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Abstract

The extract ofMangifera indicaL. (Vimang) is able to prevent iron mediated mitochondrial damage by means of oxidation of reduced
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ransition metals required for the production of superoxide and hydroxyl radicals and direct free radical scavenging activity. In
e report for the first time the iron-complexing ability of Vimang as a primary mechanism for protection of rat liver mitochondria
e2+-citrate-induced lipoperoxidation. Thiobarbituric acid reactive substances (TBARS) and antimycin A-insensitive oxygen con
ere used as quantitative measures of lipoperoxidation. Vimang at 10�M mangiferin concentration equivalent induced near-full protec
gainst 50�M Fe2+-citrate-induced mitochondrial swelling and loss of mitochondrial transmembrane potential (�Ψ ). The IC50 value for
imang protection against Fe2+-citrate-induced mitochondrial TBARS formation (7.89± 1.19�M) was around 10 times lower than that
ert-butylhydroperoxide mitochondrial induction of TBARS formation. The extract also inhibited the iron citrate induction of mitoch
ntimycin A-insensitive oxygen consumption, stimulated oxygen consumption due to Fe2+ autoxidation and prevented Fe3+ ascorbate reductio
he extracted polyphenolic compound, mainly mangiferin, could form a complex with Fe2+, accelerating Fe2+ oxidation and the formation o
ore stable Fe3+-polyphenol complexes, unable to participate in Fenton-type reactions and lipoperoxidation propagation phase. T
PPH radical scavenging activity with an apparent IC50 of 2.45± 0.08�M suggests that besides its iron-complexing capacity, Vimang c
lso protect mitochondria from Fe2+-citrate lipoperoxidation through direct free radical scavenging ability, mainly lipoperoxyl and a
adicals, acting as both a chain-breaking and iron-complexing antioxidant. These results are of pharmacological relevance since Vi
e a potential candidate for antioxidant therapy in diseases related to abnormal intracellular iron distribution or iron overload.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Iron is a vitally important element in mammalian
etabolism because of its unsurpassed versatility as a bi-
logic catalyst. However, when not appropriately shielded or
hen present in excess, iron plays a key role in the formation
f extremely toxic oxygen radicals, which ultimately cause
eroxidative damage to vital cell structures[1], particularly

∗ Corresponding author. Tel.: +537 271 7822; fax: +537 336 471.
E-mail address:rdelgado@infomed.sld.cu (G. Pardo Andreu).

mitochondria. It was reported that the neurological and
diac manifestations of Friedreich ataxia are associated
iron-mediated mitochondrial toxicity[2] and histopathologi
and ultrastructural studies of the livers of patients with
overload often reveal swollen mitochondria, having an e
tron dense matrix and ruptured mitochondrial membr
[3].

Although phlebotomy therapy is effective in remov
excess iron in hereditary hemochromatosis, chelation
apy is required in the treatment of many patients who
combined secondary and transfusional iron overload d
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disorders in erythropoiesis. In patients with beta-thalassemia
who undergo regular transfusions, desferrioxamine treatment
was found to be effective in preventing iron-induced tissue
injury and in prolonging life expectancy. The use of the oral
chelator desferrioxamine remains controversial, and work is
continuing on the development of new orally effective iron
chelators[4].

Polyphenolic compounds, including a large group of
flavonoids, are abundant in vegetables, fruits, wine and
tea. These compounds are generally known to possess po-
tent antioxidant properties[5], which depend on their free
radical scavenging capacity and on their iron chelating
activity [6–9].

