
nutrients

Article

The Stoichiometry of Isoquercitrin Complex with
Iron or Copper Is Highly Dependent on
Experimental Conditions

Maria Carmen Catapano 1 ID , Václav Tvrdý 1, Jana Karlíčková 2, Thomas Migkos 1,
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1 Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec Králové, Charles University,
Heyrovského 1203, 500 05 Hradec Králové, Czech Republic; catapanm@faf.cuni.cz (M.C.C.);
tvrdyvac@faf.cuni.cz (V.T.); migkost@faf.cuni.cz (T.M.)

2 Department of Pharmaceutical Botany, Faculty of Pharmacy in Hradec Králové, Charles University,
Heyrovského 1203, 500 05 Hradec Králové, Czech Republic; karlickova@faf.cuni.cz

3 Laboratory of Biotransformation, Institute of Microbiology, Czech Academy of Sciences, Vídeňská 1083,
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Abstract: Interaction of flavonoids with transition metals can be partially responsible for their impact
on humans. Stoichiometry of the iron/copper complex with a flavonoid glycoside isoquercitrin,
a frequent component of food supplements, was assessed using competitive and non-competitive
methods in four (patho)physiologically-relevant pH values (4.5. 5.5, 6.8, and 7.5). Isoquercitrin
chelated all tested ions (Fe2+, Fe3+, Cu2+, and Cu+) but its affinity for Cu+ ions proved to be very low.
In general, the chelation potency dropped with pH lowering. Metal complexes of 1:1 stoichiometry
were mostly formed, however, they were not stable and the stoichiometry changed depending on
conditions. Isoquercitrin was able to reduce both Cu2+ and Fe3+ ions at low ratios, but its reducing
potential was diminished at higher ratios (isoquercitrin to metal) due to the metal chelation. In
conclusion, this study emphasizes the need of using multiple different methods for the assessment of
chelation potential in moderately-active metal chelators, like flavonoids.

Keywords: chelator; copper; iron; quercetin-3-O-β-glucopyranoside; Job’s method; stoichiometry;
reduction

1. Introduction

Isoquercitrin (quercetin-3-O-β-D-glucopyranoside (Figure 1) is one of the most common glycosides
of quercetin occurring in various fruits and vegetables, and currently one of the most popular
flavonoids used in various food supplements with a large number of potential health benefits [1,2].
A wide range of biological effects were reported for isoquercitrin, including in vivo antioxidant [3],
anti-inflammatory [4], anticancer [5], cardioprotective [6], antidiabetic [7], anti-allergic [8], and
neuropharmacological [9] activities. Moreover, bioavailability of quercetin was found to be higher
when using isoquercitrin as its source, compared to the aglycone itself [10]. Some studies even reported
intact isoquercitrin in rat plasma [11–14] and rat brain [15] after consumption of plant extracts rich in
this flavonoid. Although isoquercitrin is often found in medicinal plants (St. John’s wort), fruits (apples,
berries), vegetables (onion, garlic), and in plant-derived beverages (tea, wine) [1,16], the content of
isoquercitrin in plant material is low and isolation techniques are, thus, impracticable [15]. Hence,
this compound had been available only as an analytical standard and, therefore, it was also scarcely
tested for biological activity compared to other flavonoids. However, an efficient biocatalytic method
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for the production of pure isoquercitrin from rutin (see Figure 1 for the structural relationship with
isoquercitrin) was developed [17] based on the use of α-L-rhamnosidase [18] from Aspergillus terreus,
heterologously expressed in Pichia pastoris, which affords isoquercitrin in very high yields and purity
(97–99.9%). Interestingly, despite numerous studies on antioxidant activity of isoquercitrin [3,5,19–21],
its chelation potential was not studied up to date, with the exception of a complex study on aluminum
and further papers reporting Fe2+ chelation without any detailed data on the stoichiometry [22–24].
Additionally, many controversies have been raised, in particular, related to pro-oxidative properties of
flavonoids [25,26]. These can result from interactions with transition metals, such as iron and copper.
Tight chelation of these metals is considered to have an antioxidant effect while their reduction can
facilitate the Fenton reaction and, hence, be pro-oxidative. For example, quercetin and rutin were
found to reduce lipid peroxidation by chelation of ferrous ions [27], but the relationship between
flavonoids and anti/pro-oxidation seems to be rather dose-dependent [25]. Additionally, there are
some studies supporting the chelation potential of flavonoids toward copper, and also their ability to
reduce cupric ions [28–31].
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Figure 1. Chemical structures of quercetin and its glycosides isoquercitrin and rutin. The differences
are shown in color and consist of the attached sugar moiety at C-3 of quercetin: rutinose (L-α
rhamnopyranosyl(1-6)β-D-glucopyranose) in the case of rutin, while β-D-glucopyranose in the case
of isoquercitrin.

The aim of the present work was to characterize the interactions of pure isoquercitrin with the
transition metals iron and copper at pathophysiologically-relevant pH. The selection of pH ranging
from 4.5 to 7.5 was based on the assumption that the physiologically most relevant interactions can
take place in the gastrointestinal tract where the pH raises from the duodenum to jejunum.

2. Materials and Methods

2.1. Chemicals, Solutions, and Equipment

Isoquercitrin (Figure 1, purity 99.82%) was prepared by enzymatic trimming of rutin
using α-L-rhamnosidase from Aspergillus terreus heterologously expressed in Pichia pastoris [17].
3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazinedisulfonic acid sodium salt (ferrozine), FeSO4·7 H2O,
FeCl3·6 H2O, ferric tartrate (Fe2(C4H4O6)3), hydroxylamine hydrochloride (HA), CuSO4·5 H2O, CuCl,
disodium bathocuproinedisulfonate (BCS), dimethylsulfoxide (DMSO) and chemicals for buffers were
purchased from Sigma-Aldrich Inc. (Darmstadt, Germany) and methanol from J.T. Baker (Avantor
Performance Materials, Inc., Center Valley, PA, USA). Ultrapure water (Milli-Q RG, Merck Millipore,
Burlington, MA, USA) was used throughout this study. Stock solutions of ferrozine, Cu/Fe salts,
BCS (all 5 mM), and HA (100 mM) were prepared in water, with the exception of CuCl (5 mM),
which was dissolved in the aqueous solution of 0.1 M HCl and 1 M NaCl. All experiments for the
stoichiometry determination were performed in semi-micro polystyrene or ultraviolet-transparent
cuvettes (BrandTech Scientific Inc., Essex, CT, USA) and the absorbance was measured by Helios
Gamma equipped with VisionLite 2.2 software (ThermoFisher Scientific Inc., Waltham, MA, USA),
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while competitive experiments were performed in 96-well microplates (BRAND GmbH + CO KG,
Wertheim, Germany) with spectrophotometer Synergy HT Multi-Detection Microplate Reader (BioTec
Instruments, Inc., Winooski, VT, USA).

