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Iron-binding properties of plant phenolics and cranberry’s bio-effectsT
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The health benefits of cranberries have long been recognized. However, the mechanisms behind its
function are poorly understood. We have investigated the iron-binding properties of quercetin, the
major phenolic phytochemical present in cranberries, and other selected phenolic compounds (chrysin,
3-hydroxyflavone, 3',4'-dihydroxy flavone, rutin, and flavone) in aqueous media using UV/vis, NMR
and EPR spectroscopies and ESI-Mass spectrometry. Strong iron-binding properties have been
confirmed for the compounds containing the “iron-binding motifs” identified in their structures. The
apparent binding constants are estimated to be in the range of 10° M~ to 10> M~ in phosphate buffer
at pH 7.2. Surprisingly, quercetin binds Fe** even stronger than the well known Fe*-chelator ferrozine
at pH 7.2. This may be the first example of an oxygen-based ligand displaying stronger Fe**-binding
affinity than a strong nitrogen-based Fe**-chelator. The strong Fe-binding properties of these phenolics
argue that they may be effective in modulating cellular iron homeostasis under physiological conditions.
Quercetin can completely suppress Fenton chemistry both at micromolar levels and in the presence of

major cellular iron chelators like ATP or citrate. However, the radical scavenging activity of quercetin
provides only partial protection against Fenton chemistry-mediated damage while Fe chelation by
quercetin can completely inhibit Fenton chemistry, indicating that the chelation may be key to its
antioxidant activity. These results demonstrate that quercetin and other phenolic compounds can
effectively modulate iron biochemistry under physiologically relevant conditions, providing insight into

the mechanism of action of bio-active phenolics.

Introduction

Cranberries have long been used as food and beverages, as well
as for medicinal purposes. Health benefits of the North American
cranberry (Vaccinium macrocarpon, Ait. Ericaceae) have been rec-
ognized since the early 1900s.! The effectiveness of cranberries in
the prevention and treatment of urinary tract infections (UTIs) has
been confirmed by randomized, double-blind placebo-controlled
clinical trials.> Recent studies have revealed that cranberries and
cranberry products are also beneficial in the prevention and
treatment of stomach ulcers, gum diseases and dental infections.
More recently, cranberries have demonstrated anti-oxidative and
antiviral effects, which are linked to potential protection against
aging, stroke, cardiovascular diseases, neurological disorders and
certain cancers.*® Many of these biological effects have been linked
to the presence of various phenolic compounds in cranberries
called flavonoids.*” However, the molecular mechanism of action
is poorly understood. The antioxidant activities of flavonoids have
been ascribed to their ability to act as free radical scavengers but
their metal-binding properties have been implicated as well.®*
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The major flavonoids found in cranberries are anthocyanins,
flavonol glycosides and polymeric proanthocyanidins. Other
potentially healthful components include triterpenoids, catechins,
B-hydroxybutyric acid, citric, malic, glucuronic, quinic and
benzoic acids, substituted cinnamic acids, ellagic acid, and ascor-
bic acid.'™" Cranberries have been shown to contain the highest
total phenolic content among many common fruit species,'
with a diverse composition of small phenolic acids, flavonols,
anthocyanins, and flavan-3-ol oligomers (proanthocyanidins).!®
For example, the concentration of quercetin (a flavonol) in fresh
cranberry fruit is as high as ca 11-25 mg per 100 g.**

The basic structure of flavonoids (Chart 1) consists of a 3-
ring system including two aromatic rings (A and B) linked
through three carbons that usually form an oxygenated heterocycle
(C ring). Most flavonoids contain one or more ortho hydroxyl
phenolic group, or one phenolic with a nearby carboxylate or
carbonyl group in a cis conformation. Proanthocyanidins, epicate-
chins, flavonols and anthocyanins contain multiples of such struc-
tures. The ortho-hydroxyphenol functionality and “di-tyrosine
iron-binding motif” (Fig. S1t) are found in human and bacterial
iron transport proteins and siderophores.’*?® The critical role of
phenolic groups in iron chelation has been further supported by
our recent studies on developing synthetic prochelators.*® Thus,
these phenolic compounds with an “iron-binding motif™” are
predicted to be strong iron-chelating agents which may modulate
the bioactivity and bioavailability of iron in the body.

Iron is an essential element for almost all organisms*>* and is
also considered the primary limiting nutrient for bacteria during
infection. Thus, it is a decisive factor in bacterial virulence.>*
However, free iron (either as Fe** or Fe®*) is toxic even at
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Chart 1 Structures and atom numbering of the flavonoids and ferrozine.

concentrations below 107" M,*?* mainly because it catalyzes the
Fenton reaction (eqn (1)) to produce hydroxyl radicals which
are damaging to cells.*®*" Cellular reductants such as ascorbate
(AscH") and NADH can recycle Fe**(Cu**) back to Fe**(Cu®),
making the Fenton reaction catalytic when excess H, O, is available.
It is not surprising that variations in cellular iron status have
a major influence on human health. Thus phenolic compounds
with an “iron-binding motif” could influence iron homeostasis
which may explain several health benefits of cranberries. The
sequestration and subsequent depletion of free iron may attenuate
iron-promoted radical production and inhibit bacteria and iron
acquisition by tumors, thus providing an explanation for the
cranberry’s bio-effects in the prevention and treatment of bacterial
infections, antioxidant effects, and its antitumor activity.

Fe*(Cu*) + H,0, — Fe**(Cu**) + HO™ + HO- (1)

Fe**(Cu*) + AscH™ — Fe*(Cu*) + Asc™ + H* ?2)

Iron binding by quercetin and related compounds has been
studied by a number of groups.*** Afanas’ef and co-workers**
studied Fe**complexes with rutin in aqueous solution by UV-
vis spectroscopy and found that the iron : rutin complex has
a stoichiometry of 1 : 2 and that chelation may inhibit ferrous
ion-dependent lipid peroxidation. Bodinini et al* examined
the electrochemistry of quercetin and its Fe’* complexes in
dimethylsulfoxide and proposed chelation through the catechol
group (i.e., site 1). A similar binding mode was proposed by
Erdogan et al. based on a potentiometric study.* In contrast,
a recent density functional theory (DFT) calculation® suggests

that the oxygen atoms belonging to the 3-OH and 4-oxo group
(i.e., site 2), and to the 5-OH and 4-oxo group (i.e., site 3) are
the preferred ones for Fe?* binding. The formation of 1 : 1 and
2 : 1 Fe**—quercetin complexes have been suggested by Escandar
and Sala’ from a potentiometric titration study in which Fe**
coordination probably occurs with the catechol group for the first
Fe** and carbonyl oxygen and either the C-5 OH group (i.e., site
3) or the C-3 OH group (i.e., site 2) for the second Fe™*. A recent
potentiometric titration study*® with flavones processing only one
of the metal binding sites has also suggested that the flavone with
a catechol group displays the highest affinity for Fe**. However, no
direct evidence has been available to support the proposed binding
modes.

