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15 Flavonoids are polyphenolic compounds produced by plants and delivered to the human body through food. Al-
16 though the epidemiological analyses of large human populations did not reveal a simple correlation between fla-
17 vonoid consumption and health, laboratory investigations and clinical trials clearly demonstrate the effectiveness
18 of flavonoids in the prevention of cardiovascular, carcinogenic, neurodegenerative and immune diseases, as well
19 as other diseases. At present, the abilities of flavonoids in the regulation of cell metabolism, gene expression, and

20protection against oxidative stress are well-known, although certain biophysical aspects of their functioning are
21not yet clear.Mostflavonoids are poorly soluble inwater and, similar to lipophilic compounds, have a tendency to
22accumulate in biological membranes, particularly in lipid rafts, where they can interact with different receptors
23and signal transducers and influence their functioning through modulation of the lipid-phase behavior. In this
24study, we discuss the enhancement in the lipophilicity and antioxidative activity of flavonoids after their com-
25plexation with transient metal cations. We hypothesize that flavonoid–metal complexes are involved in the for-
26mation of molecular assemblies due to the facilitation of membrane adhesion and fusion, protein–protein and
27protein–membrane binding, and other processes responsible for the regulation of cell metabolism and protection
28against environmental hazards.
29© 2014 Published by Elsevier B.V.
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53Flavonoids are not synthesized in animal cells, and their presence in
54tissues strictly depends on the intake of plant products. Although
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55 flavonoids were found to exhibit considerable therapeutic potential in
56 laboratory experiments, long-time epidemiological analyses on large
57 human populations did not reveal a simple correlation between flavo-
58 noid consumption and a decrease in carcinogenic or cardiovascular dis-
59 eases [1]. The influence of flavonoids on human health remains unclear.
60 Unlike universally recognized vitamins, the shortage of flavonoids in
61 food does not lead to the development of a pronounced deficiency syn-
62 drome; therefore, the original attribution of flavonoids to vitamins, such
63 as vitamin P, was later declined [2].
64 The attractiveness of flavonoids is based on their positive influence
65 on human health and the therapeutic potential of their synthetic deriv-
66 atives, including potent anti-inflammatory, anticarcinogenic, antiviral,
67 antiparasitic, and bactericidal chemicals and antibiotics that may reveal
68 higher efficiency than conventional medicines. Moreover, flavonoids
69 and their derivatives may potentiate the action of other drugs by over-
70 coming multidrug resistance [3–6]. It is noteworthy that flavonoids
71 and their chemical derivatives are often less toxic and reveal lower
72 side effects than derivatives produced from other natural compounds.
73 Nevertheless, similar to any chemical, flavonoids can be harmful at
74 high doses. Although the side effects of their intake have not beenwide-
75 ly studied [7], high doses of purified flavonoids, which are often sug-
76 gested by drugstores, should be the subject of concern [8].
77 Due to themedical use offlavonoids, a considerable increase in studies
78 on their influence on human health has been recently observed. During
79 the last two decades, the number of studies in this area revealed an ap-
80 proximately tenfold increase and now reaches more than 5000 publica-
81 tions a year (Fig. 1). This is approximately equal to the number of
82 studies on drug delivery and twofold higher than the number of studies
83 on gene therapy. Typically, modern studies of medical plants include a
84 thorough analysis of their flavonoid composition as a potentially impor-
85 tant therapeutic factor, and the therapeutic potential of plant remedies
86 is often attributed to the presence of some flavonoids. Numerous studies
87 have attempted to improve the therapeutic activity and bioavailability of
88 flavonoids through chemical modification and the use of nanomaterials.
89 Despite extensive recent investigations, the mechanisms of flavonoid ac-
90 tion are far from clear. At present, this area of scientific researchwarrants
91 further investigation, and the general theory of flavonoid therapeutic ac-
92 tion remains to be elucidated.

