen
and/or electron transfer during the radical neutralization.

Also in the case of the ABTS and DPPH methods, during measuring
of antioxidant activity of polyphenolic compounds spectro-
photometrically, the attention should be paid whether the spectrum of
the antioxidant or real biological system does not coincide with the
wavelength used to monitor colour radical neutralization (Olszowy and
Dawidowicz, 2018).

12. Prooxidant activity of polyphenolic compounds

According to Yordi et al. (2012) polyphenols are considered “double
edged swords” in the cells, besides the antioxidant properties they can
exhibit also prooxidant activity. It is commonly known that many
polyphenolic compounds for example: quercetin, myricetin, kaem-
pherol, caffeic, chlorogenic and ferulic acids, catechin, epigalloca-
techin, epiallocatechin-3-gallate act as pro-oxidants (Chedea et al.,
2010; Chobot and Hadacek, 2011; Lambert and Elias, 2010; Zheng
et al., 2008; Zhou and Elias, 2013). Several studies have shown that
under certain conditions, such as: high concentrations, high pH and the
presence of redox-active transition metals, polyphenols can exhibit this
activity. This is connected with the formation of labile aroxyl radicals,
or labile redox complexes with metal cation. The former can react with
oxygen causing the formation of O2

−• and can also form ternary ad-
ducts between DNA, copper ions and flavonoids or complex combina-
tion of semiquinones and quinones.

As mentioned above, the prooxidant activity depends on pH. The
reduced transition metals are characterized by better solubility and
stability at an acidic pH which is responsible for the induction of
prooxidative reactions (Eghbaliferiz and Iranshahi, 2016).

Also the chemical structure of polyphenols has influence on their
prooxidant activity. Ortho-di/trihydroxylated compounds are more
capable of prooxidant activity than their mono-hydroxylated as well as
galloyl moieties (in the case of gallates) have impact on it (Cheng and
Breen, 2000; Chobot and Hadacek, 2011; Touriño et al., 2008). Ad-
ditionally, apart from the number of hydroxyl groups and their posi-
tions, the presence of a double bond in the ring C, steric hindrance,
affinity for peroxidase and concentration are important factors for the
prooxdiant activity of flavonoids (Eghbaliferiz and Iranshahi, 2016).

Most experimental research concerning activities of polyphenols has
been carried out “in vitro”. In many papers the question about proox-
idant action of polyphenols “in vivo” has appeared (Halliwell, 2008).
To answer this question there should be considered the following fac-
tors: concentration of transition metals in the organism (concentration
of these metals is often significantly lower than that used in the ex-
periments. The exception is when the amounts of these metals increase
in the plasma which can be associated with some diseases), con-
centration of polyphenols in the plasma (due to their very low bioa-
vailability), antioxidant defence systems which are present in each cell
(these systems include antioxidant enzymes and other antioxidant
compounds) as well as the fact that polyphenols and other dietary an-
tioxidants are consumed as mixtures (Eghbaliferiz and Iranshahi,
2016). Hence, the prooxidant activities of polyphenols need to be fur-
ther examined, particularly in the systems which reflect the actual
conditions in the human body. This is a very important issue because

the prooxidant molecules can be used as selective cytotoxic agents
against cancer cells as they are responsible for the increasing levels of
reactive species in them. For this purpose some polyphenolic com-
pounds (curcumin, epigallocatechin gallate, resveratrol) are proposed
as anticancer agents (León-González et al., 2015).

13. Conclusions

The recent research carried out in the field of natural antioxidants
developed the knowledge about natural and healthy compounds that
are available from plants. Among them, phenolic compounds are very
popular because they are natural, and have antioxidant activities that
are equally good or even better than the synthetic antioxidants. This
fact makes them particularly attractive for commercial food producers
because of progressively higher consumer demand for natural and safe
food ingredients.

It is considered that the antioxidant effectiveness of these aromatic
antioxidants is proportional to the number of –OH groups present in the
aromatic ring(s). Depending on the arrangement of the –OH groups,
these compounds can also chelate prooxidative metals, activate anti-
oxidative enzymes, form adducts of antioxidant properties. In ad-
ditionally are also able to form intramolecular hydrogen bonds between
the nearby functional groups in both phenol and phenoxyl radicals.
Moreover, their antioxidant activities can depend on the reaction
medium – solvent can affect the mechanism of reaction and availability
of antioxidant groups (kinetic solvent effect). Also metal ions (type and
their concentration) found in the measuring system, as well as pH can
affect the antioxidant properties of phenolic compounds. Hence, to
make predictions on the antioxidant behaviour of phenolic compounds
all chosen factors should be taken under consideration.
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