On the basis of electrospray ionisation mass spectrometry (ESI-
Mass) investigations in methanol-water (1 : 1, with 0.1% acetic
acid), Fernandez et al.* have reported that quercetin is able to
reduce Fe** to Fe*. With the iron source provided as FeCls,
they observed 1 : 1 Fe** complexes with oxidized quercetin, 1 :
2 Fe** complexes with quercetin and oxidized quercetin, and a
1 : 2 Fe** complex with quercetin. Reduction of Fe** to Fe**
has also been observed in 50 mM acetate buffer at pH 5.5 by
Mira and co-workers in a more detailed study using UV/Vis and
ESI-mass spectrometry.*” They suggested that the chelation site is
probably through the 5-hydroxyl and the 4-oxo groups (i.e., site 3)
in contrast to the catechol-chelation model proposed by Bodinini
et al.*® and Erdogan et al.®* More recently, the kinetics of Fe*
and Fe** binding to quercetin has been investigated.*’ Quercetin
binds both Fe** and Fe** quickly (over ca. 1 min) at pH 5 and
even more quickly at pH 7.4. In the presence of oxygen, quercetin
may be oxidized by dioxygen to produce 2-(hydroxybenzoyl)-2-
hydroxybenzofuran-3(2H)-ones, as demonstrated by Jungbluth
et al.** However, the iron complexes of quercetin are relatively
inert in aqueous solution at pH 5 and 7.4 and react with dioxygen
even more slowly than free quercetin.*

To clarify the iron chemistry of quercetin and to further eluci-
date the role of plant phenolics in modulating iron homeostasis,
we have carried out a detailed investigation of iron binding to a
series of phenolic compounds including quercetin using a variety
of physical methods. The diamagnetic metal ions Zn** and Ga**
were used as probes for the binding of Fe** and Fe**, respectively.
The effects of these phenolic compounds in attenuating the
Fenton reaction also were studied under physiologically relevant
conditions.

Experimental
Materials

The flavonoids quercetin dihydrate, chrysin and rutin were pur-
chased from Sigma-Aldrich Corp. (St. Louis, MO, USA), and
3 4'-dihydroxyl flavone was purchased from Lancaster (Windham,
NH, USA). Tris(hydroxymethyl)aminomethane (Tris), potassium
phosphate monobasic and dibasic, ethylenediaminetetraacetic
acid (EDTA), ferrous ammonium sulfate, ferric chloride, zinc
acetate, gallium chloride, dimethyl sulfoxide (DMSO), ferrozine
monosodium salt, hydrogen peroxide (30%) and 2-deoxyribose
were obtained from Sigma-Aldrich Corp. Flavonol and ferrous
chloride were obtained from TCI America (Portland, OR, USA)
and NMR solvents from Cambridge Isotopes Laboratory

4952 | Dalton Trans., 2007, 4951-4961

This journal is © The Royal Society of Chemistry 2007



(Cambridge, MA, USA). The stock solutions of flavonoids were
prepared in methanol or ethanol. Iron salts were dissolved in 0.1 M
HCI, other chemicals were dissolved in deionized water or buffer
and 2-thiobarbituric acid (TBA) in 50 mM NaOH.

UV/Vis spectroscopic studies

UV/Vis spectra were recorded on a Perkin Elmer Lambda 25
spectrometer at 25 °C. The kinetics of the formation of the
complexes between flavonoids and metal ions was measured by
monitoring the changes in UV/Vis spectrum. Typical titration
experiments were performed by sequential additions of 1-2 pL of
metal ion solution (1 mM stock solution, freshly made in 0.1 M
HCI) to the same 1 mL flavonoid solution in a quartz cuvette
(10 uM, from 1 mM stock solution in MeOH). The mixture was
equilibrated at 25 °C until no further spectroscopic change was
observed (ca. 2 to 10 min). All titrations were performed in 20 mM
KBP buffer, pH 7.2 unless otherwise noted.

Apparent binding constants

Three different approaches were applied to estimate the apparent
binding constants between the flavonoids and iron under physio-
logically relevant conditions.

Approach 1. Clear isosbestic points were observed in the
spectroscopic titration spectra of Fe** with many of the flavonoids
studied, indicating a complex formation process involving only
two chromophores in equilibrium with one another. Estimation of
the apparent binding constants for the formation of the flavonoid-
Fe?* complexes can be made as follows. For the ligand—substrate
reaction with the formation of 1 : 1 complex LS:

L+S=LS, (3)

where L = flavonoid, S = Fe**, and LS = flavonoid-Fe** complex,
the equilibrium constant (conditional binding constant) is given
by:

[LS].
[LL[S]

The subscript e designates equilibrium concentrations. The
ratios of the equilibrium LS complex concentration, [LS]., and the
initial L concentration, [L],, can be derived from the absorbance
of the solutions at a chosen wavelength both at equilibrium and
far from equilibrium (see ES1), namely

F, 1

= X
1 _Fc [S]e

“4)

&)

where F. is the fraction of L complexed.
For the formation of a 1 : 2 complex SL,, the following equations
apply (see ES17)

S+ 2L = SL, 6)
L.

= SULE @
F

K=t ®)
2ALLISL (1 — F)

Approach 2. This was performed similarly to that described
by Gibbs for the determination of the binding constant between
ferrozine and Fe?*.#* After determining the stoichiometry of the
metal-ligand complex, the extinction coefficient of the complex
was found for a chosen wavelength. Since the ligand has a
minor absorbance in the region where the complex absorbs,
it was always subtracted from the complex absorption after
correcting for the fraction of free ligand present. The extinction
coefficients were calculated using a linear regression calculation in
Excel (Beer—Lambert law). With the extinction coefficient for the
complex known, along with the concentrations of the reagents and
molar ratios, a chemical equilibrium equation was set up to find
the concentrations of the reagents and complex at equilibrium.
With this information K., was determined for each metal-ligand
pairing.