Recently, a standard aqueous stem bark extract from se-
lected species ofMangifera indicaL. (Anacardiaceae), which
has been used as food supplement in Cuba under the brand
name of Vimang, was reported to have potent in vivo and in
vitro antioxidant and anti-inflammatory activities[10–13].
Chemical studies performed with this extract have enabled
the isolation and identification of phenolic acids, phenolic
esters, flavan-3-ols, mangiferin, which is the predominant
component of this extract[14], and micronutrients such as se-
lenium[15,16]. A recent report demonstrated that an aqueous
extract ofM. indicaL. stem bark (Vimang), with mangiferin
as a major component (∼20%), inhibited bleomycin–iron de-
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plant (Code: 41722) were deposited at the Herbarium of the
Academy of Sciences, guarded by the Institute of Ecology
and Systematic, Ministry of Science, Technology and Envi-
ronment, La Habana, Cuba. Stem bark extract ofM. indica
was prepared by decoction for 1 h. The extract was concen-
trated by evaporation and spray-dried to obtain a fine brown
powder, which was used as the standardized active ingredient
of Vimang formulations. It melts at 210–215◦C with decom-
position. The chemical composition of this extract has been
characterized by chromatographic (planar, liquid and gas)
methods, mass spectrometry and UV–vis spectrophotome-
try [15]. The total polyphenol content of Vimang determined
by the Folin–Ciocalteu method, and expressed as gallic acid
equivalents, was 34 g/100 g dry weight. Mangiferin content
was determined by HPLC methods[14] and represents 16%
of powdered extract.

Stock solutions were prepared dissolving the solid extract
in DMSO in a concentration range from 1 to 50 mM, equiv-
alent to mangiferin concentration. Experiments were carried
out with dilution of 1/1000 to prevent solvent influence on
the results.

2.2. Reagents and solutions

1,1-Diphenyl-2-picrylhydrazyl radical (DPPH), ADP, an-
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endent and copper–phenantroline dependent DNA-dam
t also showed that the natural extract inhibited phos
ipids peroxidation, with a powerful effect on non-enzym
eroxidation (with Fe3+ ascorbate)[10]. Although this work
uggests some iron-complexing ability as an antilipo
xidative mechanism of the natural extract, exact me
isms of iron interaction with Vimang have not yet be
stablished.

Since Fe2+-mediated liver and cardiac mitochondrial lip
eroxidation seems to be an early event in iron overl
elated diseases[4,17], Fe2+-citrate-induced lipoperoxida
ion on isolated liver mitochondria has become a suit
n vitro model for initial testing of potential drugs agai
iseases related to abnormal intracellular iron distribu
nd/or iron overload. The high polyphenolic content
. indica extract (34%, g/g) could protect mitochond

rom iron-induced lipoperoxidation following polyphen
ike patterns, i.e. by complexing iron and/or by direct f
adicals scavenging activity. Therefore, in this paper
ried to assess the role of iron interaction withM. in-
ica L. extract (Vimang) in the antioxidant action of th
xtract against mitochondrial Fe2+-citrate-induced lipope
xidation.

. Materials and methods

.1. Plant material

M. indicawas collected from a cultivated field located
he region of Pinar del Rio, Cuba. Voucher specimens o
.imycin A, butylated hydroxytoluene, citrate, EGTA, asc
ic acid,N-(2-hydroxyethyl)-piperazine-N-2-ethanesulfoni
cid (HEPES), 1,10-phenanthroline, rotenone, succi

hiobarbituric acid and carbonyl cyanidep-trifluoroph-
nylhydrazone (FCCP) were purchased from Sigma
ouis, MO). Ferrous [Fe (NH4)2(SO4)2·6H2O] and fer-
ic (FeCl3 + 10 mM HCl) ion solutions were prepared
illi-Q water and immediately used. Stock solutions
imang in DMSO were used with dilutions of 1/10

n assay medium to minimize solvent interference. C
rols experiments (without Vimang) contained 14.3�M
MSO, which represent solvent concentration in all Vim
amples.

.3. Isolation of rat liver mitochondria and standard
ncubation procedure

Mitochondria were isolated by conventional differen
entrifugation from the liver of adult animals fasted overn
18]. The livers were homogenized in 250 mM sucrose, 1
GTA, and 10 mM HEPES buffer (pH 7.2). The mitoch
rial suspension was washed twice in the same me
ontaining 0.1 mM EGTA and the final pellet was res
ended in 250 mM sucrose to a final protein concentra
f 80–100 mg ml−1, measured by the method of Biuret w
SA as protein standard.
The experiments were carried out in standard medium

aining 125 mM sucrose, 65 mM KCl, 5 mM potassium su
ate, 2 mM inorganic phosphate, 1 mM magnesium chlo
�M rotenone, 10 mM HEPES buffer (pH 7.2) and 5 m
uccinate.
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2.4. Measurement of oxygen concentration

