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Isoflavones are commonly consumed in many Asian countries and have potentially positive effects on human being. Only a few
and rather controversial data on their interactions with copper and iron are available to date. 13 structurally related isoflavones were
tested in the competitive manner for their Cu/Fe-chelating/reducing properties. Notwithstanding the 5-hydroxy-4-keto chelation
site was associated with ferric, ferrous, and cupric chelation, the chelation potential of isoflavones was low and no cuprous chelation
was observed. None of isoflavones was able to substantially reduce ferric ions, but the vast majority reduced cupric ions. The most
important feature for cupric reductionwas the presence of an unsubstituted 4󸀠-hydroxyl; contrarily the presence of a free 5-hydroxyl
decreased or abolished the reduction due to chelation of cupric ions.The results from this studymay enable additional experiments
which might clarify the effects of isoflavones on human being and/or mechanisms of copper absorption.

1. Introduction

Isoflavonoids form a subclass of flavonoids which is charac-
terised by aromatic ring B attached at position C

3
in contrast

to the majority of flavonoids which have this ring at C
2
.

Isoflavones, which occur in the form of aglycones or as
glycosides, are the most common compounds of this class.
Although they were thought to be specific only for plants
from family Fabaceae, they have been identified in number
of gymnosperms, dicots, and monocots and also in some
products made from them (beer and bourbon) until now [1–
3].

Isoflavones are specific in comparison to other flavonoids
due to their slight estrogenic effects [4]. Moreover, they
appear to have some positive cardiovascular effect similar to
other flavonoids, at least according to a few epidemiological
studies [5–7]. However, not all of the epidemiological stud-
ies have confirmed an inverse relationship between higher

consumption of isoflavonoids and cardiovascular or total
mortality [8, 9]. One of the factors may be the dual role
of isoflavones, which can act both as antioxidants and as
prooxidants depending on their concentrations and condi-
tions [10–13]. Transition metals, copper and iron, represent
apparently one of the most important factors influencing the
possible pro- or antioxidant activity of isoflavones. Likely
due to several methodological problems and controversy,
data on iron/copper-chelating properties of isoflavones have
been rather limited [10, 13–15]; the relationships between the
structure and iron/copper chelation/reduction activity have
been still missing. The type of interaction of isoflavonoids
with copper might have different clinical outcomes depend-
ing on (patho)physiological state of the organism: (1) in
the gastrointestinal tract, isoflavones might influence copper
and iron absorption; (2) when absorbed, they could chelate
transition metals and increase their excretion or they could
reduce them and potentially increase the production of

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2015, Article ID 437381, 11 pages
http://dx.doi.org/10.1155/2015/437381

http://dx.doi.org/10.1155/2015/437381


2 Oxidative Medicine and Cellular Longevity

the hydroxyl radical, the most reactive known biological
reactive oxygen species. Since the bioavailability of common
isoflavones is quite low in general [16], probably their effects
in the gastrointestinal tract might be of a higher clinical
importance.

An interesting topic is the copper absorption in the
gastrointestinal tract. Despite a series of papers, there are a
lot of unanswered questions concerning copper absorption
and the regulation of this process. In particular, is copper
absorbed in its reduced cuprous (Cu+) or oxidized cupric
(Cu2+) form or both? Is the transport system common for
copper and iron?

The current knowledge attributes the key role in copper
oral absorption to the human copper transporter (hCTR1)
[17], a high-affinity copper transporter which forms a chan-
nel transporting copper in its reduced cuprous form [18].
Although this transporter is essential for bioavailability of
copper [17], there are data showing its insignificance for
copper absorption from the gastrointestinal lumen supported
by a large discussion about its intracellular localization as well
[17, 19–21]. On the other side, the role of other possible trans-
porters in copper absorption is ambiguous. Contradictory
results can be found concerning DMT1 (DCT1), the ferrous
transporter: it has been proposed to be Cu2+ transporter
[22] and even Cu+ transporter [23], while another finding
does not support the role of DMT1 in copper transport [24].
Other copper-transporting mechanisms could be as follows:
hCTR2 [20], an ATP-dependent high-affinity Cu2+ transport
[25], and anion transport system which would transport
equally Cu+ and Cu2+ in the chloride-dependent pathway
[26]. In principle, a compound having no influence on iron
(reduction and chelation) and specific influence on copper
(reduction or chelation) could be useful for the further
research in this area. Our previous data have supposed that
some of such compounds could be found in a group of
isoflavones.

