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Atherosclerosis is linked to a number of oxidative events ranging from low-density lipoprotein (LDL)
oxidation to the increased production of intracellular reactive oxygen species (ROS). We have recently
demonstrated that liver mitochondria isolated from the atherosclerosis-prone hypercholesterolemic LDL

Keywords: receptor knockout (LDLr~/~) mice have lower content of NADP(H)-linked substrates than the controls and,
‘]\//:‘“ar}fg . as consequence, higher sensitivity to oxidative stress and mitochondrial membrane permeability transi-
angiferin

tion (MPT). In the present work, we show that oral supplementation with the antioxidants Mangifera indica
L. extract (Vimang®) or its main polyphenol mangiferin shifted the sensitivity of LDLr~/~ liver mitochon-
dria to MPT to control levels. These in vivo treatments with Vimang® and mangiferin also significantly
reduced ROS generation by both isolated LDLr~/~ liver mitochondria and spleen lymphocytes. In addition,
these antioxidant treatments prevented mitochondrial NAD(P)H-linked substrates depletion and NADPH
spontaneous oxidation. In summary, Vimang® and mangiferin spared the endogenous reducing equiva-
lents (NADPH) in LDLr—/~ mice mitochondria correcting their lower antioxidant capacity and restoring
the organelle redox homeostasis. The effective bioavailability of these compounds makes them suitable
antioxidants with potential use in atherosclerosis susceptible conditions.
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1. Introduction

Elevation of plasma concentrations of low-density lipoprotein
(LDL) is a key event in the development of atherosclerosis [1-3], a
leading cause of death in the western world. A well documented
and consistent hypothesis for atherogenesis [4] postulates that this
disorder is triggered by oxidative modifications of LDL [5,6] when
exposed to reactive oxygen species (ROS) from vascular wall cells
[7-9].

Recent results from our group demonstrated that the
atherosclerosis-prone hypercholesterolemic LDL receptor knock-
out (LDLr~/~) mice present a cellular oxidative stress related to
mitochondrial dysfunction [10]. Compared to the wild type, LDLr—/~
mitochondria have a lower capacity to sustain their nicotinamine
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adenine dinucleotide (NADPH) pool in the reduced state [10,11],
which compromises the source of reducing equivalents to recon-
stitute the mitochondrial enzymatic antioxidant system [12]. As
a consequence, these LDLr~/~ mitochondria accumulate larger
amounts of reactive oxygen species and present higher suscepti-
bility to develop CaZ*-induced membrane permeability transition
(MPT) [10], a condition associated with cell death [12]. Experi-
ments in vivo provided direct evidence of higher cholesterol de novo
synthesis, which consumes NADPH reducing equivalents in hyper-
cholesterolemic mice tissues [10,11]. We then tested the hypothesis
that inhibition of cholesterol synthesis could correct the decreased
mitochondrial antioxidant defences in LDLr~/~ mice by sparing
mitochondrial NADPH. However, when therapeutic doses of statins
(HMGCoA reductase inhibitors) were used in this animal model, the
susceptibility to MPT further increased due to a direct action of the
compounds on the mitochondrial membrane [13]. Another way to
counteract the mitochondrial oxidative stress in these mice would
be through treatment with suitable antioxidants.

Recently, a standard aqueous stem bark extract from selected
species of Mangifera indica L. (Anacardiaceae) under the brand
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name of Vimang® was shown to exert in vivo and in vitro antioxi-
dant activities [14-17]. Chemical analysis of this extract identified a
variety of polyphenols, phenolic esters, flavan-3-ols and a xanthone
(mangiferin), with the latter being the predominant component
of this extract [18] and the main responsible for its antioxi-
dant performance [19-21]. Vimang® treatment was shown to
protect against serum oxidative stress in elderly humans [17],
and mice treated with this extract were protected against 12-
O-tetradecanoylphorbol-13-acetate induced lipid peroxidation in
serum, in hepatic mitochondria and microsomes, and in brain
homogenate supernatants [14]. Thus, these results suggest that it
could be used to target the mitochondrial oxidative stressin LDLr—/~
mice.