Oxygen concentration in mitochondrial suspensions was
polarographically determined with a Clark-type electrode
(Yellow Springs Instruments Co.) in a 1.3-ml glass cham-
ber equipped with a magnetic stirrer at 28◦C. The res-
piratory control ratio (state 3/state 4 respiratory rate) of
mitochondrial preparations was more than 4.0, measured
with 2 mM succinate as substrate. Vimang at 25�M did
not change the respiratory control of isolated rat liver mi-
tochondria, or the respiratory rate of state 4 (data not
shown). Determination of O2 concentration in media with-
out mitochondria was also performed with a Clark-type
electrode.

2.5. Fe2+-citrate and tert-butylhydroperoxide-mediated
mitochondrial membrane lipid peroxidation (LPO) assay

LPO was estimated from malondialdehyde (MDA)
generation[19]. The mitochondrial suspension (1 ml, 1 mg
protein) was incubated in the standard medium with 4 mM
tert-butylhydroperoxide or 50�M FeSO4 plus 2 mM sodium
citrate at 37◦C. After 20 min, 1 ml of 1% thiobarbituric
acid (TBA, prepared in 50 mM NaOH), 0.1 ml of 10 M
NaOH and 0.5 ml of 20% H3PO4 were added, followed by
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When�Ψ was established, 50�M Fe2+ was added to the
medium and the times of�Ψ collapses were compared.
Valinomicyn (1�g ml−1) was used to release mitochondrial
potential.

2.8. Determination of Fe2+ oxidation and Fe3+

reduction by ascorbate

Concentrations of Fe2+ were quantified in reaction
medium (2 ml) without mitochondria using 5 mM 1,10-
phenanthroline as previously described[20]. The red com-
plex of Fe2+ with 1,10-phenanthroline was determined
at 510 nm and compared with a Fe2+ standard curve
[22].

2.9. DPPH reduction assay

Reduction of the 1,1-diphenyl-2-picrylhydrazyl radical
(100�M) by Vimang (0–50�M) was monitored from the
change in absorbance at 517 nm, 5 min after the drug was in-
cubated with 40 mM sodium acetate, pH 5.5, and 1 ml ethanol
(2.5 ml final volume)[23].

2.10. Statistical analyses
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ncubation for 20 min at 85C. The MDA–TBA complex
as extracted with 2 ml ofn-butanol and absorbance w
easured at 535 nm. MDA concentration was calcul

rom ε = 1.56× 105 M−1 cm−1.

.6. Mitochondrial swelling

Mitochondrial swelling was estimated from the decre
n turbidity of the mitochondrial suspension measure
20 nm in a Hitachi U-3000 spectrophotometer.

.7. Measurements of mitochondrial transmembrane
lectrical potential (�Ψ )

The mitochondrial membrane potential (�Ψ ) was moni-
ored indirectly based on the activity of the lipophilic cat
etraphenylphosphonium (TPP+) using a TPP+ selective elec
rode built in our laboratory, in combination with a calom
eference electrode[20]. For calculation of the�Ψ value, the
atrix volume of RLM was assumed as 1.4�l mg−1 protein.
he membrane potential was calculated assuming tha
PP+ distribution between mitochondria and medium

owed the Nernst equation. Corrections were made fo
inding of TPP+ to mitochondrial membrane as described
ensen et al.[21]. The electrode was calibrated with additio
f known concentrations of TPP+. Signals were amplifie
nd the output was registered with a potentiometric reco
Kipp & Zonen, BD 121). Mitochondria (0.5 mg ml−1) were
ncubated in 2 ml of standard medium supplemented
�M TPP+ (final concentration) and Vimang at diffe
nt concentrations. After 30 s, 5 mM succinate was ad
Data are presented as mean values± S.D. of at least thre
ndependent experiments. Significant differences betw

eans were determined using student one-tailedt test at leve
fP< 0.05. IC50 values were estimated using a non-linea
ression algorithm.