Therefore, this study was aimed at detailed in vitro
analysis of copper and iron interaction with commercially
available isoflavones in order to establish structure-activity
relationship with identification of the structure(s) for a future
copper pharmacokinetic study.

2. Materials and Methods

2.1. Reagents and Solutions. Stock solutions of cupric ions
(cupric sulphate pentahydrate, CuSO

4
⋅5H
2
O), ferric ions

(ferric chloride hexahydrate, FeCl
3
⋅6H
2
O), and ferrous ions

(ferrous sulphate heptahydrate, FeSO
4
⋅7H
2
O) were prepared

in water (Milli-Q RG, Merck Millipore, Massachusetts, USA)
while that of cuprous ions (cuprous chloride, CuCl) was
prepared in the aqueous solution of 0.1M HCl and 1M
NaCl. The corresponding fresh working solutions (0.25mM)
were prepared by dilution in DMSO (BCS method) or
distilled water (hematoxylin and ferrozinemethod). Hydrox-
ylamine hydrochloride, ferrozine, and bathocuproinedisul-
fonic acid disodium salt (BCS) were dissolved in distilled
water. Hematoxylin was dissolved in DMSO and its working
solution (0.25mM) was usable for no longer than 90min. All
isoflavones (Figure 1 and Table 1) were dissolved in DMSO.
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Figure 1: Chemical structure of isoflavones used in this study (see
Table 1).

Table 1

Isoflavonoids R
5

R
6

R
7

R
8

R
3
󸀠 R

4
󸀠

Biochanin A OH H OH H H O-CH3

Cladrin H H OH H O-CH3 O-CH3

Daidzein H H OH H H OH
Daidzin H H O-Glc H H OH
Formononetin H H OH H H O-CH3

Genistein OH H OH H H OH
Genistin OH H O-Glc H H OH
Glycitein H O-CH3 OH H H OH
Glycitin H O-CH3 O-Glc H H OH
Isoformononetin H H O-CH3 H H OH
Ononin H H O-Glc H H O-CH3

Prunetin OH H O-CH3 H H OH
Puerarin H H OH Glc H OH
Glc: glucose.

Experiments were performed in 15mM buffers, acetate
(pH 4.5 and 5.5) and HEPES (pH 6.8 and 7.5).

Daidzin, formononetin, genistin, glycitein, glycitin,
ononin, prunetin, and puerarin were purchased from
Extrasynthese (France); isoformononetin and cladrin were
from PhytoLab (Germany). All other chemicals including
genistein and daidzein were purchased from Sigma-Aldrich
(Germany).

2.2. Copper/Iron Chelation and Reduction Assessment. The
principle of this method is that oxidized transition metals,
cupric or ferric ions, do not react with the indicators (BCS
or ferrozine). But when a tested compound is able to reduce
these ions into cuprous or ferrous ions, the indicator rapidly
forms a complex with them which is thereafter measured
spectrophotometrically.

Metal chelation experiments were performed in 96-well
microplates, at least in duplicate, at room temperature. A
Synergy HT Multi-Detection Microplate Reader (BioTec
Instruments, Inc., USA) was used for these measurements.
Detailed methodology was described in our original papers
[27, 28]. Shortly, consider the following.

2.2.1. Ferrozine Method. Ferrozine is a specific indicator
which forms a magenta coloured complex with ferrous ions;
the methodology can be extended for the assessment of total
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iron chelation after reduction of ferric ions by a suitable
reductant like hydroxylamine.