Therefore, the aim of the present study was to evaluate the effi-
cacy of in vivo treatment of LDLr~/~ mice with the antioxidants
Vimang® and mangiferin in controlling their liver mitochondria
redox unbalance.

2. Materials and methods
2.1. Reagents

Bovine serum albumin (BSA), ADP, cyclosporin A, EGTA,
succinate, rotenone, safranine, N-(2-hydroxyethyl)piperazine-N'-
2-ethanesulfonic acid (HEPES), arsenazo IIl and carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) were purchased from
Sigma-Aldrich (St. Louis, MO). All other reagents were commer-
cially products of the highest purity grade available.

2.2. Preparation of Mangifera indica L. extract (Vimang®) and
isolation of mangiferin

M. indica L. was collected from a cultivated field located in the
region of Pinar del Rio, Cuba. Voucher specimens of the plant (Code
41722) were deposited at the Herbarium of Academy of Sciences,
guarded by the Institute of Ecology and Systematic from Ministry
of Science, Technology and Environment, Havana, Cuba. Stem bark
extract of M. indica was prepared by decoction with water for 1h
and then it was concentrated by evaporation and spray-dried to
obtain a fine homogeneous brown powder with a particle size of
30-60 pm [18]. The chemical composition of the extract has been
reported elsewhere [18] and has enabled the isolation and identi-
fication of phenolic acids (gallic acid, 3,4-dihydroxy benzoic acid,
benzoic acid), phenolic esters (gallic acid methyl ester, gallic acid
propyl ester, benzoic acid propyl ester), flavan-3-ols (catechin and
epicatechin) and the xanthone mangiferin, which is the major com-
ponent of Vimang® (16%).

Mangiferin, a C-glucosylxanthone (1,3,6,7-
tetrahydroxyxanthone-C2-f3-p-glucoside), was supplied by
the Laboratory of Analytical Chemistry, Centre of Pharmaceutical
Chemistry (Cuba) and had been isolated from M. indica stem bark
standardized extract by extraction with methanol, and a yellow
powder was obtained with 95% of purity determined by HPLC [18].

2.3. Animals and antioxidant treatments

The animals used in this study were the homozygous LDLr-null
mice (LDLr—/~) (Jackson Labs, Bar Harbor, ME) and control wild
type C57BL6 mice as previously described [10]. The experiments
were in accordance with the Guidelines on the Handling and Train-
ing of Laboratory Animals published by the Universities Federation
for Animals Welfare (1992). Male and female mice, 4-6-month-
old and weighing 20-26 g, were used in this study. The mice had
free access to standard laboratory rodent chow diet (Nuvital CR1,
Parana, Brazil), water ad libitum and were housed at 224+2°C on

a 12h light-dark cycle. Animals were divided into four groups
of five animals each: control wild type (WT), untreated LDLr—/—,
mangiferin-treated LDLr—/~ and Vimang®-treated LDLr~/~. Aque-
ous solutions of Vimang® or mangiferin were orally administered
by a feeding needle at the doses equivalent to 250 and 40 mg/kg
body weight per day, respectively, during 7 days. The control wild
type and the untreated LDLr~/~ mice were administered with dis-
tilled water. At the day 8, overnight fasted animals were killed
by cervical dislocation and livers were rapidly extracted. Blood
was obtained by cardiac puncture. Plasma total cholesterol levels
were determined by an enzymatic-colorimetric assay (Boehringer
Mannheim) according to the manufacturer’s instructions.

2.4. Isolation of rat liver mitochondria and standard incubation
procedure

Mitochondria were isolated by conventional differential cen-
trifugation from the liver of adult animals fasted overnight [22].
The livers were homogenized in 250 mM sucrose, 1 mM EGTA, and
10 mM HEPES buffer (pH 7.2). The mitochondrial suspension was
washed twice in the same medium containing 0.1 mM EGTA and
the final pellet was resuspended in 250 mM sucrose to a final pro-
tein concentration of 80-100 mg/ml, measured by the method of
Biuret with BSA as protein standard [23].