Approach 3. A third approach was carried out by using
competitive binding of Fe** between flavonoid and ferrozine, a
specific Fe?* chelator.*** The results are qualitatively in agreement
with binding constants obtained by the first two approaches.

NMR spectroscopic studies

"H NMR spectra were recorded on a Bruker AC 300 spectrometer
as described previously.! Quercetin and other flavonoid stock
solutions (300 mM) were prepared in d,-DMSO solution. Freshly
prepared stock solutions of Fe?* (50 mM ferrous ammonium
sulfate in D,0/HCI), Fe** (50 mM FeCl; in D,O/HCI), Zn*
(300 mM ZnAc in D,0) and Ga** (600 mM GaCl, in D,0/HCI)
were used for the NMR titrations. Pure organic solvents d,-MeOH,
d¢-acetone, dg-DMSO and their mixtures with D,O or with 10—
50 mM D,0/KBP buffer were used for the initial NMR study.
However, the initial studies were hampered by the poor solubility
of either the metal ions or the complexes in these solvent systems.
Finally, a mixed solvent system containing d,-DMSO/D,0O (v/v :
50/50), 50 mM Tris-HCI, pH* 7.20 was found to be a suitable
media for the NMR study, in which a solubility up to 5 mM is
achievable for most of the complexes.

The pH values of the solutions were determined using a Corning
pH meter equipped with a Sigma-Aldrich micro combination
electrode calibrated with Aldrich buffer solutions at pH 4, 7, and
10. The pH meter readings for D,O solutions are recorded as pH*
values, i.e., uncorrected for the effect of deuterium.

EPR spectroscopic studies

EPR experiments were carried out on a Bruker EleXsys E560
spectrometer fitted with SHQ cavity and a liquid nitrogen Dewar
insert. Samples were placed in 3 mm i.d./4 mm o.d. quartz tubes.
Spectra were measured with the following parameters: Power:
0.271 mW (29 dB); modulation amplitude: 10 G; frequency: 9.157
GHz; time constant: 163.84 ms; scan time: 167.77 s; scan range:
2000 G; no. of points: 8192; central field: 1500 G; conversion
time: 20.48 ms; receiver gain: 60 dB; no. of scans: 1; temperature:
77 K (liquid nitrogen temperature); reaction time: ~3 min unless
otherwise stated. Quercetin stock solution (10 mM) was prepared
in 50 : 50 methanol : H,O solution. Stock solutions of Fe*
(0.042 M, from FeSO,), Fe** (0.042 M from FeCl; in a 1000 ppm
atomic absorption standard, Ricca Chemical Co., Arlington,
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TX, USA) and EDTA (0.042 M, disodium salt dihydrate) were
prepared in H,O/HCI, pH 2.0.

Electrospray ionisation mass spectrometry (ESI-mass) studies

ESI mass spectrometry experiments were carried out at the
University of Massachusetts Amherst Mass Spectrometry Facility
on an Esquire-LC ion trap instrument (Bruker Daltonics, Inc.,
Billerica MA) equipped with an electrospray ionization source.
Both positive and negative ion modes of detection were employed.
Sample solutions (~10 uM, in 1 : 1 methanol : water) were continu-
ally infused via a syringe pump at a flow rate of 2 uL min~'. Default
parameters were used in most cases (smart mode optimized for
600 m/z), except that capillary exit and skimmer 1 voltages
were reduced to insure metal complexes remained intact upon
transfer through the ion optics. Averages of 10 scans were analyzed
and all data were processed using the Bruker Data Analysis
software.

Typically, samples were prepared by addition of iron solutions
(in 0.1 M HCI) of ferrous ammonium sulfate or ferric chloride
into a 10 uM flavonoid solution in methanol/water (1 : 1, v/v)
with a molar ratio 1 : 1. ESI mass spectra were acquired ca. 3—
10 min after the samples were prepared. The pH values of the
leftover solutions were measured and found in the range of 3.7
to 5.0. In order to study the species formed in buffered solutions,
1 mM potassium phosphate buffer (KPB) (pH 7.2) or ammonium
acetate (pH 8.0) was introduced to the samples containing iron and
quercetin. However, after several trials, no meaningful spectrum
could be obtained for the samples with the buffer either by positive
or negative mode.

Assay of 2-deoxyribose degradation

Formation of hydroxyl radicals was quantified using a 2-
deoxyribose oxidative degradation assay as conducted by Lopes
et al. with modification.*® Typical reactions started with the
addition of Fe** and chelator (EDTA, citrate, ATP, or flavonoids)
to 10 mM KPB at pH 7.2 prepared with doubly deionised
H,O. This solution was allowed to incubate for approximately
45 min to ensure complexation was complete. After the prelimi-
nary incubation, a flavonoid was added if it had not been added
already. If the flavonoid was added at this time, the solution
was allowed to incubate for an additional 30 min. 10 mM 2-
Deoxyribose and 100 uM ascorbic acid (final concentrations)
were then added to complete the reaction mixture (total volume
500 pL). The reaction was initiated by the addition of 25 pL. of
4 mM H,O0, and allowed to run for 10 min and then stopped by
the addition of 500 puL of 10% (w/v) trichloroacetic acid (TCA)
followed by 0.5 mL 1% 2-thiobarbituric acid (TBA, w/v, in 40 mM
NaOH). After heating at 80 °C for 15 min, the absorbance was
measured at 532 nm.