For this assessment of iron chelation, various concentra-
tions of isoflavone (the added concentration was depending
on solubility,maximal used concentrationwas 5mM, Figure 1
and Table 1) DMSO solutions in acetate (pH 4.5, 5.5) or
HEPES (pH 6.8, 7.5) buffer were mixed with ferrous or
ferric ions (final concentration of both was 25𝜇M) for 2min.
After that ferrozine was added in the case of ferrous ions.
Hydroxylamine was added prior to ferrozine at pH 7.5 to
inhibit ferrous oxidation at this pH. Hydroxylamine solution
was used also in the case of total iron chelation at pH 4.5
to reduce remaining ferric ions to ferrous ones which form
purple complex with ferrozine afterwards. The absorbance
wasmeasured immediately after the addition of ferrozine and
5min later at 562 nm.

For the determination of the degree of ferric ions reduc-
tion, various concentrations of the tested compounds were
mixed for 2min with ferric ions in acetate or HEPES buffer.
Afterwards, ferrozine was added and absorbance was mea-
sured at 562 nm immediately and 5min later. Hydroxylamine
was used as a positive control (100% reduction).

2.2.2. Hematoxylin Method. Hematoxylin is forming a com-
plex with cupric ions which is thereafter measured spec-
trophotometrically.

Different concentrations of a tested compound were
mixed with cupric ions for 2min in the presence of a buffer.
The mixture was incubated for next 3min with the indicator
hematoxylin in order to enable the reaction of nonchelated
copper ions with the indicator.The absorbance wasmeasured
thereafter and after another 4min. Different wavelengths
were used according to pH: 595 nm (pH 5.5), 590 nm (pH
6.8), and 610 nm (pH 7.5), as reported in our mentioned
paper.

2.2.3. BCS Method. BCS method is analogous to ferrozine
method with the exception that BCS is specific for cuprous
ions.

Different concentrations of a tested compound (the added
concentration was depending on solubility, in few cases
10mM were used) were mixed with cupric or cuprous ions
(the final concentration was 50𝜇M) and incubated for 2min
in a buffer. In the case of cupric ions, hydroxylamine was
added after mixing to reduce nonchelated cupric ions. In the
case of cuprous ions, hydroxylamine was added before the
copper solution in order to retain copper in its reduced state.
The nonchelated copper was then evidenced in both cases by
the indicator BCS and the absorbance was read immediately
and after 5min at 484 nm.

Themodified BCSmethod was used for determination of
cupric ions reducing potential. Cupric ions weremixedwith a
tested substance in a buffer without hydroxylamine for 2min.
The reduced copper ions were evidenced by BCS afterwards.
Hydroxylamine was used as a positive control (100% copper
reduction).

2.3. Assessment of Iron/Copper Complex Stoichiometry. The
assessment of the stoichiometry followed the previously

established protocol [29]. Shortly, all experiments were
performed in ultraviolet-transparent cuvettes (BrandTech
Scientific Inc., The United Kingdom) and absorbance was
measured by the use of spectrophotometer Helios Gamma
equipped with VISIONlite software 2.2 (ThermoFisher Sci-
entific Inc., USA). Standard Job’s method [30] and the same
transition metal solutions were used as mentioned above. In
all measurement of cuprous ions at all pH and ferrous ions at
pH 7.5, hydroxylamine was added to buffer to retain metal in
its reduced state.

A methanolic solution of a tested substance was mixed
with a solution of metal ions for 1min at different molar
concentration ratios ranging generally from 1 : 4 to 4 : 1
(substance :metal) at all tested pH conditions. Afterwards
absorption spectra were immediately measured. The blank
was composed of a buffer and a solvent at the ratio 2 : 1,
respectively.

2.4. Statistical Analysis. The amount of nonchelated or
reduced copper/iron was calculated from the difference of
absorbance between the tested sample (with the indicator)
and its corresponding blank (without indicator) divided by
the difference of the control sample (the known amount of
copper without the tested substance) and its control blank. In
reduction experiments, hydroxylamine was always used as a
positive control (100% reduction).

Data are expressed as mean ± SD. The differences of
isoflavones chelation potencies for both copper and ironwere
checked by 95% confidence (prediction) intervals of chelation
curves. Differences between copper reductions caused by
isoflavones were assessed by 95% confidence intervals of
the linear regression lines. For all statistical approaches
GraphPad Prism version 6 forWindows (GraphPad Software,
USA) was used.