. Results

.1. Effect of Vimang on iron-induced lipid peroxidation

Vimang inhibited thiobarbituric acid reactive substan
TBARS) formation induced by a 20-min incubation w
0�M Fe2+-citrate in rat liver mitochondria.Fig. 1(Panel A)
hows a titration curve for Vimang on TBARS, the IC50 value
as 7.89± 1.19�M. Full protection against peroxidatio
as observed with 50�M Vimang and 10�M butylated hy-
roxitoluene (result not shown), a well-known lipid peroxi

ion chain breaker. Panel B also shows Vimang effects ag
itochondrial lipoperoxidation induced by 20 min incu

ion with 300�M tert-butylhydroperoxide, with a larger IC50
alue (>100�M). These results show that Vimang is m
ffective in preventing iron-induced than peroxyl-indu

ipoperoxidation, suggesting its iron-chelating ability a
rimary mechanism in preventing iron-induced lipoper
ation.

Lipid peroxidation was also determined by measu
2 consumption of mitochondria in the presence of 2�M
ntimycin A. The arrest of mitochondrial respiration by

nhibitor suggests that O2 uptake under these conditions
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Fig. 1. Vimang inhibits MDA–TBA adducts formation induced by 50�M Fe2+-citrate (Panel A) or 300�M tert-butylhydroperoxide (Panel B). Rat liver
mitochondria (RLM) 0.5 mg ml−1 were incubated in reaction medium containing 125 mM sucrose, 65 mM KCL, 10 mM HEPES buffer (pH 7.2), 2 mM succinate
and 2.5�M rotenone, with or without Vimang. The experiments were initiated by addition of 50�M Fe2+ (Panel A) or 300�M tert-butylhydroperoxide (Panel
B), except for the control b. Controls do not contain Vimang, they contain only DMSO (14.3�M), which is the solvent concentration in the Vimang samples.
Incubation period was 20 min at 28◦C. Values are the mean± S.D. (n= 6). Significance vs. control (a) (one-tailedt test):*P< 0.05; ns, not significant. IC50

values were estimated using a non-linear regression algorithm.

caused by lipid peroxidation[22]. Indeed, O2 uptake induced
by Fe2+-citrate was almost totally prevented by butylated
hydroxytoluene, a well-known chain-breaking antioxidant
that stops the propagation of lipid peroxidation reaction

Fig. 2. Vimang inhibits mitochondrial lipid peroxidation measured as O2

consumption. Experimental conditions are as in Fig. 1, except that 2.5�M
antimycin A was present. Iron was 50�M. RLM (1 mg ml−1) were incubated
in reaction medium containing: (a) 10�M Vimang; (b) 5�M Vimang; (c)
2.5�M Vimang; (d) 1�M Vimang; and (e) no Vimang (14.3�M DMSO
only). Dashed line indicates O2 consumption in mitochondrial suspension
without Fe2+ addition. Results are representative of three experiments.

[22]. Addition of 50�M Fe2+ to a mitochondrial suspension
containing 2 mM citrate-induced extensive O2 consumption
(Fig. 2, line e) preceded by a lag phase[24]. This extensive
O2 consumption was inhibited by 300 mM desferrioxamine
(result not shown) without prolonging the lag phase. Vimang
was also able to inhibit iron-induced O2 consumption in
a concentration-dependent manner (lines a–e). At 10�M
Vimang, the rate of O2 consumption was slightly higher
than in controls, that is, in the absence of iron (dashed line).
Vimang also prolonged the lag phase (I) observed between
Fe2+ addition and oxygen burst (II) due to lipoperoxidation,
which indicate that this extract acts like a chain-breaking
antioxidant. The small O2 consumption observed just after
addition of Fe2+ was due to Fe2+ autoxidation (seeFig. 6for
a detailed study).