Results and discussion
UV/Vis spectroscopic studies of quercetin with Fe** and Fe**

UV/Vis titration of quercetin with Fe** was carried out in 20 mM
KPB at pH 7.2. With the addition of Fe**, the free quercetin
absorption (4., = 372 nm, assigned to the © to ©* transitions

of the B-ring*) decreased rapidly and a new absorption band
(Amax = 425 nm) from the Fe**—complexes appeared and increased
in intensity (Fig. 1). The presence of a clear isosbestic point
(398 nm) suggests clean formation of the quercetin—Fe** complex.
Beyond 0.50 mol eq. of Fe**, the spectrum underwent further
changes including a small decrease in the quercetin band at 372 nm
accompanied by a minor increase in intensity of the new complex
band red shifted at ca. 425 nm. The isosbestic point at 398 nm
shifted to 410 nm.
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0 5 1015202530
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0.00 T T T T 1
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Fig.1 Titration of quercetin by Fe** in 20 mM KPB buffer, pH 7.2. Top to
bottom: 10 pM quercetin in the presence of 0, 2.5, 5.0, 7.5, 10,20 and 30 uM
Fe’. Inset, titration curve: absorbance of the quercetin-Fe** complex at
425 nm versus Fe** concentrations, with 10 uM quercetin initially.

Fig. 1 inset displays a plot of the quercetin—Fe** complex ab-
sorbance at 425 nm versus Fe** concentration. The titration curve
reveals the formation of 1 : 2 and 1: 1 Fe** : quercetin complexes,
a result comfirmed by ESI-mass spectrometry measurements (vide
infra). A kinetics study of a 1 : 1 Fe?* : quercetin mixture (10 uM
each) monitored by UV/Vis spectroscopy (Fig. S2t) revealed a
fast reaction which is completed within 1 min, in agreement with
Hajji et al.*' The reaction of a 1 : 2 Fe?* : quercetin mixture is also
completed in ~1 min (Fig. S37), producing a new UV/Vis band
centred ca. 398 nm.

The binding between quercetin and Fe** was studied similarly.
The addition of Fe** to quercetin produced a new band at 415 nm
of lower intensity than the 425 nm band of Fe*—quercetin.
The spectra during the later stage of the titration showed some
characteristics similar to the Fe?*—quercetin complex (e.g., the
Fe-quercetin band shifted to ~425 nm), suggesting that part of
the Fe** was probably reduced to Fe**, a phenomenon known
for hydroxybenzene compounds in aqueous media.*” The partial
reduction of Fe** to Fe** by quercetin was confirmed by ESI-
mass and EPR measurements (vide infra), in accord with recent
findings by others.*** The titration (Fig. 2 inset) indicates that
a 1: 1 complex is formed, probably a mixture of 1 : 1 Fe** and
Fe** complexes. A similar spectrum to that shown in Fig. 2 was
observed by mixing quercetin with equimolar Fe** at pH 5.5.%
A kinetics study of a 1 : 1 Fe**: quercetin mixture (10 pM each)
showed that reaction was completed in ca. 5 min (¢,,, ~ 30 s).
The reaction is much slower than that with Fe**, perhaps due to
the stronger competition for Fe** from the phosphate ions in the
buffer as discussed by Hajji et al. recently.*!

Quercetin itself exhibits two major n—n* bands (Fig. 1),** the
absorption band at 372 nm corresponding to the B ring portion
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Fig. 2 Titration of quercetin with Fe** in 20 mM KPB buffer, pH 7.2.
From top to bottom: 10 uM quercetin in the presence of 0, 2, 4, 6, 8, 10,
15, 20, 25 and 30 uM Fe**. Inset, titration curve: absorbance at 430 nm
versus Fe’* concentrations, with 10 uM quercetin initially.

(cinnamoyl system, band I), and that at 268 nm to the A ring
portion (benzoyl system, band IT).* Upon binding to Fe?*/Fe*,
the absorption of band I diminished while a new band appeared
at ~425 nm. The new band has an extinction coefficient of
approximately 12000 M~' cm™! and 8600 M~!' cm™' for the 1 :
1 complexes with Fe** and Fe**, respectively; although the latter
value more appropriately represents a mixture. This band may be
assigned to a shift in the m—n* quercetin absorption band at 372 nm
upon metal binding. Charge transfers (1 — d,) in catechol-Fe**
complexes produce broader bands with extinction coefficients of
1000-3300 M~' cm~".#-5" Similar spectral changes with quercetin
have been observed for some other transition metal ions such as
Zn** % Ti* (unpublished data), V*,%2 Cu?**,* and the main group
metal ions such as Pb**,* AP**,** and Ga™ (Fig. S47). It is unlikely
that the coordination with all of these metal ions produce elec-
tronic transitions that generate a charge transfer band at a similar
wavelength nor are such transitions possible for d' transition
metal ions or the main group metal ions, a conclusion contrary
to a recent DFT calculation suggesting a ligand-to-metal charge
transfer transition.** In metal-quercetin complexes the red shift
of the n—n* band I may be due to a further delocalization of the
7 electrons on the ligand induced by the positively charged metal
centers.
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ESI-Mass studies on the complex formation between quercetin
with Fe** and Fe**

To determine more accurately the stoichiometry and iron
oxidation states of the complexes formed between quercetin
and iron, electrospray ionization mass spectroscopy (ESI-Mass)
experiments were carried out.”® ESI-Mass studies on quercetin
with Fe** have been reported®#® recently but no report has been
available on Fe**.

The ESI-Mass spectra of the sample prepared by addition of
1 mol equiv. of Fe** to quercetin solution is shown in Fig. 3A. In
addition to the free ligand quercetin (m/z = 303.2, [Q + H]"),
four Fe**-complexes containing quercetin were readily detected
at m/z 375.1, 659.0, 712.9 and 1014.8, respectively, all displaying
the expected isotopic pattern of iron. The species with m/z =
375.1is assigned to a 1 : 1 complex with a bound water [Fe"(Q —
H)(H,0)]*. The isotopic pattern (inset) is consistent with an Fe**
species and about 5% of Fe**. The species with m/z = 659.0 is
assigned to a 1 : 2 complex [Fe"(Q — H)(Q)]* and that with m/z =
712.9 to a 2 : 2 complex [(Fe"),(Q — H)(Q — 2H)]* which may be
a result of the loss of quercetin from a 2 : 3 complex [(Fe"),(Q —
H):]* (m/z = 1014.8).