2.2. PH Conditions

Experiments were performed at four (patho)physiologically-relevant pH values (4.5. 5.5, 6.8, and
7.5). Acetate buffers (15 mM of sodium acetate and 27.3 and 2.7 mM of acetic acid, respectively) were
used for the two lower pH values, whereas HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffers (15 mM of sodium HEPES and 71.7 and 14.3 mM of HEPES, respectively) were used for
pH 6.8 and 7.5. Based on our previous experiments [28], chloride was used for ferric ion solutions
at pH 4.5 and 5.5, while tartrate was used at pH 6.8 and 7.5. As the oxidation of Fe2+ accelerates
significantly at pH 7.5, HA in the final concentration of 5 mM was added to this buffer to avoid
oxidation. In the case of Cu+ ions, HA was added in same concentration to all buffers to retain the ion
in the lower valence.

2.3. Assessment of Iron/Copper Complex Stoichiometry

The assessment of the stoichiometry was done according to the previously established
protocol [32].

2.3.1. Complex Formation

Firstly, we checked whether the metal is forming a complex with isoquercitrin. Based on the
previous studies in the field [33,34], clear shift(s) in the absorbance maximum (maxima) of a flavonoid
after addition of a metal ion is considered to be due to the formation of the complex. In flavonoids,
the absorbance bands corresponding to the rings B + C (see Figure 1) lie in the range 320–385 nm and
display a bathochromic shift (to higher wavelengths) after a complex with a metal ion is formed. Hence,
in our study, a methanolic solution of isoquercitrin was mixed with a water solution of metal ions for
1 min at different molar concentration ratios ranging generally from 1:4 to 1:50 (isoquercitrin:metal)
at all tested pH conditions. The concentration of isoquercitrin ranged from 33 to 83 µM while that
of the metal was always 500 µM. These measurements were also performed without metal ions and
used for the calculation of molar absorption coefficients, which were needed for further analysis (see
Section 2.3.3). Absorption spectra vs. the blank were measured. The blank for pure isoquercitrin and
ferrous complex measurements was composed of buffer, methanol, and water in a 1:1:1 ratio, while,
for the ferric complex, the composition was the same with the exception that it also contained ferric
ions at a concentration of 500 µM.

2.3.2. Job’s Method

The standard Job’s method [35] was employed. In Job’s method, the concentration of both
components (metal ions and a tested compound) are changing while their concentration sum is kept
constant. This is based on the principle that the highest quantity of the complex will be formed under
ideal conditions, which means that under such conditions the concentration ratio corresponds to
the stoichiometry of the complex. On the contrary, in the conditions different from these ideal ones,
there will be an excess of either the metal or the tested compound, which cannot form a complex
since the other component in the reaction is missing. In our experiment, the molar concentrations of
isoquercitrin + metal ion were kept constant at 100 µM while their molar concentration ratios were
continuously changed from 1:3 to 6:1 throughout the series of samples. The measurements were
performed against a blank composed of methanol and buffer in the ratio 1:2.
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2.3.3. Complementary Method

For the complementary approach the molar concentration of isoquercitrin was continuously
changed, while the concentration of the metal was kept constant throughout the series of samples with
different molar concentration ratios ranging from 1:3 to 6:1 (isoquercitrin:metal). The concentration of
the metal was always 10 µM, while those of isoquercitrin was changing from 3.33 to 60 µM. The blank
composition was the same as in the case of Job’s method. Calculation of the complex stoichiometry
was based on our previously-mentioned mathematical approach [32]. In brief, molar absorption
coefficients for both pure isoquercitrin and its complex with the particular metal ion were calculated by
the measurements of a series of different concentrations of isoquercitrin without or with the metal (in
its excess, see Section 2.3.1), respectively. Based on these coefficients, the theoretical lines mimicking
the absorbance of the most probable stoichiometries were constructed and matched with real measured
data of the abovementioned experiments with different ratios of isoquercitrin to a metal ion.

2.4. Competitive Measurement of Metal Chelation and Reduction

The general principle of these methods is the fact that indicators (BCS, hematoxylin or ferrozine)
compete with isoquercitrin for the metal binding. Therefore, isoquercitrin was firstly mixed with
a metal ion to allow the complex formation. After that, an indicator that is, in reality, also a metal
chelator was added to the mixture. There are three possible scenarios depending on the metal and pH:
(1) isoquercitrin is not chelating the metal at all or it binds very weakly; in that case the indicator will
bind to all metal ions present in the solution; (2) isoquercitrin forms a very stable complex and the
indicator is not able to remove it from the complex; or (3) isoquercitrin forms a moderately stable or
unstable complex so the indicator can compete with isoquercitrin for the metal ions. In order to test
the stability in both acute and delayed settings, the absorbance was measured immediately and after a
certain period of time depending on the method. An unstable complex will lose its metal ion in time
due to the formation of the complex indicator-metal thus the absorbance will be significantly higher at
5/7 min than immediately after mixing.

The methods can be used also for the assessment of reduction, since both BSC and ferrozine
react only with the ions in lower valence (Cu+, Fe2+). Complexes of the indicator with respective
metal ions are measured spectrophotometrically thereafter. All experiments were performed in
96-well microplates at room temperature (25 ◦C) and at least five different concentrations were
measured. The detailed methodology was described in our previous papers [36,37] and it is described
shortly hereunder.

2.4.1. Ferrozine Method

Ferrozine is a specific indicator, which forms a magenta-colored complex with Fe2+ and it was,
thus, used for the assessment of ferrous chelation at all the above-mentioned pH values. Additionally,
total iron (Fe2+ + Fe3+) chelation at pH 4.5 was measured after reduction of ferric ions by HA. Under
other pH conditions the reduction of ferric to ferrous ions was not complete and, thus, the methodology
could not be employed for the precise assessment of total iron chelation [36]. However, the degree of
reduction could be assessed at all pH conditions.

Various concentrations of isoquercitrin solutions in DMSO (50 µL) were mixed with the solution
of ferrous or ferric ions (50 µL, 250 µM) in a buffer (150 µL) for 2 min. HA (50 µL, 10 mM) was added
at pH 7.5 in order to inhibit ferrous oxidation at this pH. For the assessment of total iron chelation at
pH 4.5, HA (50 µL, 10 mM) was used to reduce the remaining Fe3+ ions into Fe2+. Then, in all cases,
ferrozine (50 µL, 5 mM) was added and the absorbance was measured immediately and 5 min later at
562 nm. For the determination of the degree of ferric ions reduction, the approach was similar, but HA
was added only as the positive control (100% reduction).
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2.4.2. Hematoxylin Method

Hematoxylin specifically complexes cupric ions, which can also be measured
spectrophotometrically. Isoquercitrin DMSO solutions (50 µL) at different concentrations were mixed
with Cu2+ ions (50 µL, 250 µM) for 2 min in the presence of the respective buffer (150 µL). The mixture
was incubated for a further 3 min with the indicator hematoxylin (50 µL, 250 µM) in order to enable
the reaction of non-chelated copper ions with it. The absorbance was measured thereafter, and then
after other 4 min (i.e., at 7th min). Different wavelengths were used according to pH: 595 nm (pH 5.5),
590 nm (pH 6.8), and 610 nm (pH 7.5), as given in our previous report. At pH 4.5, hematoxylin has
apparently low affinity to cupric ions and hence the method cannot be employed [37].