3. Results

Previously, we have shown that isoflavonoid genistein is
able to chelate iron [31]. Thus we examined other struc-
turally related isoflavones on their iron-chelating capacity. As
expected, all isoflavonoids containing isolated hydroxyl or
methoxyl groups did not chelate iron at all. Only isoflavones
containing the 5-hydroxy-4-keto chelation site (genistein,
biochanin A, prunetin, and genistin) were able to chelate
iron, although their iron-chelating potency was moderate.
They almost did not chelate iron at the ratio of 1 : 1, but their
chelation activity at the ratio of 10 : 1 (isoflavone : iron) was
with the exception of genistein more than 50% (Figure 2).
On the other hand, at the acidic conditions, none of the
tested isoflavones was able to substantially chelate ferrous
ions. The differences between isoflavones were clearly pro-
nounced for total iron at pH 4.5, where biochanin A was the
most active compound followed by prunetin and genistin,
and interestingly, genistein was the less efficient compound
at these conditions (Figure S1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2015/437381). At
pH 7.5 and 6.8 the differences were minimal, but biochanin A
and prunetin appeared to be again slightly more active than
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Figure 2: Iron chelation by isoflavonoids. (a) Genistein, (b) genistin, (c) biochanin A, and (d) prunetin.

genistein and genistin. At lower pH, the chelationwas low and
thus no differences were found.

Both of the most common aglycones genistein and
daidzein did not reduce iron in our previous experiments
[12]. In this study, all other isoflavones were tested using the
same setting and, in general, they did not reduce iron as well.
The reduction at the highest tested ratio of 20 : 1 was always
below 10% (data not shown).

Since the iron-chelating properties of isoflavones were
moderate, thus clearly less pronounced than in the case of
powerful iron chelators like deferoxamine [27], we firstly
tested their cupric chelating properties in a mild competitive
environment of hematoxylin using our already published
assay [28]. As previously, only isoflavones containing the 5-
hydroxy-4-keto chelation site were able to chelate copper
(Figure 3). Their copper-chelating properties were similarly
to iron onlymoderate and thus againmarkedly less expressed
than in the case of clinically used copper chelator trientine

[28]. At neither pH condition (5.5–7.5) they were able to
chelate more than 25% of copper at the ratio of 1 : 1. However,
their chelation potencies ranged from 25 to 75% in relation to
pH and a tested compound at the ratio of 10 : 1. The detailed
analysis using confidence intervals (Figure S2) showed that,
at pH 7.5, again biochanin A and particularly prunetin were
more active than genistein and genistin. Similarly, genistein
appeared to be the least active copper chelator at pH 6.8. On
the other hand, the differences were minimal at pH 5.5.

In order to analyse the ability of isoflavones to chelate
copper in the more competitive ambient, the BCS method
was used. None of the tested isoflavones were able to chelate
more than 10% of cupric or cuprous ions at the ratio of
10 : 1 (isoflavone : copper) at any tested pH (4.5–7.5, data not
shown).

To analyse the relationship of copper and isoflavones
completely, we tested copper reduction at pH 4.5–7.5. In
contrast to iron reduction, all isoflavones with the exception
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Figure 3: Cupric chelation by active isoflavones measured by the hematoxylin method. (a) Genistein, (b) genistin, (c) biochanin A, and (d)
prunetin.

of biochanin A and ononin were able to reduce copper. In
contrast to low iron reduction, copper reduction was taking
place spontaneously in the solvent, particularly in the cases of
higher pH.

There were 4 observed reactions of isoflavones (see
Figure 4 for examples):

(A) Progressive copper reduction (Figure 4(a)). This was
the most common reaction. The reducing properties
of isoflavones were concentration dependent; that is,
they increased with the increasing concentration of a
tested compound.

(B) Peaked copper reduction. This case was found in
genistein (Figure 4(b)) and prunetin. Both com-
pounds firstly dose-dependently reduced copper, but

at some breakpoint ratio, their copper-reducing prop-
erty decreased with a further increase in isoflavone
concentration. This breakpoint ratio was about 10 : 1
in the case of genistein and slightly less in the case of
prunetin.