The experiments were carried out in standard medium contain-
ing 125 mM sucrose, 65 mM KCl, 2 mM inorganic phosphate, 1 mM
magnesium chloride, 10 mM HEPES buffer (pH 7.2), 2 .M rotenone
and 5mM succinate as a FAD-linked respiratory substrate. Other
additions are indicated in the figure legends.

2.5. Mitochondrial respiration

Oxygen consumption in mitochondrial suspensions was polaro-
graphically determined with a Clark-type electrode (Yellow Springs
Instruments Co.) in a 1.3-ml glass chamber equipped with a mag-
netic stirrer at 28 °C. Liver mitochondria (2 mg/ml) were added to
standard respiration medium. Respiration rates are given in nmol
0, /mg protein/min. The experiment was calibrated using the oxy-
gen content of air saturated medium of 425 ngatoms/ml at 28°C
[24].

2.6. Measurement of mitochondrial transmembrane electrical
potential (AW)

The mitochondrial membrane potential was estimated as flu-
orescence changes of safranin [25], recorded in a model Hitachi
F-4010 spectrofluorimeter operating at excitation and emission
wavelengths of 495 and 586 nm, respectively, with slit widths of
5nm. Mitochondria (0.5 mg/ml) were incubated in 2 ml of stan-
dard medium supplemented with 5 wM safranin. After 30 s, 5 mM
succinate was added. After 3 min, when AY¥ was stable, 30 uM
Ca?* was added to the medium and the periods of time until AY
collapse were estimated. Relative changes in membrane potential
were expressed in arbitrary fluorescence units.

2.7. Mitochondrial swelling

Mitochondrial swelling was estimated from the decrease in the
absorbance of the mitochondrial suspension measured at 540 nm in
a Hitachi U-3000 spectrophotometer equipped with magnetic stir-
ring and temperature control (28 °C). Mitochondria were incubated
in the standard incubation medium at 0.5 mg of mitochondrial pro-
tein/ml.
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2.8. Determination of NAD(P) redox state

The oxidation or reduction of pyridine nucleotides in the
mitochondrial suspension was followed in a Hitachi F-4010 spec-
trofluorimeter operating at 366 nm excitation and 450 nm emission
[26]. All incubations were conducted in the presence of cyclosporin
A, an inhibitor of MPT, in order to avoid fluorescence changes sec-
ondary to mitochondrial swelling, release of matrix NAD(P)H, or
inhibition of NAD(P)H transhydrogenase activity due to increased
membrane proton leakage.

2.9. Spleen mononuclear cell (SMC) isolation

Intact cells were isolated from spleen homogenate by the Ficoll-
Hypaque technique [27]. Briefly, three spleens were homogenized
in 13 ml of PBS buffer, laid onto Ficoll-Hypaque solution, and cen-
trifuged at 400 x g for 25 min at temperature. The interface cell
layer was recovered with a large bore Pasteur pipette and washed
twice in PBS buffer, and the cells were counted in a Newbauer
hemocytometer, using trypan blue exclusion to determine cell
viability.

2.10. Reactive oxygen species production

Production of reactive oxygen species by liver mitochondria
was followed by measuring the conversion of Amplex Red (Molec-
ular Probes, Eugene, OR) in the presence of extramitochondrial
horseradish peroxidase, to highly fluorescent resorufin, by H,0,
[28]. Mitochondria (1 mg/ml) were incubated in standard incuba-
tion medium supplemented with 10 WM Amplex Red and 1U/ml
horseradish peroxidase at 28 °C with continuous stirring. Resorufin
fluorescence was measured in a Hitachi F-4010 spectrofluorime-
ter at 563 nm for excitation and 587 nm for emission. Intracellular
ROS generation (SMC 6 x 10° cells/ml) was assessed using 1 WM
dichlorodihydrofluorescein diacetate (H,DCFDA; Molecular Probes
Inc., Eugene, Oregon, USA) according to Garcia-Ruiz et al. [29], at
488 nm for excitation and 525 nm for emission, with a slit width
of 3nm.