93 2. Flavonoids as plant polyphenolic compounds

94 Phenolic molecules consist of one or more aromatic rings bearing
95 one or more hydroxide groups. Flavonoids represent one of the best
96 studied and diverse classes of natural polyphenols that are abundantly
97 present in various plant tissues. The 15-carbon frame of flavonoids

98consists of two aromatic rings (A and B) connected by three carbon
99atoms. In general, flavonoids are usually described by the formula
100C6\C3\C6 [9], and their classification is based on differences in the
101structure of the three carbon atoms connecting the aromatic rings. The
102distinctive features of this C3 chain are associated with the presence or
103absence of the double bond, the choice of carbonyl or carboxyl moiety,
104and the possibility of forming a penta- or hexagonal ring C (Fig. 2).
105In plant tissues, most flavonoids, excluding flavan-3-ols, are repre-
106sented by both aglycones and various glycosides in which the glycoside
107part is attached to an oxygen atom that is preferably located in position
1083, 7, 3′, or 4′. Glycosides usually bear one or several pyranoside or furan-
109oside carbohydrate residues [10] andmay be composed not only of glu-
110cose and mannose but also of some rare sugars, such as allose,
111galacturonic acid, and apiose [11].
112It is difficult to determine the main factors responsible for the influ-
113ence offlavonoids on animal health because these compoundsmay con-
114trol numerous processes in the bodies of animals that consumeplants as
115food. First, we have to mention the antioxidative properties of flavo-
116noids [12,13], their ability to influence functions of ATP-dependent pro-
117tein transporters, including ABC transporters of drugs [14], and their
118ability to control membrane processes by affecting the fluidity and sta-
119bility of the phospholipid bilayer of membranes [15–18]. Here, we sug-
120gest that the action of flavonoids may be related to an increase in their
121lipophilicity after complexationwith iron cations [19,20], aswas recent-
122ly found.

1233. Interaction of flavonoids with the phospholipid bilayer

124The lipophilicity of flavonoids and their ability to interact with bio-
125logical membranes are important factors of their pharmacological activ-
126ity. Similar to polyphenols, many flavonoids contain a number of
127hydroxyl groups that impart some polarity and weak acidic properties
128to the molecules. The inverse correlation between the number of hy-
129droxyl groups and the lipophilicity offlavonoids has been demonstrated
130experimentally [21]. The interaction with the lipid bilayer depends on
131the pH, which determines the electrostatic charges of the flavonoid
132and lipid molecules. According to a general rule, a lower pH results in
133a lower deprotonation of polar groups and thus a deeper penetration
134of flavonoids into the lipid bilayer [22]. Althoughmost flavonoids reveal
135some lipophilicity, their glycosides are considerablymorewater-soluble
136[23].
137Catechins are the subject of many studies on flavonoid/membrane
138interactions. Catechins with gallate groups (ECG and EGCG) are better
139adsorbed by the lipid bilayer than gallate-free catechins (EC and EGC).
140The revealed affinity of catechins to the lipid bilayer decreases in the
141order ECG N EGCG N EC N EGC [24–27], which correlates with their lipo-
142philicity based on the octanol:water partition coefficient [24]. After ad-
143sorption to the bilayer surface, all catechins penetrate into a region
144located under phosphate groups and laterally diffuse into the bilayer
145plane. Molecular modeling reveals that each molecule of EGCG may in-
146teract with 10.8 lipid molecules, which results in a 0.374-nm2 increase
147in the bilayer surface [28]. Catechins are unevenly distributed in the bi-
148layer plane and reveal a tendency to produce aggregates, as can be ob-
149served both in molecular models [29] and in experiments with
150liposomes [25]. The heterogeneity of the bilayer leads to the formation
151of defects and increases thepermeability of liposomes [30]. NMR studies
152have revealed that flavonoids in the lipid bilayer do not penetrate deep-
153ly into the hydrophobic region and are located closer to the phosphate
154groups,whereas the galloyl groups of ECG and EGCG are found in the vi-
155cinity of the trimethylammonium groups of phosphatidylcholine
156[31,32]. Moreover, NMR was used to detect the interaction between
157the positively charged quarterly ammonium of phosphatidylcholine
158and the π-electrons of galloyl groups (cation–π interaction). According
159to Uekusa and colleagues, the cation–π interaction may participate in
160the stabilization of catechin molecules in the interphase region of the
161phospholipid bilayer [31]. In addition, NMR was used to reveal that

Fig. 1. Number of studies on flavonoids performed in different years according to PubMed
(NCBI,MD, USA). The keyword “flavonoids”was used to search the databasewith the Ref-
erence Manager software (ICI ResearchSoft, USA).
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