(C) Decreased copper reduction. This feature was found
only in the case of biochanin A (Figure 4(c)).
Biochanin A was able to decrease the spontaneous
copper reduction at pH 6.8 and 7.5.

(D) No interaction. In this case, copper reduction was
statistically similar to the solvent at all tested concen-
trations. This reaction was observed only in the case
of ononin (Figure 4(d)).

In order to compare copper-reducing properties, we
subtracted the reduction percentages caused by isoflavones
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Figure 4: Four possible Cu reduction reactions of isoflavones. (a) Progressive copper reduction, (b) peaked copper reduction, (c) decreased
copper reduction, and (d) no interaction.

from the spontaneous reduction (in the cases of genistein
and prunetin, the data after breakpoint ratio were ignored
by virtue of facilitating the analysis). Interestingly, we found
linear relationship between the ratio of isoflavone to copper
and the reduction potential in all cases. This enabled an
easy comparison by use of 95% confidence intervals of linear
regression curves at all tested pH conditions (examples are
shown in Figure S3). Based on these results, we prepared an
overview of copper-reducing properties (Figures 5 and 6).

In summary, it appeared that

(i) the presence of a free 4󸀠-hydroxyl group in ring B
was the most important factor for copper reduction;
in all cases and at all pH conditions its substitution

by a methoxyl decreased the reduction potential
(Figure 5). Two adjacent methoxyl groups in ring B
had slightly higher reduction potential in comparison
to an isolated methoxyl group (cladrin versus for-
mononetin);

(ii) the presence of a free 7-hydroxyl group in ring A
had generally no or little copper-reducing potential
with exception of pH 7.5 where it apparently increased
the reducing potential, for example, ononin versus
formononetin or genistein versus genistin/prunetin.
The copresence of the 6-methoxyl and 7-hydroxyl
group in ring A may slightly increase the reduction
potential under some conditions as can be seen at pH
6.8 (daidzein versus glycitein, Figure 6);
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(iii) the presence of free 5-hydroxyl group was not asso-
ciated with copper reduction; on the contrary, it
was associated with copper chelation and therefore
decreased copper reduction (biochanin A). Its influ-
ence was minimal at pH 4.5, where cuprous chelation
was low or not present;

(iv) sugars decreased the reduction potential by blocking
free hydroxyl groups (e.g., glycitein versus glycitin)
or by the steric hindrance (e.g., puerarin versus
daidzein).

In order to confirm iron and copper chelation experi-
ments in a competitive ambient, we performed the noncom-
petitive chelation experiments with genistein, as a chelating
representative of isoflavones, by the use of standard Job’s
method. Ferric chelation experiments showed both at acidic
conditions (pH 4.5) and at neutral conditions (7.5) the

complex of genistein with ferric ions at the stoichiometry of
2 : 1 (Figure S4). Ferrous chelation experiments demonstrated
the same complex at pH 7.5 but no complex was formed
at 4.5. Thus we performed additional experiments at pH
5.5 and 6.8; a complex formation was observed but the
assessment of stoichiometry was not possible likely due
to low affinity of genistein for ferrous ions at these pH
conditions. Experiments with cuprous ions in the presence
of hydroxylamine in order to block oxidation of cuprous
ions revealed that genistein was not able to chelate cuprous
ions at any of the tested pH (4.5, 5.5, 6.8, and 7.5, Figure
S5). Interestingly, concerning cupric ions at pH 7.5, we were
not able to establish the stoichiometry but the complex was
clearly formed. At pH 4.5, again no chelation was observed.
However, at pH 5.5 and 6.8, the complex of the stoichiometry
of 1 : 1 between genistein and cupric ions was clearly seen
(Figure S6).