3.2. Effect of Vimang on iron-mediated mitochondrial
swelling and loss of�Ψ

Iron-induced damage to the inner mitochondrial mem-
brane can be assessed by the classic swelling techniques,
which monitor the net influx of the osmotic support (sucrose,
KCl) associated with a non-specific increase in membrane
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Fig. 3. (A) Vimang inhibits mitochondrial swelling induced by 50�M Fe2+-
citrate. Experimental conditions are described in legend of Fig. 1. Reaction
medium contains: (a) No Fe2+ addition; (b) 10�M Vimang; (c) 5�M Vi-
mang; (d) 1�M; (e) 0.5�M Vimang; and (f) no Vimang (14.3�M DMSO
only). Fe2+ (50�M) was added where indicated by the arrow (b–f). Results
are representative of three experiments. (B) Vimang inhibits loss of mito-
chondrial potential (�Ψ ) induced by 50�M Fe2+-citrate. Experimental con-
ditions are described in legend of Fig. 1, except that 3�M TPP+ were present.
Reaction medium contains: (a) No Fe2+ addition; (b) 10�M Vimang; (c)
5�M Vimang; (d) 2.5�M Vimang; (e) 1�M Vimang; and (f) no Vi-
mang (14.3�M DMSO only). Rat liver mitochondria (RLM) (0.5 mg ml−1),
50�M Fe2+ and 1�M Valinomycin were added where indicated by the ar-
rows (a–f). Results are representative of three experiments.

permeability. It was previously shown that Fe2+-citrate in-
duces mitochondrial swelling, sensitive to butylated hydrox-
ytoluene, due to lipid peroxidation[25].Fig. 3A (line f) shows
that Fe2+-citrate complex induced mitochondrial swelling as
revealed by the large decrease in absorbance of the mitochon-
drial suspension at 540 nm. It was associated with complete
�Ψ depolarization as observed after addition of the mito-
chondrial ionosphere Valinomycin (Fig. 3B, line f).

Vimang inhibited the swelling process in a concentration-
dependent manner (Fig. 3A, lines b–e). Near-full protection
was attained at 10�M.

Measurement of mitochondrial�Ψ using a TPP+ selec-
tive electrode showed that Vimang prevented�Ψ dissipation
induced by 50�M Fe2+-citrate in a dose-dependent fashion,
also with near-full protection at 10�M.

Fig. 4. (A) Vimang stimulates Fe2+ autoxidation in the absence of rat
liver mitochondria. Experimental conditions: 125 mM sucrose, 65 mM KCl,
10 mM HEPES buffer (pH 7.2), 2 mM citrate, 5 mM 1,10-phenanthroline
Experiments were conducted at 28◦C and were started by the addition of
50�M Fe2+. Sample with cero Vimang concentration contained 14.3�M
DMSO only. Values are the average of three determinations. (B) Effects of
Vimang on O2 consumption mediated Fe2+ autoxidation in the absence of rat
liver mitochondria. Experimental conditions: 125 mM sucrose, 65 mM KCl,
10 mM HEPES buffer (pH 7.2), 2 mM citrate. Experiments were conducted
at 28◦C; Fe2+ (50�M) was added where indicated by the arrow. (a) No
Vimang (14.3�M DMSO only); (b) 1�M Vimang; (c) 5�M Vimang; (d)
10�M Vimang; and (e) 25�M Vimang. Dashed line indicates O2 consump-
tion in reaction medium without Fe2+ addition. Results are representative of
three experiments. (C) Oxygen consumption rates (nmol O2/min/ml). Leg-
ends are the same as in (B). Significance vs. control (a) (one-tailedt test):
*P< 0.05.

3.3. Fe2+-citrate autoxidation and O2 consumption
induced by Vimang

Vimang reduced Fe2+ concentration in reaction medium
containing 2 mM citrate (without mitochondria) in a dose-
dependent manner (Fig. 4A) and also increased the rate of O2
consumption, possibly due to the stimulatory effect on oxi-
dation of Fe2+ to Fe3+ (Fig. 4B and C). These results suggest
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that Vimang could be removing Fe2+ from citrate complex
and oxidizing it to a ferric form in a process that requires
O2 as electron acceptor. According to this, Vimang could be
diminishing the amount of Fe2+ involved in the formation
of •OH radical through a Haber–Weiss-type reaction, which
can initiate the peroxidation of mitochondrial membrane. In-
terestingly, the presence of catalytic amounts of superoxide
dismutase enzyme (4 U ml−1) and/or catalase diminished the
amount of O2 consumed by Fe2+ autoxidation but did not
modify Vimang effects (results not shown), indicating some
ferroxidase-like activity of the natural extract, which could
catalyze Fe2+ oxidation without hydrogen peroxide (H2O2)
or superoxide (O2•−) production.