2.4.3. BCS Method

The BCS method is analogous to the ferrozine method, with the exception that BCS is specific
to cuprous ions. The methodological approaches for both reduction and chelation were also almost
identical with the exception of the use of BCS instead of ferrozine and the employment of HA (50 µL,
1 mM at pH 6.8/7.5 or 10 mM at pH 4.5/5.5), which was added in the case of all cuprous measurements.
Detailed methodology can be found in our former study [37].

2.5. Statistical Analysis

The experiments were performed at least in duplicates with three different stock solutions. Data
are shown as means ± SD. All statistical analyses were performed using the software GraphPad Prism
version 6 for Windows (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Determination of Complex Stoichiometry by Job’s and Complementary Methods

Firstly, the formation of complexes between the metal ions and isoquercitrin was tested at all
pH values under non-competitive conditions, which means that isoquercitrin was mixed solely with
the metal ion in a buffer. Addition of ferrous, ferric, and cupric ions to isoquercitrin at pH 5.5, 6.8,
and 7.5 resulted in clear bathochromic shifts of the absorbance maxima from 355 nm to 404 or 421 nm
depending on the metal (see Supplementary Material Table S1 and Figure S1). This suggests the
formation of complexes between metal ions and isoquercitrin under these conditions. On the contrary,
addition of Cu+ ions did not modify the absorbance spectrum of isoquercitrin revealing the inability of
this flavonol to chelate cuprous ions. At pH 4.5, most metals behaved like cuprous ions, there were
no spectral changes after addition of metal ions with the exception of ferric ions. Hence, at pH 4.5,
isoquercitrin seems to form a complex with ferric, but not with ferrous or copper, ions (Table 1). There
were generally no differences between the position of the maximum of isoquercitrin complexes with
ferrous and ferric ions, implying the formation of an identical complex.

In the next step, molar absorption coefficients of the pure compound and the complexes
formed were identified under the same non-competitive conditions. They are summarized in the
Supplementary Material (Table S1). The coefficient of linear regression (R2) for multiple measurements
(use of several new stock solutions) was higher than 0.97 in all cases.
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Table 1. Summarized results of the formation and stoichiometry of isoquercitrin complexes with iron
and copper at all pH values analyzed.

pH 4.5 pH 5.5 pH 6.8 pH 7.5

Job’s method 1:1 1:1 1:1 1:1
Fe3+ Complementary approach 1:1 1:1 1:1 1:1

Competitive method low affinity X X X

Job’s method no complex low affinity 1:1 1:1
Fe2+ Complementary approach no complex low affinity 1:1→ 3:2 1:1

Competitive method low affinity low affinity 2:1 3:2

Job’s method no complex 1:1 or 3:2 1:1 1:1
Cu2+ Complementary approach no complex 1:1 1:1 1:1

Competitive method X low affinity 2:1 2:1 *

Job’s method no complex
Cu+ Complementary approach no complex

Competitive method low affinity

The data are shown as a ratio of isoquercitrin to metal. Low affinity—the complex was detected but due to low
affinity of isoquercitrin toward the metal, the stoichiometry cannot be determined; *—unstable; X—method cannot
be applied.

The last part of the non-competitive experiments concerned the determination of the complex
stoichiometry. Two independent methods (Job’s and complementary methods) were employed. Under
most conditions in which the metal complex was formed, the complex of the 1:1 stoichiometry was
detected (Table 1, Supplementary Material Figure S2). There were, however, few exceptions: at pH
5.5, where the complex with Fe2+ ions was clearly formed, but the affinity of isoquercitrin toward
Fe2+ was low and, therefore, both methods failed to establish the stoichiometry unambiguously.
The isoquercitrin’s stoichiometry at pH 6.8 for Fe2+ was unusual: isoquercitrin was able to chelate
iron at two different chelation ratios (1:1 and 3:2, isoquercitrin:iron, respectively) depending on its
concentration (Figure 2A). On the other hand, the Job’s method showed only one ratio, 1:1 (Figure 2B).
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apparently formed at pH 6.8 (See Figure 3D, at ratio 1:1 there is about 50% chelation). At pH 7.5, a 

Figure 2. Assessment of the Fe2+-isoquercitrin complex stoichiometry at pH 6.8. Complementary
approach (A): the final molar concentration of ferrous ions was 15 µM and the final molar concentration
of isoquercitrin was 4–90 µM. The blue line corresponds to the absorbance of the formed complex
at the excess of Fe2+ ions. Other lines show possible stoichiometries. Job’s plot (B): the total molar
concentration of isoquercitrin and Fe2+ ions was 100 µM. In both cases, Fe2+ ions were allowed to react
with isoquercitrin for 1 min before absorbance was measured at the maximum of the absorbance of
the complex (λc, 404 nm). The molar concentration ratio signifies the ratio between the concentration
of isoquercitrin to that of the ferrous ions. The assessment was performed with three independent
stock solutions.

3.2. Competitive Methods

In order to assess in more details the capacity of isoquercitrin to interact with metals, competitive
measurements were performed. In these assays, the indicator competes with isoquercitrin for the
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chelated metal. This testing can determine if the complexes measured by the non-competitive method
are also formed under competitive conditions and whether they are stable with respect to time. Here,
in line with non-competitive measurement, isoquercitrin clearly chelated both iron (Fe2+ and Fe3+) and
cupric ions (Figure 3). However, isoquercitrin chelation potency toward iron dropped with decreasing
pH (Figure 3A). These measurements can also provide information on the probable stoichiometry
of the complexes if the chelator is able to maintain at a certain condition the metal in competition
with the indicator. The easiest way is to look at the ratio 1:1. For example, at pH 6.8, the curve of
chelation intersects the 1:1 ratio line (x axis) at about 50% chelation (y axis), this suggests that at 1:1
ratio about 50% of iron is chelated, thus, the complex will have probably the 2:1, isoquercitrin:iron,
stoichiometry. At pH 7.5, around 70% of ferrous ions is chelated at the ratio 1:1 and this evokes the
3:2 stoichiometry (isoquercitrin:iron). At pH 5.5 and 4.5, the stoichiometry cannot be clarified since
the affinity of isoquercitrin toward iron was obviously low since the curve intersects the 1:1 line at
low chelation (y axis) values. Ferrous complexes were stable in contrast to the ferric ones at pH 4.5
(Figure 3B,C).
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Figure 3. Competitive assessment of iron and copper chelation. Iron chelation by isoquercitrin
(ferrozine method) is shown in section (A) with the stability of formed complexes in parts (B) and
(C). Cupric chelation by isoquercitrin (haematoxylin method) is depicted in section (D); (E) describes
the corresponding stability of these cupric complexes. Isoquercitrin was mixed with the respective
metal ions in different buffers for 2 min, the indicator (ferrozine or haematoxylin) was added and
the absorbance was measured immediately and then after 5 min (iron) or 7 min (copper, see the
Experimental ection 2.4). The chelation results means the percentage of metal chelation calculated
vs. blank sample containing the metal ions without isoquercitrin (data on iron are after 5 min, data
on copper are specified in the legend). Stability was calculated as the change of percentage of metal
chelation after 5/7 min vs. the first immediate measurement. Cupric chelation at pH 4.5 cannot be
established due to low affinity of the indicator for copper at this pH.
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Similar experiments were performed with copper ions (Figure 3D). Here, at mildly competitive
conditions (hematoxylin method), the complexes with 2:1 stoichiometry (isoquercitrin:Cu2+) were
apparently formed at pH 6.8 (See Figure 3D, at ratio 1:1 there is about 50% chelation). At pH
7.5, a complex with 2:1 stoichiometry was also formed but this complex was obviously not stable
(Figure 3D,E).