8 Oxidative Medicine and Cellular Longevity

4. Discussion

Iron-chelating properties of flavonoids have been tested
several times by different research groups and there is a
general agreement now that possible chelation sites include
two proximal hydroxyl groups (o-dihydroxyl group in ring
B or ring A), the 3-hydroxy-4-keto or the 5-hydroxy-4-keto
position [31–33]. This is apparently valid for isoflavonoids
and for copper chelation as well [31, 34]. On the other side,
there are few available papers reporting that genistein and
biochaninA, both possessing the 5-hydroxy-4-keto group, do
not form complexes with copper/iron [13, 14, 35] or daidzein,
which does not have any of the mentioned sites, binds copper
[15]. All these papers have used a direct spectrophotometric
assessment and thus the findings likely have arisen from the
fact that (1) the spectra of isoflavonoids are only modestly
changed after the addition of copper or iron, (2) the change
of spectra caused by “hidden” absorption of cupric or ferric
salts is interpreted as a shift in maximal absorption of an
isoflavonoid and thus as a complex formation [10, 36], and,
moreover, (3) metal chelation by isoflavonoids is relatively
low, as can be seen in the current work.This paper has recog-
nized difficulties in the direct noncompetitive spectrophoto-
metric approach as well, because wewere not able to ascertain
the stoichiometry of Cu2+ and genistein complex formation
at pH 7.5, notwithstanding repeated measurements. Such
obstacles could be traced in the literature data as well; indeed,
only one article has reported stoichiometry for genistein and
biochanin A with cupric and ferric ions, according to our
knowledge. The stoichiometry of the genistein/biochanin A
complexes with ferric ions was 2 : 1 (isoflavone : Fe3+) at pH 4,
6, and 7.3 in accordance with our data. Such a stoichiometry
has been already observed for cupric ions at pH 7.3 while, at
pH 4 and 6, the complex of biochanin A or genistein with
cupric ions has had the stoichiometry of 1 : 1 [10]. Again, such
results are in full accordance with our results.

The applied competitive methodologies as the main
approach in this study are based on the competition of a
tested isoflavonoid with known ferrous (ferrozine), cupric
(hematoxylin), or cuprous (BCS) chelating agents which
serve as well as indicators because their complexes with
Fe/Cu have distinct absorption. Suchmethodologies consider
better the affinity of a tested compound for metal due to the
competition with the indicator. Therefore, they are superior
proof of metal chelation potential of a compound than the
simple spectrophotometric approach in a noncompetitive
ambient, where only a metal ion is present with a tested
substance. The results from the current study confirmed that
isoflavonoids are forming complexes with bothmetals but the
chelation potential is much lower in comparison to efficient
flavonoids like baicalein or standard iron/copper chelators
deferoxamine and trientine [31, 34]. In fact, even in the
study where no spectral change after addition of Cu2+ to
genistein solution was found, low copper chelation effect by
the use of the hematoxylin method was observed [14]. A
novel bit of information is that isoflavones were not able to
chelate cuprous ions. This was shown in the present study
in both noncompetitive experiments and it has ensued from
comparison of hematoxylin and BCS experiments as well

since the former formed complexes with cupric ions and the
latter only with cuprous ones.

Published studies seem to support our metal reduction
results when considering the differences in methodological
approach, in particular concentrations of the flavonoid, the
metal, and pH [11, 35, 37–39]. A recent study stays at the
first sight in a clear contrast to our study, since Ullah et al.
have showed copper reduction by genistein and biochanin A,
too [38]. However, when analysing the available results from
that study in detail, biochanin A was likely not responsible
for copper reduction. In that article, stable concentrations of
biochanin A and BCS were used and the concentration of
copper was changing. In high copper to biochanin A ratios
(8 : 1 to 3 : 1) the copper reduction measured as absorbance
at 480 nm was apparently the same. However, this reflected
rather the spontaneous copper reduction at pH 7.5 (e.g.,
Figure 4) which was mainly dependent on the stable concen-
tration of BCS. At lower ratios of copper to biochanin A, the
absorbance gradually dropped. This may be due to copper-
chelating effect of biochanin A but the role of decreasing
copper content cannot be neglected. In contrast, we fully
agree that genistein reduced copper since the reduction curve
of genistein showed clearly higher absorbance than that of
biochanin A. But, consistent with our results, it appeared
that genistein might decrease the copper reduction in high
genistein to copper ratios because the absorbance curve was
not linear (linear curve would suggest the Lambert-Beer law
between added copper and absorbance). This may indicate
bell-shaped behavior observed in this study too (Figure 4(b)).