3.4. Vimang inhibits Fe3+ reduction by ascorbate

Since Vimang is a mixture of compounds, it might be
possible that this extract not only stimulates Fe2+ autox-
idation, but also Fe3+ reduction. This last proposal could
reload biological systems with Fe2+, which participates in
Fenton–Haber–Weiss reactions, generating the extremely
reactive •OH radical. Vimang-Fe3+complexes could also
allow the oxidation of biological relevant reducers like
ascorbate with subsequent Fe2+ regeneration. Ascorbic acid
with higher iron-reducing activity shows antioxidant prop-
erties, but sometimes can act as a prooxidant under in vitro
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Fig. 5. Vimang inhibits Fe3+ reduction by ascorbate in the absence of rat
liver mitochondria. Experimental conditions: 125 mM sucrose, 65 mM KCl,
10 mM HEPES buffer (pH 7.2), 2 mM citrate, Fe3+ 50�M, 5 mM 1,10-
phenanthroline. Experiments were conducted at 28◦C Ascorbate (4 mM)
was added where indicated by the arrow (except line g). (a) No Vimang
(14.3�M DMSO only); (b) 0.1�M Vimang; (c) 0.5�M Vimang; (d) 5�M
Vimang; (e) 10�M Vimang; (f) 25�M Vimang; and (g) 25�M Vimang, no
ascorbate addition. Values are the average of three determinations.

of the spare electron over the molecule as a whole, so that the
molecules do not dimerize, as would be the case with most
other free radicals. The delocalization also gives rise to a deep
violet color, characterized by an absorption band in ethanol
solution centered at about 520 nm. When a solution of DPPH
is mixed with that of a substance that can donate a hydrogen
atom, then this gives rise to the reduced form with the loss
of this violet color[27]. Fig. 6shows a potent DPPH radical
scavenging ability of Vimang with an IC50 = 2.45± 0.08�M.
This result suggests that Vimang peroxyl and alcoxyl scav-
enging ability could be together wit iron-complexing capac-
ity, an important mechanism to prevent Fe2+-citrate-induced
mitochondrial lipoperoxidation.

F
V nm,
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1 tion
c nts.
I

nd in vivo conditions[6]. For example, lipid peroxidatio
s often initiated by ascorbate-mediated reduction of F3+.
ere we also analyzed the effect of Vimang on the redu
f iron by ascorbic acid.

To examine these possibilities, we used 1
henantroline to measure the levels of Fe2+ formation

rom Fe3+ solution (50�M) treated with 4 mM ascorba
nd different Vimang concentrations, taking into acco

hat 1,10-phenantroline forms a red complex with F2+,
asily detected at 500–520 nm, but not with Fe3+ [22,26].
ig. 5 (line g) shows that 25�M Vimang slightly increase
e2+ concentration, possibly due to direct Fe3+ reduction by
ome of its polyphenolic compounds. At the same time,
imang concentration effectively inhibits ascorbate-indu

ron reduction (more than 50%) (Fig. 5, line f). These result
trongly suggest that Vimang not only stimulates F2+

utoxidation, but also some of its components, pos
orming a stable complex with Fe3+, inhibiting its reduction
nd redox cycling to Fe2+.

.5. DPPH reduction assay

Lag phase increases observed inFig. 2 suggest that Vi
ang could be directly scavenging peroxyl and alcoxyl

cals formed after the initiation steps of Fe2+-citrate-induced
ipoperoxidation, acting not only as an iron chelator,
lso as a chain-breaking antioxidant[24]. To confirm this
e searched the ability of Vimang to directly scavenge
iphenyl-2-picrylhydrazyl radicals. This molecule is cha

erized as a stable free radical by virtue of the delocaliza
ig. 6. Reduction of the 1,1-diphenyl-2-picrylhydrazyl radical (100�M) by
imang (0–50�M) was monitored from the change in absorbance at 517
min after the drug was incubated with 40 mM sodium acetate, pH 5.5
ml ethanol (2.5 ml final volume). Sample with cero Vimang concentra
ontained only 14.3�M DMSO. Values are the average of three experime
C50 value was estimated using a non-linear regression algorithm.
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4. Discussion