In contrast, low chelation potency toward Cu+ and Cu2+ ions was shown under more competitive
conditions in the BCS method. However, these complexes were very stable (Figure 4). Due to low
potency, the stoichiometry cannot be assessed from these competitive data.
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Figure 4. Copper chelation in highly competitive ambient (BCS method). (A) Cu+ chelation
with corresponding complex stability (B); Cu2+ chelation (C) with respective complex stability (D).
Isoquercitrin was mixed with copper ions (final concentration was kept the same in all experiments—
50 µM) in different buffers for 2 min in the presence (cuprous ions) or absence of HA (cupric ions). HA
was added thereafter in the case of Cu2+ ions in order to reduce non-chelated copper. In the last step,
the indicator BCS was added. Absorbance was measured immediately and after 5 min. The chelation
results means the percent of metal chelation calculated vs. the blank sample containing copper ions
without isoquercitrin after a 5 min measurement. Stability was calculated as the change of percentage
of copper chelation after 5 min vs. the first measurement at time 0.

3.3. Iron and Copper Reduction

As previously shown in numerous moderately-active chelators from the flavonoid class [25,31],
isoquercitrin is able to reduce both cupric and ferric ions. Iron reduction was observed almost
exclusively in the case of pH 4.5 and reached the maximum of 35% in the proximity of the ratio 1:1,
while with increasing concentrations the reducing power dropped (Figure 5) in line with the above
described chelation ability of isoquercitrin. Additional experiments in time showed that iron reduction
can also take place, although at a much smaller scale, at pH 5.5 after longer incubation, but not at
higher pH (Supplementary Figure S3). In the case of cupric ions, isoquercitrin was a very active
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reductant and was able to reduce 100% of copper after 5 min of incubation at all pH conditions tested
(Figure 5). In higher ratios of isoquercitrin over copper, some decrease of copper reduction was also
observed, in particular in higher pH conditions, again in line with its chelation ability (Figure 3D).
Supplementary experiments in time showed that, again, this reduction process is increasing in time
(Supplementary Figure S4).
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Figure 5. Metal reduction by isoquercitrin: (A) ferric ion reduction after 5 min. Data for pH 6.8
and 7.5 are not shown since there was no reduction similarly demonstrated for pH 5.5. (B,C) cupric
reduction after 5 min. Isoquercitrin in respective buffers was mixed with Fe3+ or Cu2+ ions (the final
concentration of both was 50 µM) and the indicator ferrozine or BCS was added, respectively. The
absorbance was measured immediately and after 5 min. The percent reduction was calculated vs.
positive control sample containing the Fe3+/Cu2+ ions with hydroxylamine as the reductant. There is a
linear dependence between the reduction and ratio (or concentration) in the case of cupric reduction if
we neglect both poles (maximal reduction and insignificant reduction vs. solvent).

4. Discussion

Flavonoids have been attracting much interest due to their various, potentially beneficial effects
on human health [38,39]. In the present series of experiments we selected the glycosylated flavonol
isoquercitrin as a suitable model compound with moderate affinity for metals, in order to perform
the assessment of its behavior versus both mentioned transition metals. To the best of our knowledge,
metal interactions of isoquercitrin were tested only with aluminum and marginally with iron [22–24].

For aluminum, three possible complexes were formed with the stoichiometries 1:1, 2:1, and
1:2, isoquercitrin:Al3+. However, the authors stated that the third stoichiometry was formed only
under specific conditions (high excess of Al3+) [22]. Two other studies showed, by a spectral shift,
that Fe2+ formed a complex with isoquercitrin, but no attempts for stoichiometry elucidation were
performed [23,24].

The molecules of flavonoids consist of two phenyl rings (A and B) and one heterocyclic ring
(C, also shown in Figure 1). There is a general agreement that possible chelation sites of flavonoids
include two proximal hydroxyl groups (o-dihydroxy group in ring B or ring A) or 3-hydroxy-4-keto or
5-hydroxy-4-keto moieties [40,41]. The selection of isoquercitrin for the present study was intentional,
since it does not contain the chelation site in ring A, and also another possible chelation site in flavonols
in ring C is unavailable due to the substitution of the 3-hydroxy group by glucose (Figure 1). Thus,
there exist two possible chelation sites - catechol ring B and 5-hydroxy-4-keto moiety. We have shown
in our previous experiments that 5-hydroxy-4-keto moiety has generally low affinity for metals [40]
and as the lowest chelation ratio observed in this study was 1:1, we suggest that one chelation site was
likely employed in the chelation of copper or iron in most cases. Interestingly, this does not seem to
be true for Al3+, where both the 3′,4′-dihydroxyl group and also the 5-hydroxy-4-keto moiety likely
participated in the chelation [22]. In the present study, sufficient chelation in competitive conditions
were observed only in the case of neutral or slightly acidic pH. Based on this pH dependence, this
chelation site of isoquercitrin is probably at the 3′,4′-dihydroxyl group in most conditions. Indeed, the
catechol ring B is the obvious effective chelation site at neutral conditions but it has only low activity
at more acidic pH [40].
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In general, the 3-hydroxy-4-keto moiety is strongly involved in chelation and this can be confirmed
by direct comparison of chelation potency of isoquercitrin (glycosylated at C-3) and that of quercetin
having this moiety available for chelation. To date there has been no study directly comparing chelation
potency of these related flavonols, however, we can compare the data in this paper with our previous
studies, which were performed using the same methodical approach [28,40]. Indeed, quercetin is a
more potent chelator of copper and iron, with an exception of more acidic pH (4.5 and 5.5), where
there is no significant difference in the potency between both compounds (Supplementary Figure S5).
In addition, quercetin is an unambiguously stronger chelator of cuprous ions [28] than isoquercitrin
(Figure 4).