The impact of pH was also apparent from this study.
The influence of pH is opposite when comparing copper and
iron. In the case of copper, increasing pH from acidic to
neutral raises the reduction potential while, in the case of
iron, decreasing pH increases reduction potential. It should
be mentioned that solubility of ferric ions is important factor
because ferric ions are rapidly transformed into insoluble
hydroxide and ferric oxide at neutral pH [40]. Practically, iron
is not reduced by isoflavonoids at pH 4.5–5.5 as was reported
by us and in another study [35], while at pH 3.6 iron reduction
by both iron-chelating and nonchelating isoflavonoids was
achieved [11]. The degree of copper reduction was always
higher than that of iron, which was in line with known lower
standard reduction potential for Cu2+/Cu+ when compared
to that for Fe3+/Fe2+ couple. Such results were confirmed pre-
viously for both flavonoids and isoflavonoids [35]. Another
factor which should be considered in particular in the case
of very active reducing agents is the time of incubation.
Longer incubation means higher reduction and in the cases
of highly active reducing agents (in our case daidzein and
glycitein), the complete copper reduction (100%) might be
achieved. We were aware of this fact and therefore we used
5-minute interval which was sufficient for characterization of
isoflavonoids according to their reduction potential.

In agreement with previous studies, the reduction poten-
tial was not equal to direct antioxidant activity [11]. This was
true for metal chelators because their reduction potential
reflected the balance between metal chelation and intrinsic
reduction potential which was equivalent to scavenging of
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free radicals. But when we analyzed isoflavones which did
not chelate copper/iron, the relationship between direct
scavenging potential and copper reduction seemed to be
direct. For both effects, the presence of an unsubstituted free
4󸀠-hydroxyl was the most important factor while a free 7-
hydroxyl was partly important only in specific cases [13].

In contrast to data on transition metal chelation and
reduction, which are generally in harmony, as can be seen
above, information on effect of isoflavonoids on oxidation
initiated by transition metals was highly divergent [10–13,
41]. Here, apparently more factors beyond transition metal
chelation and reduction played the role. The experimental
model seemed to be the major issue. Interestingly, rather
prooxidative effect of metal chelating isoflavones and their
complexes may be responsible for some of their potentially
positive effects. In particular, there were several studies
showing that antiproliferative effects of isoflavonoids were
boosted by freemetals or their complexes withmetals, and, in
particular, copper reductionwas responsible for them [36–38,
42–44]. This could be true for tumor cells, which have gen-
erally higher amount of copper [45]. Normal cells were thus
contrarily and advantageously less sensitive or insensitive to
antiproliferative effect of isoflavones [37, 43]. In general, low
oral bioavailability of nonmetabolized isoflavones represents
the main drawback of possible flavonoid use for many
medicinal purposes [46], but it is not a real limitation in
cancer therapy.

Another clinically interesting aspect may represent influ-
ence of isoflavones on copper and iron absorption from the
gastrointestinal tract. Data on this issue for isoflavonoids are
currently not available. Assuming that (1) copper is present
in the Cu2+ form at physiological pH and in the presence of
oxygen and (2) copper is transported in the reduced form,
for example, via hCTR1, copper has to be reduced in the
intestine before the absorption. Dietary components or the
action of metalloreductases could be responsible for that
[20]. Moreover, it has been shown that vitamin C improved
copper absorption [18]. The possible mechanism may be
linked to copper reduction. But vitamin C is known to reduce
iron as well. Therefore several isoflavones, which are able
to reduce copper without any significant influence on iron,
could be considered as useful tools in the experiments aimed
at understanding the way of copper absorption. This issue
requires complex in vitro/ex vivo and in vivo approaches to
really confirm or reject it and it will be analyzed in our next
study.