The present study investigated the protective effect ofM.
indicaL. extract (Vimang) against oxidative damage induced
by iron. We observed that Vimang protects the mitochondrial
membrane against lipid peroxidation and consequently pro-
tects against loss of membrane integrity. Fe2+-citrate induces
membrane lipid peroxidation with consequent mitochondrial
depolarization and organelle swelling due to non-specific per-
meabilization of the inner mitochondrial membrane[25]. The
presence of 1–10�M of mangiferin equivalent of Vimang
concentration (2.6–26�g ml−1 powder extract) in the mito-
chondrial suspension inhibited Fe(II)-citrate-mediated mito-
chondrial swelling, loss of transmembrane potential, TBARS
formation, and O2 consumption during lipid peroxidation
(Figs. 1–3).

Previous results have demonstrated that Vimang inhibits
lipid peroxidation in rat brain phospholipids homogenate,
showing a powerful effect on non-enzymic peroxidation
(FeCl3-ascorbate) compared to spontaneous autoxidation
[10]. However, the explanations for the antioxidant mech-
anism of Vimang in iron-containing systems were only
speculative. Transition metals such as iron and copper can
participate in the generation of reactive oxygen species[28],
which are associated with many pathological conditions
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tion by polyphenolics may be most effective in antioxidant
action. Recent studies showed that iron-chelating activity of
some flavonoids is closely related to their antioxidant ac-
tion [36]. Formation of inactive iron–rutin complex, which
is unable to generate the reactive hydroxyl radical, plays an
important role in the antioxidant action of flavonoids[37].
The subsequent assessment of the relationship between the
antioxidant effect and the iron-chelating capacity of polyphe-
nolics is of interest[36].

Fig. 4shows that Vimang rapidly diminished Fe2+ concen-
tration, associated with an increasing rate of O2 consumption.
These results suggest that the natural extract removes iron
from the Fe2+-citrate complex, facilitating Fe2+ oxidation to
Fe3+. The presence of gallic acid, propyl and methyl gallate
in the extract justify the slightly reducing ability of the ex-
tract on Fe3+ (Fig. 5, line g). A 1:1 complex, in which the
metal ion is coordinated to two adjacent hydroxy groups of
the ligand subsequently decompose to form Fe2+ and the cor-
responding semiquinone, which reacts rapidly with another
Fe3+ species to form the quinone[38,39]. The reduced iron
could form non-flavonoid polyphenol complexes that could
be inert to oxygen molecule or scavenge the hydroxyl radical
generated in situ, acting as a “sacrificial” antioxidant which
protects more relevant biological molecules from devastat-
ing •OH reactivity[40]. Nevertheless, the higher proportion
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29,30]. One-electron reduction of oxygen by ferrous
enerates superoxide anion, which is itself an oxidan
any ferrous complexes (e.g. Fe2+-citrate, Fe2+-EDTA)

ausing formation of hydrogen peroxide. Hydroxyl radic
re further generated from hydrogen peroxide through
etal-catalyzed Fenton reaction.
The hydroxyl radical is one of the potent oxidants am

eactive oxygen species, and is considered to be an ini
f lipid peroxidation[31]. However, some investigators ha
roposed the participation of perferryl ion in the initiation a
ropagation of lipid peroxidation[32]. Perferryl ion can b

ormed by the reaction of reduced iron with molecular o
en[32]. Furthermore, transition metals are responsible

he formation of lipid alkoxyl radicals and peroxyl radica
hich may cause propagation of lipid peroxidation[33]. Con-
idering the role of transition metals in the generation of
adicals, removal of iron or copper may inhibit the forma
f oxygen radicals. Chelation of these materials will decr

he oxygen toxicity to cells. The structure–activity relati
hip of flavonoids to scavenge reactive oxygen specie
een extensively studied[34] and metal-chelating activity o
olyphenolics has been considered as a minor mechan

he antioxidant action[35]. However, oxygen radicals, in pa
icular hydroxyl radicals, are highly reactive and attack m
olecules with extraordinarily high rate, constant unde

ivo conditions[6]. Thus, suggestions that antioxidants
y scavenging oxygen radical in vivo are chemically unlik
n antioxidant that affects oxygen radical-dependent dam