The complex 1:1 of isoquercitrin to metal was formed under most conditions with an important
exception. Under the mild acidic conditions (pH 6.8), isoquercitrin chelated ferrous ions at two
chelation ratios 1:1 and 3:2 (isoquercitrin to iron), depending on its concentration. On the other hand,
the Job’s method showed only one ratio—1:1. This seems to be a discrepancy at first sight, but we
suppose that both methodologies are additive. The difference can be simply explained by the different
methodological approach, consisting of stable or changing metal concentrations and the ensuing
methods’ limitations. Job’s method can establish the stoichiometry kinetics only if the stoichiometry is
changing gradually. However, if the different complex is formed only in a clear excess of the chelator
over the metal, the complementary approach seems to be more advantageous [32]. We have previously
shown an analogous change of the complex stoichiometry by our complementary approach for a very
similar molecule - rutin [32]. The chemical difference between rutin and isoquercitrin is only one sugar
entity (α-L-rhamnose) attached at C-6” of the glucosyl moiety. Importantly, the ideal 1:1 stoichiometry
of the isoquercitrin-metal complex is also changing in competitive settings, when an indicator with
a good affinity to the metal is present. This was demonstrated for both copper and iron, since one
molecule of isoquercitrin was unable to chelate one atom of the metal even at neutral conditions. This
clearly suggests that complexes with the stoichiometry of 1:1 formed at non-competitive conditions
are not stable. This study, thus, brings an important secondary outcome - the necessity to perform
different approaches for the characterization of the complex stoichiometry in the case of moderate or
weak chelators, like most flavonoids. Indeed, we suppose that the use of Job’s method in combination
with other methods is advantageous and the results are not contradictory; rather, they might bring
more complex information about the kinetics and stability of metal chelation. This finding may also
help to explain the different results with flavonoids from previous studies [42,43].

The present work was not aimed at the determination of the complex structure, however, one
plausible conclusion can be made. Since there were no apparent differences in the absorption maxima
between Fe2+ and Fe3+ complexes, probably only a single type of iron-isoquercitrin complex was
formed. Since ferrous ions may be oxidized in the complexes with iron chelators under physiological
pH conditions and in the presence of oxygen, ferric complexes were likely formed [44], but we do not
have experimental data to confirm it.

The biological relevance is difficult to establish from this study since isoquercitrin was also shown
to be a potent reducing agent with the ability to reduce both copper and iron. In addition, the influence
of pH is inverse when comparing iron to copper. In the case of copper, increasing pH from acidic
to neutral increases the reduction potential, whilst in the case of iron, decreasing pH increases the
reduction potential. Hence, its systemic clinical use as a therapeutic agent is not plausible. On the
other hand, it should be mentioned that isoquercitrin is a frequent component of human diet (fruits,
vegetables, cereals and, more importantly, food supplements), which typically provides tens of mg/day
and can thus influence iron and copper absorption in the gastrointestinal tract [45]. There are almost
no data for flavonoid interaction with metals in the gastrointestinal tract, but it has been demonstrated
that tea or coffee decreased iron and lactovegetarian diet copper absorption from the gastrointestinal
tract [46,47]. Interestingly, the flavanol catechin did not interact with iron absorption and the authors
from the first study explained it was due to its low water solubility. Therefore, the interaction of
more hydrophilic isoquercitrin should be tested at this level in the future. Simple biochemical data
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cannot, at the moment, sufficiently predict the interaction, since flavonoids can reduce ferric ions into
ferrous ions and, thus, enable their absorption or possibly some flavonoid-metal complexes can be
absorbed better than pure flavonoids. Additionally, the biological behavior of isoquercitrin must be
considered. Data on rutin are more frequently reported, but even when the chelation/reduction effects
and the spectrophotometric behavior are similar, there are some differences in physical, chemical, and
biological properties between isoquercitrin and rutin [1,48]. For example, their aglycon, quercetin, is
more bioavailable from isoquercitrin [49], which is also more water soluble [50] and has a more potent
antiproliferative effect than rutin [10]. In addition, there can also be a slight, but important, difference
between the behavior of isoquercitrin and rutin towards iron and copper ions [23]. This suggests that
whenever the in vitro behavior of quercetin glycosides is similar, in vivo evaluation of isoquercitrin
chelation potency in the context of the whole organism is badly needed.

5. Conclusions

This study confirmed that isoquercitrin is a moderately-active ferrous, ferric, and cupric chelator,
in particular under neutral or slightly acidic pH conditions, which is i.a. relevant for resorption of
these metals in digestive tract. In line with this, the most plausible chelation site is the 3′,4′-dihydroxyl
(catechol) moiety. Stoichiometry of respective metal complexes is typically 1:1 under ideal conditions,
but changes in excess isoquercitrin or under competitive conditions. This study also brought a
secondary outcome—the necessity to use multiple methodologies in order to better establish the
chelation behavior of moderately-active metal chelators.

Supplementary Materials: The supplementary file is available online at www.mdpi.com/2072-6643/9/11/1193/
s1. Table S1: Summarized data on absorption maxima and molar absorption coefficients of isoquercitrin and its
complexes with iron and copper, Figure S1: Illustrative examples of absorption spectra of isoquercitrin alone and
with different metals. Isoquercitrin and Fe2+ pH 6.8 (A). Isoquercitrin and Fe3+ pH 7.5 (B). Isoquercitrin and Fe2+
pH 4.5. No complex is formed (C). Isoquercetrin and Cu2+ pH 4.5. No complex is formed (D). Isoquercitrin and
Cu2+ pH 6.8 (E). Isoquercitrin and Cu+ pH 7.5. No complex is formed (F), Figure S2: Illustrative examples of the
determination of isoquercitrin-metal stoichiometry, Figure S3: Kinetics of iron reduction by isoquercetrin, Figure
S4: Kinetics of copper reduction by isoquercetrin, Figure S5: Comparison of chelation potential between quercetin
and isoquercitrin.

Acknowledgments: This study was supported by Charles University (SVV 260 414 and GAUK 1080217C) and by
COST Action FA1403 POSITIVe, co-funded by the Czech Ministry of Education, Youth, and Sports (LD 15082).
The authors also thank Christopher Steven Chambers for critical reading of the manuscript.