Similar ESI-Mass experiments were performed with Fe**. The
major iron complex at m/z = 658.0 can be assigned to a 1:2
complex [Fe"'(Q — H),]* (Fig. 3B). However, the isotopic pattern
(shown in inset) suggests a mixture of Fe** (e.g., the peak at m/z =
659) and Fe** (e.g the peak at m/z = 658) species, with ca. 35%
being Fe**. This finding implies a reduction of Fe**to Fe** with
quercetin under the ESI-Mass conditions. A closer inspection of
the small peak at m/z = 392.0 suggests a 1 : 1 complex, [Fe"(Q —
H)(OH)(H,0)]", fitting well the iron isotopic pattern. However the
small peaks at m/z = 437.1 and 453.0 cannot be iron complexes
because they do not fit the isotopic pattern of iron. No further
analysis was made for these species.

The 1 : 2 complex [Fe"(Q — H),]* (m/z = 658) and its reduced
product [Fe"(Q — H)(Q)]* (m/z = 659) were also observed by
Fernandez et al.* and Mari et al.* by reacting quercetin with
FeCl; in methanol/water 1 : 1 with 0.1% acetic acid. However, the
1 : 1 complex (m/z = 392.0) was not identified in those studies.*’
Instead, Fernandez er al.* observed additional 1 : 1 Fe** adduct
(37.9%) and a 1 : 2 adduct (19.8%) with oxidized quercetin as
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Fig. 3 Electrospray mass spectra of solutions of Fe**/Fe**quercetin and (10 pM each, 1 : 1) in methanol/water (1 : 1, v/v). (A), with Fe**, the inset is
the isotopic pattern of the peak at m/z = 375.1; (B), with Fe**, the inset is the isotopic pattern of the peak at m/z = 658.
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the major species in ESI-Mass spectra after reaction with FeCls.
A closer inspection of our data suggests that oxidized quercetin
species are also present in our spectrum but only in small
amounts (< 4%).

EPR studies

EPR studies were carried out in 1 : 1 MeOH/H,O to further
probe the oxidation state of iron in quercetin complexes. When
Fe** was added to quercetin in a 1 : 1 ratio either aerobically or
anaerobically, a broad g’ = 4.3 signal (peak-to-peak line width =
77 G) from mononuclear high spin (S = 5/2) Fe** in a site of
rhombic symmetry was observed (cf. Fig. 4, spectra a and b). The
double integral of either spectrum a or b was 30% of that of control
Fe**~EDTA (peak-to-peak line width = 23 G) (spectrum d), a
result suggesting that ~ 70% of the added Fe** had been reduced to
Fe?* by quercetin. Addition of excess ferrozine caused immediate
formation of an intense purple color from the Fe**(ferrozine),
complex, confirming the EPR result. It is noteworthy that the
presence of O, does not cause the Fe?* to re-oxidize, indicating
that quercetin stabilizes the +2 oxidation state relative to the +3
oxidation state of iron (cf. spectra a and b). As expected for a
high spin (S = 2) complex, Fe**—quercetin showed no EPR signal
(spectrum c).
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Field (G)

Fig. 4 EPR spectra of quercetin, Fe**/Fe** and EDTA in MeOH/H,0
(v/v : 50/50) under anaerobic conditions except for (a). (a) quercetin
(0.6 mM) + Fe** (0.3 mM), in air; (b) quercetin (0.6 mM) + Fe** (0.3 mM);
(c) quercetin (0.4 mM) + Fe** (0.3 mM); (d) EDTA (0.6 mM) + Fe**
(0.3 mM). Spectra (a), (b) and (c) have been amplified 10-fold.

The binding sites of Fe** on quercetin and other flavonoids

Crystallization of the Fe—quercetin complexes was attempted in
various aqueous, organic and mixed solvents (producing a similar
UV/Vis spectrum as for the Fe—quercetin complex in KPB).
However, none of the attempts were successful, nor has any
metal-quercetin complex structure been reported in the literature.

Therefore alternative strategies were applied to elucidate the
logical Fe-binding site on quercetin.

First, the Fe*-binding properties of flavone (with the 3-ring
structure but no “iron-binding motif) and three model flavonoids
(Chart 1), 3-hydroxyflavone (3-HF, flavonol), 5,7-dihyroxyflavone
(chrysin), and 3'.4'-dihydroxy flavone (3',4-DHF), one of each
containing only one of the potential iron-binding motif at the
equivalent positions of quercetin, were studied and their binding
constants with Fe** measured in the KPB medium. In addition,
rutin, a quercetin derivative with one of the potential binding sites
(the C-ring site) blocked by a glycoside moiety, was also studied to
probe the influence of glycosidation on the iron-binding property.
These spectroscopic changes and binding constants were then used
to suggest the preferred binding site of Fe** on quercetin.

The titration of Fe?* or Fe** into flavone lacking an “iron-
binding motif” produced no spectral changes in the UV/Vis
region as expected (data not shown). As shown in Fig. 5, the other
three model flavonoids with an “iron-binding motif” produced
spectral changes upon addition of Fe**. The titrations suggest the
formation of 1 : 2 Fe**—flavonoid complexes. These data demon-
strate that each of the 3 predicted “iron-binding motifs” is capable
of iron-binding under physiological relevant conditions. Among
these, 3',4'-dihydroxy flavone (3',4-DHF) and 3-hydroxyflavone
(3-HF, flavonol) produced similar spectral changes as those with
quercetin, while 5,7-dihyroxyflavone (chrysin) gave relatively small
changes. The Fe?* binding constants are all similar but follow the
order 3-HF > chrysin ~ 3',4-DHF for the 2 : 1 complexes (Table 1).
Together with the spectroscopic data, this result suggests that the
3-hydroxyl and carbonyl site (C ring, site 2) is the most preferred
Fe?*-binding site followed by the 5-hydroxyl and carbonyl site (A
and C rings, site 3) and the 3'.4'-dihydroxy site (B ring, site 1).
This order of binding constants for Fe?* is different from that
reported for the 1 : 1 complexes with Fe** which follows the order
3. 4-DHF > 3-HF > chrysin, based on a potentiometric titration
study.®®

Titration of Fe** into rutin induces a small red shift of the band
at ~357 nm, with an isosbestic point at 368 nm and a stoichiometry
consistent with a 1 : 2 Fe**—rutin complex (Fig. 5D). Rutin has
only two possible Fe-binding sites (sites 1 and 3) because site 2 is
blocked by the rutinose. The spectral changes upon Fe**-binding
are very different from those of quercetin, 3',4-DHF or 3-HF, but
closer to that of chyrsin, indicating a similar binding site as in
chyrsin, i.e., site 3 of the A and C rings.