5. Conclusions

This study confirmed that isoflavones possessing the 5-
hydroxy-4-keto chelation site were able to chelate ferric,
ferrous, and cupric ions but they did not chelate cuprous
ions. However, their affinity for all mentioned ions was
generally lower than those of other active flavonoids or
known copper/iron chelators. None of isoflavones was able to
reduce substantially ferric ions but all of themwith exception
of biochanin A and ononin were able to reduce cupric ions.
Themost important factor for cupric reduction by isoflavones
was the presence of a free 4󸀠-hydroxyl group; contrarily the

presence of a free 5-hydroxyl group decreased or abolished
the reduction due to chelation of cupric ions.

Appendix

See Supplementary Material.
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[2] O. Lapč́ık, “Isoflavonoids in non-leguminous taxa: a rarity or a
rule?” Phytochemistry, vol. 68, no. 22–24, pp. 2909–2916, 2007.

[3] Z. Mackova, R. Koblovska, and O. Lapcik, “Distribution of
isoflavonoids in non-leguminous taxa—an update,” Phytochem-
istry, vol. 67, no. 9, pp. 849–855, 2006.

[4] G. Leclercq and Y. Jacquot, “Interactions of isoflavones and
other plant derived estrogens with estrogen receptors for
prevention and treatment of breast cancer—considerations
concerning related efficacy and safety,” Journal of Steroid Bio-
chemistry and Molecular Biology, vol. 139, pp. 237–244, 2014.

[5] M. J. J. De Kleijn, Y. T. van der Schouw, P. W. F. Wilson, D. E.
Grobbee, and P. F. Jacques, “Dietary intake of phytoestrogens is
associated with a favorablemetabolic cardiovascular risk profile
in postmenopausalU.S. women: the framingham study,” Journal
of Nutrition, vol. 132, no. 2, pp. 276–282, 2002.

[6] Y. Kokubo, H. Iso, J. Ishihara, K. Okada, M. Inoue, and S.
Tsugane, “Association of dietary intake of soy, beans, and
isoflavones with risk of cerebral and myocardial infarctions in
Japanese populations: the Japan Public Health Center-Based
(JPHC) Study Cohort I,” Circulation, vol. 116, no. 22, pp. 2553–
2562, 2007.

[7] L. Yochum, L. H. Kushi, K. Meyer, and A. R. Folsom, “Dietary
flavonoid intake and risk of cardiovascular disease in post-
menopausal women,” American Journal of Epidemiology, vol.
149, no. 10, pp. 943–949, 1999.

[8] C. Nagata, N. Takatsuka, and H. Shimizu, “Soy and fish oil
intake and mortality in a Japanese community,” American
Journal of Epidemiology, vol. 156, no. 9, pp. 824–831, 2002.

[9] Y. T. van der Schouw, S. Kreijkamp-Kaspers, P. H. M. Peeters,
L. Keinan-Boker, E. B. Rimm, and D. E. Grobbee, “Prospective



10 Oxidative Medicine and Cellular Longevity

study on usual dietary phytoestrogen intake and cardiovascular
disease risk in Western women,” Circulation, vol. 111, no. 4, pp.
465–471, 2005.

[10] S. Dowling, F. Regan, and H. Hughes, “The characterisation
of structural and antioxidant properties of isoflavone metal
chelates,” Journal of Inorganic Biochemistry, vol. 104, no. 10, pp.
1091–1098, 2010.

[11] T. Kgomotso, F. Chiu, and K. Ng, “Genistein- and daidzein
7-O-𝛽-D-glucuronic acid retain the ability to inhibit copper-
mediated lipid oxidation of low density lipoprotein,”Molecular
Nutrition & Food Research, vol. 52, no. 12, pp. 1457–1466, 2008.
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P. Mladěnka, “Novel method for rapid copper chelation assess-
ment confirmed low affinity of D-penicillamine for copper in
comparison with trientine and 8-hydroxyquinolines,” Journal of
Inorganic Biochemistry, vol. 123, pp. 80–87, 2013.

[29] T. Filipsky, M. Rı́ha, R. Hrdina, K. Vávrová, and P. Mladěnka,
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