Author Contributions: P.M. designed the experiments; M.C.C. performed the non-competitive experiments;
J.K., V.T., and T.M. performed the competitive experiments; M.C.C., V.T., and P.M. analyzed the data; K.V.
and V.K. prepared the isoquercitrin; M.C.C. and P.M. wrote the paper; and K.V., V.K., and T.M. performed the
internal revision.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BCS bathocuproinedisulphonic acid disodium salt
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
HA hydroxylamine hydrochloride

References

1. Valentova, K.; Vrba, J.; Bancirova, M.; Ulrichova, J.; Kren, V. Isoquercitrin: Pharmacology, toxicology, and
metabolism. Food Chem. Toxicol. 2014, 68, 267–282. [CrossRef] [PubMed]

2. Wang, W.Y.; Sun, C.X.; Mao, L.K.; Ma, P.H.; Liu, F.G.; Yang, J.; Gao, Y.X. The biological activities, chemical
stability, metabolism and delivery systems of quercetin: A review. Trends Food Sci. Technol. 2016, 56, 21–38.
[CrossRef]

www.mdpi.com/2072-6643/9/11/1193/s1
www.mdpi.com/2072-6643/9/11/1193/s1
http://dx.doi.org/10.1016/j.fct.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24680690
http://dx.doi.org/10.1016/j.tifs.2016.07.004


Nutrients 2017, 9, 1193 12 of 14

3. Li, R.; Yuan, C.; Dong, C.; Shuang, S.; Choi, M.M. In vivo antioxidative effect of isoquercitrin on
cadmium-induced oxidative damage to mouse liver and kidney. Naunyn Schmied. Arch. Pharmacol. 2011, 383,
437–445. [CrossRef] [PubMed]

4. Morikawa, K.; Nonaka, M.; Narahara, M.; Torii, I.; Kawaguchi, K.; Yoshikawa, T.; Kumazawa, Y.; Morikawa, S.
Inhibitory effect of quercetin on carrageenan-induced inflammation in rats. Life Sci. 2003, 74, 709–721.
[CrossRef] [PubMed]

5. Fujii, Y.; Kimura, M.; Ishii, Y.; Yamamoto, R.; Morita, R.; Hayashi, S.M.; Suzuki, K.; Shibutani, M. Effect of
enzymatically modified isoquercitrin on preneoplastic liver cell lesions induced by thioacetamide promotion
in a two-stage hepatocarcinogenesis model using rats. Toxicology 2013, 305, 30–40. [CrossRef] [PubMed]

6. Gasparotto, A., Jr.; Gasparotto, F.M.; Lourenco, E.L.; Crestani, S.; Stefanello, M.E.; Salvador, M.J.; da
Silva-Santos, J.E.; Marques, M.C.; Kassuya, C.A. Antihypertensive effects of isoquercitrin and extracts
from Tropaeolum majus L.: Evidence for the inhibition of angiotensin converting enzyme. J. Ethnopharmacol.
2011, 134, 363–372. [CrossRef] [PubMed]

7. Panda, S.; Kar, A. Antidiabetic and antioxidative effects of Annona squamosa leaves are possibly mediated
through quercetin-3-O-glucoside. Biofactors 2007, 31, 201–210. [CrossRef] [PubMed]

8. Rogerio, A.P.; Kanashiro, A.; Fontanari, C.; da Silva, E.V.G.; Lucisano-Valim, Y.M.; Soares, E.G.;
Faccioli, L.H. Anti-inflammatory activity of quercetin and isoquercitrin in experimental murine allergic
asthma. Inflamm. Res. 2007, 56, 402–408. [CrossRef] [PubMed]

9. Loscalzo, L.M.; Wasowski, C.; Marder, M. Neuroactive flavonoid glycosides from Tilia petiolaris DC. extracts.
Phytother. Res. 2009, 23, 1453–1457. [CrossRef] [PubMed]

10. Paulke, A.; Eckert, G.P.; Schubert-Zsilavecz, M.; Wurglics, M. Isoquercitrin provides better bioavailability
than quercetin: Comparison of quercetin metabolites in body tissue and brain sections after six days
administration of isoquercitrin and quercetin. Pharmazie 2012, 67, 991–996. [CrossRef] [PubMed]

11. He, J.; Feng, Y.; Ouyang, H.; Yu, B.; Chang, Y.; Pan, G.; Dong, G.; Wang, T.; Gao, X. A sensitive LC-MS/MS
method for simultaneous determination of six flavonoids in rat plasma: Application to a pharmacokinetic
study of total flavonoids from mulberry leaves. J. Pharm. Biomed. Anal. 2013, 84, 189–195. [CrossRef]
[PubMed]

12. Zhou, C.; Liu, Y.; Su, D.; Gao, G.; Zhou, X.; Sun, L.; Ba, X.; Chen, X.; Bi, K. A sensitive LC-MS-MS method
for simultaneous quantification of two structural isomers, hyperoside and isoquercitrin: Application to
pharmacokinetic studies. Chromatographia 2011, 73, 353–359. [CrossRef]

13. Li, J.; Wang, Z.W.; Zhang, L.; Liu, X.; Chen, X.H.; Bi, K.S. HPLC analysis and pharmacokinetic study of
quercitrin and isoquercitrin in rat plasma after administration of Hypericum japonicum Thunb. extract.
Biomed. Chromatogr. 2008, 22, 374–378. [CrossRef] [PubMed]

14. Xue, C.; Guo, J.; Qian, D.; Duan, J.A.; Shang, E.; Shu, Y.; Lu, Y. Identification of the potential active components
of Abelmoschus manihot in rat blood and kidney tissue by microdialysis combined with ultra-performance
liquid chromatography/quadrupole time-of-flight mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 2011, 879, 317–325. [CrossRef] [PubMed]

15. Guo, J.; Xue, C.; Duan, J.A.; Qian, D.; Tang, Y.; You, Y. Anticonvulsant, antidepressant-like activity of
Abelmoschus manihot ethanol extract and its potential active components in vivo. Phytomedicine 2011, 18,
1250–1254. [CrossRef] [PubMed]

16. Neveu, V.; Perez-Jiménez, J.; Vos, F.; Crespy, V.; du Chaffaut, L.; Mennen, L.; Knox, C.; Eisner, R.; Cruz, J.;
Wishart, D.; et al. Phenol-Explorer: An online comprehensive database on polyphenol contents in foods.
Database 2010, 2010, bap024. [CrossRef] [PubMed]

17. Gerstorferova, D.; Fliedrova, B.; Halada, P.; Marhol, P.; Kren, V.; Weignerova, L. Recombinant
a-L-rhamnosidase from Aspergillus terreus in selective trimming of rutin. Process Biochem. 2012, 47, 828–835.
[CrossRef]

18. Monti, D.; Pisvejcova, A.; Kren, V.; Lama, M.; Riva, S. Generation of an α-L-rhamnosidase library and its
application for the selective derhamnosylation of natural products. Biotechnol. Bioeng. 2004, 87, 763–771.
[CrossRef] [PubMed]