NMR studies of the metal-binding sites

NMR studies were carried out to confirm the iron-binding sites on
quercetin and the other flavonoids. Quercetin displayed a better
resolved '"H NMR spectrum in D,O and mixed solvents than

Table 1 Estimated conditional binding constants with Fe?* in 20 mM KPB, pH 7.2 at 25 °C

Fe** /flavonoid K., by approach 1 K., by approach 2
Quercetin (1 : 1 complex) 2 x 10°/M 7 x 10°/M
Quercetin (1 : 2 complex) 5 x 10"/M? Not determined
3-Hydroxyflavone (1 : 2 complex) 2 x 10"/M? 2 x 10" /M?
Chrysin (1 : 2 complex) 8 x 10'°/M? Not determined
3',4'-Dihydroxyflavone (1 : 2 complex) 3 x 10"°/M? 2 x 10" /M?

Rutin (1 : 2 complex) 4 x 10" /M? 1 x 102/M?
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Fig. 5 Titration of 3-hydroxyflavone (A), 3',4’-dihydroxyflavone (B), chrysin (C) and rutin (D) with Fe?* in 20 mM KPB, pH 7.2. Insets: titration curves.
(A), from top to bottom: 10 uM 3-hydroxyflavone in the presence of 0, 2, 4, 6, 8, 10, 12 and 14 uM Fe**, respectively. (B), from top to bottom: 10 uM
3'4'-dihydroxyflavone in the presence of 0, 2, 4, 6, 8, 10 and 12 uM Fe**, respectively. (C), from top to bottom: 40 uM chrysin in the presence of 0, 10, 15,
20, 30, 40 and 50 uM Fe**, respectively. (D), from bottom to top: 10 pM rutin in the presence of 0, 2, 4, 6, 8, 10, 12 and 14 uM Fe?*, respectively.

previously reported.”® Upon addition of 0.25 mol eq. of Fe**
(freshly prepared in 0.1 M D,0/HCI) into quercetin solution
(DMSO-ds/D-0O, 1 : 1, v/v, 20 mM KPB or 50 mM Tris-Cl,
pH* 7.2), the "TH NMR peaks for quercetin broadened beyond
detection, suggesting that a high-spin Fe** binds to quercetin,
low-spin Fe** being diamagnetic. Oxidation does not occur as
indicated by the aforementioned UV/Vis, ESI-Mass studies, and
EPR measurements, indicating that the broadening is not due
to Fe''.

Diamagnetic metal ions Zn** and Ga** were employed to probe
the binding site on quercetin for Fe** and Fe**, respectively.
UV/Vis studies demonstrated that Zn?*-binding to quercetin
induces similar spectral changes to those of Fe**-binding,* while
Ga' induces similar changes to Fe**-binding (Fig. S4t). '"H NMR
spectra of the titration of Zn?* into a quercetin solution are shown
in Fig. 6. Zn>* perturbed the proton resonances on both the B-ring
and the A-ring, i.e. the H2' (broadening) and the H6' (shifting
downfield), H6 and H8 (broadening and shifting downfield).
However, little change was observed in the H5" doublet of the B-
ring. Thus Zn** likely binds at site 2 on the C-ring, in accord with
the UV/Vis data. In this binding mode, the 2, 6/, 6 and 8§ carbons
are all connected to a Zn-bonded oxygen atom by 4 conjugated
bonds, while the 5’ carbon is located one bond away. Little further
change in the NMR spectrum was observed as the Zn/quercetin
ratio progressed beyond 1, consistent with the formation of a
specific 1 : 1 complex as for Fe?*.

"H NMR spectra of the titration of Ga** into quercetin solution
are shown in Fig. 7. The addition of Ga** perturbed the H6 and the

Hé' H5' H8 H6
¥ i )
g h (@)
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VAN ML A t8)
N M )
r T T M T M T v T T T v T M T M T T T T 1
80 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0
5 H /ppm
Fig. 6 '"H NMR spectra of quercetin (5 mM) and the titration with Zn**

in d*-DMSO/D,0 (v/v: 50/50), 50 mM Tris-HCI, pH* 7.20. (a) quercetin
only; (b) to (f), with the addition of 0.25, 0.50, 0.75, 1.0 and 2.0 mol eq. of
Zn**, respectively.

HS resonances on the A-ring (shifting downfield by 0.2-0.4 ppm)
and the H2" and H6' resonances on the B-ring (shifting downfield
by 0.2-0.4 ppm) but not the HY resonance. For the same reasons
as discussed for Zn**-binding, we conclude that Ga** binds to
the site 2 (C-ring) of quercetin, a conclusion further supported
by comparison of Ga**-induced specific NMR changes with the
other model flavonoids (unpublished data).

Taken together, we propose the following structures for the
complexes formed under ESI-Mass conditions between quercetin
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Fig.7 'H-NMR spectra of quercetin (5 mM) and the titration with Ga**
in d*-DMSO/D,0 (v/v:50/50), 50 mM Tris-HCI, pH* 7.20. (a) quercetin
only; (b) to (e), with the addition of 0.25, 0.50, 1.0 and 2.0 mol eq. of Ga**,
respectively.

with Fe?* and Fe*, respectively (Chart 2). In the 1 : 1 complex
[Fe"(Q-H)(H,0)]*, Fe* may be 3-coordinated by oxygen donors,
two from the quercetin and one from a water molecule. Though
3-coordination for Fe?* is not common, 3-coordinate planar Fe**
complexes have been demonstrated recently.”” In the 1 : 2 complex
[Fe"(Q — H)(Q)]*, Fe** may be coordinated by 4 oxygen donors,
two from each of the quercetin molecules. In the 2 : 3 complex
[(FeM),(Q — H);]* (m/z = 1014.8), both of the Fe’* may be 4-
coordinated by oxygen from the two quercetin molecules, while
one quercetin may serve as a bridge with two Fe?* coordinated.
Ternary complexes with phosphate may be formed in phosphate

Fe®* species:

Chart2 Proposed structures for the complexes formed between quercetin
and Fe’* or Fe** under ESI-Mass conditions.

buffer, though our attempts to detect such species by ESI-Mass
were unsuccessful.