2.11. Lipid peroxidation assay

Lipid peroxidation was estimated from thiobarbituric reactive
substances (TBARS) generation and was expressed as malonyl-
dialdehyde concentration [30]. The mitochondrial suspension
(400 w1, 1 mg/ml final concentration) was incubated with 400 pl
of 1% thiobarbituric acid (prepared in 50 mM NaOH), 190 .l of 10%
H3POy4, and 10 w1 BHT 10 mM for 20 min at 90 °C. The thiobarbituric
acid complexes were extracted with 2 ml n-butanol and absorbance
of the extract was measured at 535 nm. Malonyldialdehyde concen-
tration was estimated from £=1.56 x 10°/M cm.

2.12. Determination of Ca®* movements

Variations in free Ca2* concentration were followed by measur-
ing the changes in the absorbance spectrum of the metallochromic
indicator arsenazo III [31], using an SLM Aminco DW2000 spec-
trophotometer at the wavelength pair 675-685nm at 28 °C. The
calibrations were performed by the sequential addition of known
concentrations of EGTA.

2.13. Data analysis
Data from the experiments were analyzed by one-way ANOVA

followed by Tukey’s post-hoc test performed by Origin 7.5 software
(OringinLab Corp., Northampton, MA). When one parameter was

compared between two groups, Student’s t-test was used. Data are
presented as mean +S.D. of at least five experiments conducted
with different preparations.

3. Results

3.1. Plasma cholesterol levels in LDLr—~/~ hypercholesterolemic
mice are not affected by Vimang® and mangiferin treatment

Table 1 shows that total cholesterol levels in LDLr~/~ mice are
elevated by five-fold when compared to control wild type mice. No
statistically significant alterations in plasma cholesterol levels were
observed after treatment of control and LDLr~/~ mice with either
Vimang® (250 mg/kg) or mangiferin (40 mg/kg).

3.2. Vimang® and mangiferin treatment of LDLr~/~ mice correct
their mitochondrial capacity to retain accumulated Ca®* and
sustain membrane potential

Damage to the inner mitochondrial membrane can be assessed
by the classic swelling technique, which monitors the net influx
of the osmotic support associated with a non-specific increase in

Table 1
Plasma cholesterol levels in LDLr~/~ hypercholesterolemic mice treated with
Vimang® or mangiferin

Groups Cholesterol (mg/dl) Cholesterol (mg/dl)
Baseline One week treatment
Untreated LDLr—/~ mice 315 + 14 318 + 34
Vimang® (250 mg/kg) 310 + 16 313 £ 14m
Mangiferin (40 mg/kg) 307 + 14 302 + 11™
Control (wild mice) 66 + 2 64.1 £ 32
Results are expressed as mean+S.D. (n=5).
s not significant (p>0.05) vs. untreated LDLr~/~ mice.
2 Statistical difference at p<0.05.
e
R P SR - |
C
d
E
c
gls
(=]
<
<
T —
150 s b