19. Kong, C.S.; Kim, Y.A.; Kim, M.M.; Park, J.S.; Kim, J.A.; Kim, S.K.; Lee, B.J.; Nam, T.J.; Seo, Y. Flavonoid
glycosides isolated from Salicornia herbacea inhibit matrix metalloproteinase in HT1080 cells. Toxicol. In Vitro
2008, 22, 1742–1748. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00210-011-0613-2
http://www.ncbi.nlm.nih.gov/pubmed/21336539
http://dx.doi.org/10.1016/j.lfs.2003.06.036
http://www.ncbi.nlm.nih.gov/pubmed/14654164
http://dx.doi.org/10.1016/j.tox.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23318833
http://dx.doi.org/10.1016/j.jep.2010.12.026
http://www.ncbi.nlm.nih.gov/pubmed/21185932
http://dx.doi.org/10.1002/biof.5520310307
http://www.ncbi.nlm.nih.gov/pubmed/18997283
http://dx.doi.org/10.1007/s00011-007-7005-6
http://www.ncbi.nlm.nih.gov/pubmed/18026696
http://dx.doi.org/10.1002/ptr.2800
http://www.ncbi.nlm.nih.gov/pubmed/19288528
http://dx.doi.org/10.1691/ph.2012.2050
http://www.ncbi.nlm.nih.gov/pubmed/23346761
http://dx.doi.org/10.1016/j.jpba.2013.06.019
http://www.ncbi.nlm.nih.gov/pubmed/23850933
http://dx.doi.org/10.1007/s10337-010-1879-0
http://dx.doi.org/10.1002/bmc.942
http://www.ncbi.nlm.nih.gov/pubmed/18059045
http://dx.doi.org/10.1016/j.jchromb.2010.12.016
http://www.ncbi.nlm.nih.gov/pubmed/21247814
http://dx.doi.org/10.1016/j.phymed.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21784623
http://dx.doi.org/10.1093/database/bap024
http://www.ncbi.nlm.nih.gov/pubmed/20428313
http://dx.doi.org/10.1016/j.procbio.2012.02.014
http://dx.doi.org/10.1002/bit.20187
http://www.ncbi.nlm.nih.gov/pubmed/15329934
http://dx.doi.org/10.1016/j.tiv.2008.07.013
http://www.ncbi.nlm.nih.gov/pubmed/18715546


Nutrients 2017, 9, 1193 13 of 14

20. Salucci, M.; Stivala, L.A.; Maiani, G.; Bugianesi, R.; Vannini, V. Flavonoids uptake and their effect on cell
cycle of human colon adenocarcinoma cells (Caco2). Br. J. Cancer 2002, 86, 1645–1651. [CrossRef] [PubMed]

21. Nugroho, A.; Kim, E.J.; Choi, J.S.; Park, H.J. Simultaneous quantification and peroxynitrite-scavenging
activities of flavonoids in Polygonum aviculare L. herb. J. Pharm. Biomed. Anal. 2014, 89, 93–98. [CrossRef]
[PubMed]

22. Cornard, J.P.; Merlin, J.C. Complexes of aluminium(III) with isoquercitrin: Spectroscopic characterization
and quantum chemical calculations. Polyhedron 2002, 21, 2801–2810. [CrossRef]

23. Li, X.C.; Jiang, Q.; Wang, T.T.; Liu, J.J.; Chen, D.F. Comparison of the antioxidant effects of quercitrin and
isoquercitrin: Understanding the role of the 6′ ′-OH Group. Molecules 2016, 21, 1246. [CrossRef] [PubMed]

24. Murota, K.; Mitsukuni, Y.; Ichikawa, M.; Tsushida, T.; Miyamoto, S.; Terao, J. Quercetin-4′-glucoside is
more potent than quercetin-3-glucoside in protection of rat intestinal mucosa homogenates against iron
ion-induced lipid peroxidation. J. Agric. Food. Chem. 2004, 52, 1907–1912. [CrossRef] [PubMed]

25. Macakova, K.; Mladenka, P.; Filipsky, T.; Riha, M.; Jahodar, L.; Trejtnar, F.; Bovicelli, P.; Proietti Silvestri, I.;
Hrdina, R.; Saso, L. Iron reduction potentiates hydroxyl radical formation only in flavonols. Food Chem. 2012,
135, 2584–2592. [CrossRef] [PubMed]

26. Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids.
Fitoterapia 2011, 82, 513–523. [CrossRef] [PubMed]

27. Kuo, S.M.; Leavitt, P.S.; Lin, C.P. Dietary flavonoids interact with trace metals and affect metallothionein
level in human intestinal cells. Biol. Trace Elem. Res. 1998, 62, 135–153. [CrossRef] [PubMed]

28. Riha, M.; Karlickova, J.; Filipsky, T.; Macakova, K.; Rocha, L.; Bovicelli, P.; Silvestri, I.P.; Saso, L.; Jahodar, L.;
Hrdina, R.; et al. In vitro evaluation of copper-chelating properties of flavonoids. RSC Adv. 2014, 4,
32628–32638. [CrossRef]

29. Ahmad, M.S.; Fazal, F.; Rahman, A.; Hadi, S.M.; Parish, J.H. Activities of flavonoids for the cleavage of DNA
in the presence of Cu(II)—Correlation with generation of active oxygen species. Carcinogenesis 1992, 13,
605–608. [CrossRef]

30. Rahman, A.; Shahabuddin; Hadi, S.M.; Parish, J.H. Complexes involving quercetin, DNA and Cu(II).
Carcinogenesis 1990, 11, 2001–2003. [CrossRef] [PubMed]

31. Mira, L.; Fernandez, M.T.; Santos, M.; Rocha, R.; Florencio, M.H.; Jennings, K.R. Interactions of flavonoids
with iron and copper ions: A mechanism for their antioxidant activity. Free Radic. Res. 2002, 36, 1199–1208.
[CrossRef] [PubMed]

32. Filipsky, T.; Riha, M.; Hrdina, R.; Vavrova, K.; Mladenka, P. Mathematical calculations of iron complex
stoichiometry by direct UV-Vis spectrophotometry. Bioorg. Chem. 2013, 49, 1–8. [CrossRef] [PubMed]

33. Kasprzak, M.M.; Erxleben, A.; Ochocki, J. Properties and applications of flavonoid metal complexes. RSC Adv.
2015, 5, 45853–45877. [CrossRef]

34. Markovic, J.M.D.; Markovic, Z.S.; Brdaric, T.P.; Pavelkic, V.M.; Jadranin, M.B. Iron complexes of dietary
flavonoids: Combined spectroscopic and mechanistic study of their free radical scavenging activity. Food
Chem. 2011, 129, 1567–1577. [CrossRef]

35. Job, P. Recherches sur la formation des complexes mineraux en solution, et sur leur stabilité. Ann. Chim.
1928, 9, 113–134.