The binding affinities of Fe** /Fe** with quercetin and other
flavonoids

Simple isosbestic points were observed in the spectroscopic titra-
tion spectra of Fe?* with many of the flavonoids studied, indicating
a single step complexation process. Estimation of the conditional
binding constants for the formation of the various flavonoid-Fe**
complexes were obtained using the equations described in the
Experimental section. The constants from the two approaches are
comparable with the second approach giving values 4 to 6 times
higher in a few cases (Table 1). The magnitude of the constants are
in accord with the results from the competition experiments with
ferrozine and EDTA (vide infra). Recently, Hajji et al.*' reported a
binding constant of 4 x 10° M~ for 1 : 1 Fe**—quercetin complex
at pH 7.4 and 37 °C, a value within a factor of 4 of that measured
here by approach 1. The conditional binding constant we obtained
by approach 1 for the 1 : 1 complex between Fe** and quercetin
is also in good agreement with that reported recently by Erdogan
et al.®*

UV/ Vis spectroscopic analysis of quercetin’s ability to compete
with ferrozine, EDTA and other cellular iron-chelators

Since strong binding between Fe?* with the oxygen-based ligands
of flavonoids is unexpected, competition experiments were per-
formed with ferrozine, a well known strong Fe**-chelator with a
known binding constant (K = 3.65 x 10" M~?).* Fe** was added
firstly to ferrozine, forming the (ferrozine);—Fe** complex, then
1 mol eq. of quercetin was added and the kinetics was followed
(Fig. 8). Upon the addition of quercetin, the free quercetin
absorption at 372 nm decreased in intensity (lines c—e in Fig. 8),
and this was accompanied by the growth of a new peak at ca.
425 nm, indicating the formation of the Fe**—quercetin complex,
while the absorption in the region of 560 nm where the Fe’-
ferrozine complex absorbs rises slightly (lines c—¢ in Fig. 8) in
the first hour, perhaps from mixed ligand complex formation,
as found for iron—ferrozine-amino acid complexes.”® After 1 h,
the spectral changes corresponding to the formation of Fe*—
quercetin continued (lines e-h in Fig. 8) but the absorption at
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Fig. 8 Competition between ferrozine and quercetin for Fe?* in 20 mM
KPB, pH 7.2. Addition of quercetin into (ferrozine);—Fe**: (a) 30 uM
ferrozine only; (b) addition of 10 uM Fe**. Then addition of 10 uM
quercetin (c) and the kinetics of the competition was monitored in 5 min
(d), 1 h(e),2h(f),3h(g),4h (h)and 5h Q).
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562 nm decreased, suggesting the dissociation of Fe**—ferrozine
and transfer of Fe** to quercetin. Beyond 6 h the absorptions
of both quercetin—Fe?* and ferrozine-Fe** decreased in intensity
at 425 nm and 562 nm, respectively (data not shown), implying
the degradation of the complexes. Because equilibrium was not
achieved, calculations of a binding constant for quercetin-Fe**
based on the competition data is not possible. However, the data
demonstrate that quercetin binds Fe* more strongly than ferrozine
itself under these conditions.

Competition with EDTA was also performed in 20 mM KPB
buffer, pH 7.2. However, the addition of 1 eq. quercetin to Fe**—
EDTA solution produced only the free quercetin band (Fig. S57),
and the addition of 1 eq. EDTA to Fe**—quercetin solution shifted
the Fe**—quercetin band to that of the free quercetin position
(Fig. S67), indicating that EDTA is a much stronger chelator of
iron than quercetin, a result borne out by EPR experiment (data
not shown).

Similar competition experiments were also performed with the
well known cellular iron chelators ATP and citrate. As illustrated
in Fig. S5 and S67, no matter the order of the addition of the
chelators, the resulting UV/Vis spectra of the ternary systems
were located between those of the free quercetin and the quercetin—
Fe?* complex, indicating partial formation of the quercetin-Fe*
complex under these conditions. Thus quercetin is capable of
competition with ATP and citrate for Fe** under physiologically
relevant conditions.

Attenuation of the Fenton reaction by flavonoids under
physiologically relevant conditions

The ability of quercetin to attenuate the Fe-promoted Fenton re-
action was evaluated by the 2-deoxyribose degradation assay. The
Fenton reaction was generated according to eqn(1) by incubating
ferrous ammonium sulfate or FeCl, with H,O, in the presence
of 100 uM ascorbate and 10 mM 2-deoxyribose in 20 mM KPB,
pH 7.2. The 2-deoxyribose degradation product, malonaldehyde
(MDA) was quantified by its condensation with thiobarbituric
acid (TBA) to form a chromophore with characteristic absorption
at 532 nm.* We observed 2-deoxyribose degradation in the
presence of H,0O, and Fe**and the degree of degradation increased
with an increasing Fe?* concentration (Fig. 9) as per the Fenton
reaction. In contrast, the presence of quercetin, 2-deoxyribose
degradation was greatly inhibited, even at high Fe?* concentrations

2.0+
(a)
L]
1.5
3
c
% 1.0 3 {
D
2
0.5
| ]
I - = n - b
0.0+ ( ).

0 5 10 15 20 25 30
[FE**] luM

Fig.9 Absorbance of malonaldehyde-TBA complex at 532 nm at various
Fe* concentrations in the absence (a) or presence (b) of 10 uM quercetin.

(Fig. 9), indicating that quercetin is very effective at minimizing
the Fenton chemistry.

To investigate whether quercetin itself is degraded under
“catalytic” Fenton reaction conditions, the UV/Vis spectrum of
Fe?*—quercetin was monitored in the presence of excess H,O, and
ascorbate in 20 mM KPB, pH 7.2. Little change in the quercetin—
Fe?* complex over 10 min was observed (Fig. S7).f These data
suggest that no Fenton reaction occurred in the presence of
quercetin, in agreement with a recent report® that quercetin
completely suppresses the voltammetric catalytic wave of the iron—
ATP/H,0, system.

To determine whether Fenton chemistry occurs during oxida-
tion of 1 : 1 Fe**—quercetin by H,0,, two mol equiv. of H,O,
were introduced and the sample was analyzed by ESI-Mass after
5-10 min (Fig. S8).f The data in Fig. S8t show no evidence
of quercetin degradation, only the conversion of Fe**—quercetin
complexes to Fe**—quercetin complexes, confirming the lack of
significant Fenton chemistry.