n vivo is more likely to act by blocking radical formatio
hat is, by removing its precursors, superoxide and hydr
eroxide, and then transition metals. Thus, metal coor
f mangiferin, catechin and epicatechin in relation to ga
erivatives in whole extract could explain the inhibitory

ect on ascorbate-Fe3+ reduction elicited by Vimang (Fig. 5,
ines a–f). These compounds could readily reoxidize the
educed by ascorbate[40] or could form a stable comple
ith Fe3+, impairing its reduction by ascorbate. Indeed,
ave recently shown (unpublished results) that mangif

he most abundant polyphenol in the extract, forms a com
ith Fe3+, which totally inhibits iron reduction by ascorba
inding of iron to the polyphenolic compound of the extr
an suppress the accessibility of the iron to oxygen mole
y oxidizing ferrous ion to ferric state, resulting in the in
ition of the hydroxyl radical production or the perferryl i

ormation. Formation of inert complex of baicalein with fer
ron was demonstrated to cause the inhibition of microso
ipid peroxidation[41]. Our present results, in good agr

ent with these findings, indicate that the antioxidant ac
f the extract is ascribed to the oxidation of reduced t
ition metals required for the production of superoxide
ydroxyl radicals.

Fig. 6shows that Vimang has a strong DPPH radical s
nging activity with an apparent IC50 of 2.45± 0.08�M.
hese results suggest that besides its iron-complexin
acity, Vimang could also protect mitochondria from Fe2+-
itrate lipoperoxidation through direct free radical scave
ng ability, mainly lipoperoxyl and alcoxyl radicals, acting

chain-breaking antioxidant. The synergistic action of
echanisms could explain the extremely low dose of Vim

10�M), which elicited protection against iron-citrate m
ochondrial oxidative damage, although the IC50 > 100�M
btained in protection oftert-butylhydroperoxide induce
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mitochondrial lipoperoxidation (Fig. 1B) suggests the iron
chelating capacity of Vimang as a primary and most impor-
tant mechanism of its antiperoxidative ability.

The results presented in this manuscript are of pharma-
cological importance since the mitochondria are important
targets of iron-promoted free radical formation and lipid
peroxidation in diseases related to abnormal intracellular
iron distribution and/or iron overload, such as hereditary
hemochromatosis,�-thalassemia, Friedreich’s ataxia and
sideroblastic anemia. Iron chelators such as Vimang could
be an important approach to reduce iron-induced oxidative
damages in these pathologies.

It is of particular interest the fact that 10�M mangiferin-
equivalent concentration of Vimang was able to produce sig-
nificant protection against mitochondrial damage mediated
by 50�M iron. These are concentrations lower than those
of classical iron chelators like pyridoxal isonicotinoyl hydra-
zone, which was able to induce more than 80% of protec-
tion against iron (50�M) induced mitochondrial damage at
100�M [42]. Since in vivo levels of free or loosely bound
iron are hardly higher than 1�M, even in iron overload[43],
very low concentrations of the extract components would af-
ford protection against iron-mediated mitochondrial damage.
These results suggest that the observed in vitro effects of this
compound could be relevant to in vivo conditions of iron
o
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Gonźalez J, Naddeo F, De Simone F, et al. Isolation and quanti-
tative analysis of phenolic antioxidants, free sugars, fatty acids and
polyols from mango (Mangifera indicaL.) stem bark aqueous de-
coction used in Cuba as nutritional supplement. J Agric Food Chem
2002;50:762–6.

[15] Center of Pharmaceutical Chemistry. Pharmaceutical compositions
including a mixture of polyphenols, terpenoids, steroids, fatty acids,
and microelements with antioxidant, analgesic, anti-inflammatory,
and anti-spasmodic properties. Cuban Patent 2002; Havana, Cuba:
OCPI, 203/98.

[ do
t of

[ i D,
pa-
54:

[ path-

[ zy-

[ ito-
iol

[ om-
rmi-
the

oryla-

[ ac-
mi-

[ free

[ 01–9.
[ esi

rate
er-
308:

[ New

[ lhy-
in J

[ nd
verload.

cknowledgments

This work was partially supported by grants from
razilian agency FAPESP and from SyMA, México (Dr. Jośe
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