36. Mladenka, P.; Macakova, K.; Zatloukalova, L.; Rehakova, Z.; Singh, B.K.; Prasad, A.K.; Parmar, V.S.;
Jahodar, L.; Hrdina, R.; Saso, L. In vitro interactions of coumarins with iron. Biochimie 2010, 92, 1108–1114.
[CrossRef] [PubMed]

37. Riha, M.; Karlickova, J.; Filipsky, T.; Macakova, K.; Hrdina, R.; Mladenka, P. Novel method for rapid copper
chelation assessment confirmed low affinity of D-penicillamine for copper in comparison with trientine and
8-hydroxyquinolines. J. Inorg. Biochem. 2013, 123, 80–87. [CrossRef] [PubMed]

38. Fernandes, I.; Pérez-Gregorio, R.; Soares, S.; Mateus, N.; de Freitas, V. Wine flavonoids in health and disease
prevention. Molecules 2017, 22, 292. [CrossRef] [PubMed]

39. Lovegrove, J.A.; Stainer, A.; Hobbs, D.A. Role of flavonoids and nitrates in cardiovascular health.
Proc. Nutr. Soc. 2017, 1–13. [CrossRef] [PubMed]

40. Mladenka, P.; Macakova, K.; Filipsky, T.; Zatloukalova, L.; Jahodar, L.; Bovicelli, P.; Silvestri, I.P.; Hrdina, R.;
Saso, L. In vitro analysis of iron chelating activity of flavonoids. J. Inorg. Biochem. 2011, 105, 693–701.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.bjc.6600295
http://www.ncbi.nlm.nih.gov/pubmed/12085217
http://dx.doi.org/10.1016/j.jpba.2013.10.037
http://www.ncbi.nlm.nih.gov/pubmed/24270289
http://dx.doi.org/10.1016/S0277-5387(02)01288-3
http://dx.doi.org/10.3390/molecules21091246
http://www.ncbi.nlm.nih.gov/pubmed/27657022
http://dx.doi.org/10.1021/jf035151a
http://www.ncbi.nlm.nih.gov/pubmed/15053527
http://dx.doi.org/10.1016/j.foodchem.2012.06.107
http://www.ncbi.nlm.nih.gov/pubmed/22980846
http://dx.doi.org/10.1016/j.fitote.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21277359
http://dx.doi.org/10.1007/BF02783967
http://www.ncbi.nlm.nih.gov/pubmed/9676879
http://dx.doi.org/10.1039/C4RA04575K
http://dx.doi.org/10.1093/carcin/13.4.605
http://dx.doi.org/10.1093/carcin/11.11.2001
http://www.ncbi.nlm.nih.gov/pubmed/2225332
http://dx.doi.org/10.1080/1071576021000016463
http://www.ncbi.nlm.nih.gov/pubmed/12592672
http://dx.doi.org/10.1016/j.bioorg.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23832103
http://dx.doi.org/10.1039/C5RA05069C
http://dx.doi.org/10.1016/j.foodchem.2011.06.008
http://dx.doi.org/10.1016/j.biochi.2010.03.025
http://www.ncbi.nlm.nih.gov/pubmed/20381579
http://dx.doi.org/10.1016/j.jinorgbio.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23563391
http://dx.doi.org/10.3390/molecules22020292
http://www.ncbi.nlm.nih.gov/pubmed/28216567
http://dx.doi.org/10.1017/S0029665116002871
http://www.ncbi.nlm.nih.gov/pubmed/28100284
http://dx.doi.org/10.1016/j.jinorgbio.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21450273


Nutrients 2017, 9, 1193 14 of 14

41. Perron, N.R.; Brumaghim, J.L. A review of the antioxidant mechanisms of polyphenol compounds related to
iron binding. Cell Biochem. Biophys. 2009, 53, 75–100. [CrossRef] [PubMed]

42. De Souza, R.F.V.; Sussuchi, E.M.; De Giovani, W.F. Synthesis, electrochemical, spectral, and antioxidant
properties of complexes of flavonoids with metal ions. Synth. React. Inorg. Met. 2003, 33, 1125–1144.
[CrossRef]

43. Guo, M.L.; Perez, C.; Wei, Y.B.; Rapoza, E.; Su, G.; Bou-Abdallah, F.; Chasteen, N.D. Iron-binding properties
of plant phenolics and cranberry’s bio-effects. Dalton Trans. 2007, 4951–4961. [CrossRef] [PubMed]

44. Harris, D.C.; Aisen, P. Facilitation of Fe(II) Autoxidation by Fe(III) complexing agents. Biochim. Biophys. Acta
1973, 329, 156–158. [CrossRef]

45. Hasumura, M.; Yasuhara, K.; Tamura, T.; Imai, T.; Mitsumori, K.; Hirose, M. Evaluation of the toxicity of
enzymatically decomposed rutin with 13-weeks dietary administration to Wistar rats. Food Chem. Toxicol.
2004, 42, 439–444. [CrossRef] [PubMed]

46. Brune, M.; Rossander, L.; Hallberg, L. Iron absorption and phenolic compounds: Importance of different
phenolic structures. Eur. J. Clin. Nutr. 1989, 43, 547–557. [PubMed]

47. Brewer, G.J.; Yuzbasiyangurkan, V.; Dick, R.; Wang, Y.X.; Johnson, V. Does a vegetarian diet control
Wilsons-disease. J. Am. Coll. Nutr. 1993, 12, 527–530. [CrossRef] [PubMed]

48. Biler, M.; Biedermann, D.; Valentova, K.; Kren, V.; Kubala, M. Quercetin and its analogues: Optical and
acido-basic properties. Phys. Chem. Chem. Phys. 2017, 19, 26870–26879. [CrossRef] [PubMed]

49. Arts, I.C.; Sesink, A.L.; Faassen-Peters, M.; Hollman, P.C. The type of sugar moiety is a major determinant of
the small intestinal uptake and subsequent biliary excretion of dietary quercetin glycosides. Br. J. Nutr. 2004,
91, 841–847. [CrossRef] [PubMed]

50. Makino, T.; Shimizu, R.; Kanemaru, M.; Suzuki, Y.; Moriwaki, M.; Mizukami, H. Enzymatically modified
isoquercitrin, α-oligoglucosyl quercetin 3-O-glucoside, is absorbed more easily than other quercetin
glycosides or aglycone after oral administration in rats. Biol. Pharm. Bull. 2009, 32, 2034–2040. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12013-009-9043-x
http://www.ncbi.nlm.nih.gov/pubmed/19184542
http://dx.doi.org/10.1081/SIM-120023482
http://dx.doi.org/10.1039/b705136k
http://www.ncbi.nlm.nih.gov/pubmed/17992280
http://dx.doi.org/10.1016/0304-4165(73)90019-6
http://dx.doi.org/10.1016/j.fct.2003.10.006
http://www.ncbi.nlm.nih.gov/pubmed/14871585
http://www.ncbi.nlm.nih.gov/pubmed/2598894
http://dx.doi.org/10.1080/07315724.1993.10718347
http://www.ncbi.nlm.nih.gov/pubmed/8263268
http://dx.doi.org/10.1039/C7CP03845C
http://www.ncbi.nlm.nih.gov/pubmed/28952614
http://dx.doi.org/10.1079/BJN20041123
http://www.ncbi.nlm.nih.gov/pubmed/15182387
http://dx.doi.org/10.1248/bpb.32.2034
http://www.ncbi.nlm.nih.gov/pubmed/19952424
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals, Solutions, and Equipment 
	PH Conditions 
	Assessment of Iron/Copper Complex Stoichiometry 
	Complex Formation 
	Job’s Method 
	Complementary Method 

	Competitive Measurement of Metal Chelation and Reduction 
	Ferrozine Method 
	Hematoxylin Method 
	BCS Method 

	Statistical Analysis 

	Results 
	Determination of Complex Stoichiometry by Job’s and Complementary Methods 
	Competitive Methods 
	Iron and Copper Reduction 

	Discussion 
	Conclusions 