Attenuation of Fe-promoted Fenton reaction by quercetin in the
presence of ATP or citrate

The ability of quercetin to attenuate the Fe-promoted Fenton
reaction in the presence of ATP or citrate was also investigated
since ATP and citrate are major iron-chelators in the cellular labile
iron pool. In Fig. 10A, samples with increasing concentration of
Fe?* were incubated with 25 uM ATP or citrate for 1 h, then
25 uM of quercetin was added to the mixtures (3 repeats) and
then allowed to incubate for an additional 30 min. In Fig. 10B,
25 uM Fe** was incubated with 25 uM ATP or citrate for 1 h, then
quercetin was added to the mixtures at increasing concentration
and then allowed to incubate for an additional 30 min. After the
incubation, the 2-deoxyribose degradation assays were carried out.
Significant degradation of 2-deoxyribose occurred in the presence
of ATP or citrate (Fig. 10), but quercetin demonstrated its ability
to effectively minimize the Fenton chemistry in the presence of
ATP or citrate (Fig. 10A), and the effectiveness is increased with
quercetin concentration (i.e., the dose) in the system (Fig. 10B).

Mechanisms of quercetin attenuation of the Fenton reaction

In order to determine whether quercetin functions primarily as
a scavenger of hydroxyl radicals or as a chelator of Fe** in
attenuating the Fenton reaction, additional experiments were
carried out. Since EDTA can remove Fe?* from quercetin and
the Fe**~EDTA itself is capable of generating hydroxyl radicals
via the Fenton reaction,® EDTA was used to distinguish between
the scavenging and chelation activities of quercetin. In the absence
of quercetin, hydroxyl radicals were readily produced in the Fe—
EDTA system (Fig. 11, curve a). When quercetin was added,
however, 2-deoxyribose degradation was 65% lower (curve b)
but higher than that of the Fe-quercetin control (curve c).
Thus quercetin is capable of scavenging ca. 65% of the hydroxyl
radical produced in the system; whereas, when EDTA is absent,
the chelation activity of quercetin is fully functional and 100%
protection is achieved. These findings further support the crucial
role of Fe-chelation in quercetin’s anti-Fenton activity. A possible
mechanism for iron interaction with quercetin is to shift the
redox potential of Fe?*/Fe** upon coordination thus shutting
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Fig. 11 Effect of EDTA on the ability of quercetin to prevent 2-deoxyri-
bose degradation in 20 mM KPB at pH 7.2. (a) 25 uM EDTA with Fe**;
(b) 25 uM EDTA with Fe** in the presence of 10 uM quercetin; (c) Fe?* in
the presence of 10 uM quercetin. [H,0,] = 200 uM.

down Fenton chemistry. Quercetin reduces Fe** to Fe** upon
binding and binds Fe**more tightly than Fe** in phosphate
buffer. In contrast, other Fe-chelators such as EDTA or NTA
(nitrilotriacetate) bind Fe** more tightly than Fe?* and favor Fe*
oxidation and the Fenton reaction.

Biological relevance and conclusions

Recent studies on bioavailability, pharmacokinetics and
metabolism of flavonoids in humans®-¢* have revealed large differ-
ences from one flavonoid to another. The plasma concentrations
of total metabolites generally range from 0 to 4 uM with an intake
of 50 mg aglycone equivalents, and the relative urinary excretion
ranged from 0.3% to 43%. The most well absorbed flavonoids
by humans are isoflavones, gallic acid, catechins, flavanones
and quercetin glucosides, each with different kinetics. Flavonols
including quercetin are rapidly absorbed and reach maximum
plasma concentration within a few hours. The elimination of
flavonols (such as quercetin metabolites) is quite slow, with
reported elimination half-lives ranging from 11 to 28 h. Moreover,
the flavonoids (and their metabolites) from the circulation are
further delivered into various organs and tissues such as liver,
skin, and brain.®

A recent study with rats® at higher doses of flavonoids in
the diet (corresponding to a daily ingestion of 45-47 mg of
quercetin or catechin equivalents for 21 days) revealed a much

higher concentration of flavonoid metabolites in plasma (61.2 +
4.5 uM for quercetin and 3'-O-methylquercetin; 51.2 + 4.4 uM for
catechin and 3'(or 4')-O-methylcatechin) and in the liver (16.3 £+
3.0 umol kg! tissue for quercetin and 15.9+ 3.0 umol kg~! tissue
for catechin). These high concentrations of polyphenols (and their
metabolites) generally exceed the 10 uM quercetin used in the in
vitro experiments reported here.

The strong iron-binding properties of the predicted “iron-
binding motif” in phenolic compounds present in cranberries
and other plants have been confirmed in this study. All the
three predicted “iron-binding motifs” on quercetin, are capable
of binding iron strongly under physiologically relevant conditions.
The conditional binding constants with Fe** have been determined
to be ca 10°-10" M™' (for 1 : 1 complexes) and ca 10—
10" M~ (for 1 : 2 complexes) at pH 7.2 in KPB buffer, with
quercetin binding Fe** stronger than the well known Fe**-chelator
ferrozine. Quercetin can also bind Fe**, Ga** and Zn**. The most
preferred site on quercetin for Fe** and Fe**-binding appears
to be site 2 on the C-ring. The strong Fe-binding properties
suggest that quercetin may be effective in modulating cellular
iron homeostasis under physiological conditions. Interestingly,
quercetin can completely suppress Fe-promoted Fenton chemistry
at micromolar levels even in the presence of the major cellular
iron chelators ATP or citrate. Furthermore, our data indicate
that the radical scavenging activity of quercetin provides only
partial protection against Fenton chemistry-mediated damage
while Fe-chelation by quercetin can completely inhibit the Fenton
chemistry. Thus the iron-chelation activity of quercetin may be
key to its antioxidant activity. Phenolics containing iron-binding
motifs have also been identified in other bio-active plants such
as grapes, tea and traditional Chinese medicine plants. Hence,
the regulation of iron homeostasis and the inhibition of Fenton
chemistry may also be important in their bio-effects as found here
for quercetin.
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