Fig. 1. In vivo Vimang® and mangiferin supplementations inhibited Ca**-induced
liver mitochondrial swelling in LDL receptor knockout mice. Mouse liver mitochon-
dria (0.5mg/ml) were incubated at 28°C under continuous stirring in standard
medium containing 125 mM sucrose, 65 mM KCl, 2 mM inorganic phosphate, 1 mM
magnesium chloride, 10 mM HEPES buffer (pH 7.2), 30 uM Ca?*, 2 .M rotenone and
5mM succinate as FAD-linked respiratory substrate. Reaction medium contains:
mitochondria isolated from control wild type mice (WT) (line a), from untreated
LDLr~/~ mice (line b), from Vimang®-treated LDLr~/~ mice (line c), from mangiferin-
treated LDLr~/~ mice (line d). Line e represents experimental conditions of line b
plus 1 wM CsA. The downward deflection indicates mitochondrial swelling. Results
are representative of five experiments conducted with independent mitochondrial
preparations. The absorbance at 480 s was: 0.742 £ 0.037 (line a), 0.564 + 0.028 (line
b),0.733 £0.041 (line c)and 0.701 £ 0.017 (line d). Differences statistically significant
(p<0.05) were found between (line a) and (line b), between (line ¢) and (line b) and
between (line d) and (line b). Line ¢ does not differ from line a.
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Fig. 2. Vimang® and mangiferin inhibited Ca?*-induced mitochondrial transmem-
brane electrical potential (A¥) disruption in LDLr~/~ mice. AW was estimated as
described in Section 2 and expressed as arbitrary fluorescence units (AFU). Exper-
imental conditions are described in the legend of Fig. 1, except that safranine
(10 wM) was added to the reaction medium. Reaction medium also contains: liver
mitochondria from WT mice (line a), from untreated LDLr—/~ mice (line b), from
Vimang®-treated LDLr~/~ mice (line c), from mangiferin-treated LDLr~/~ mice (line
d). Line e represents experimental conditions of line b plus 1M CsA. Mice liver
mitochondria (MLM 0.5 mg/ml), Ca%* (30 wM) and the uncoupler FCCP (1 wM) were
added as indicated by the arrows. Results are representative of five experiments
conducted with independent mitochondrial preparations. The fluorescence units
at 480s were: 70.51 £5.92 (line a), 227.30 £ 10.26 (line b), 85.69 £ 3.70 (line c) and
142.90 & 12.09 (line d). Differences statistically significant were found between (line
a) and (line b), between (line c) and (line b) and between (line d) and (line b), at
p<0.05 level.

membrane permeability. It was previously shown that liver mito-
chondria from LDLr—/~ mice have an increased susceptibility to Ca%*
dependent permeability transition [10]. Fig. 1 confirms the above
mentioned results as revealed by the large decrease in turbidity of
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Fig. 3. Vimang® and mangiferin treatment prevented Ca?* efflux from LDLr~/~ mice
mitochondria. Ca2* movements were estimated as described in Section 2, using the
specific Ca?* indicator arsenazo Ill (20 wM). Experimental conditions are described
in the legend of Fig. 1. Reaction medium contains: liver mitochondria from WT mice
(line a), from untreated LDLr~/~ mice (line b), from Vimang®-treated LDLr~/~ mice
(line c), from mangiferin-treated LDLr—/~ mice (line d). Line e represents experimen-
tal conditions of line b plus 1 wM CsA. Mice liver mitochondria (MLM 0.5 mg/ml),
Ca?* (three additions of 10 uM each) and the uncoupler FCCP (1 wM) were added as
indicated by the arrows. Results are representative of five experiments conducted
with independent mitochondrial preparations. The values of Aabsorbance at 480 s
were: 0.0141 4 0.0004 (line a), 0.0478 + 0.0002 (line b), 0.0205 £ 0.0005 (line c) and
0.0339+£0.0007 (line d). Differences statistically significant were found between
(line a) and (line b), between (line c) and (line b) and between (line d) and (line b), at
p<0.05 level.
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Fig. 4. Vimang® and mangiferin inhibited H,0, production by the LDL receptor
knockout mice mitochondria, monitored by oxidation of Amplex Red to the fluo-
rescent compound resorufin. Results are expressed as arbitrary fluorescence units
(AFU). MLM (1 mg/ml) from WT (line a), untreated LDLr~/~ mice (line b), Vimang®-
treated LDLr~/~ mice (line ¢) and mangiferin-treated LDLr~/~ mice (line d) were added
to a standard reaction medium containing 10 wM Amplex Red and 1U/ml HRP in
the presence of 100 wM EGTA. MLM were added as indicated by the arrow. Results
are representative of five experiments conducted with independent mitochondrial
preparations. Maximum rates (slopes) of H,O, production (AFU/mg/min) were as
follows: 15.59 & 1.97 (line a), 22.45 + 1.31 (line b), 18.70 & 1.05 (line c) and 20.17 £ 0.76
(line d). Differences statistically significant were found between (line a) and (line b),
between (line b) and (line c) and between (line b) and (line d) at p<0.05 level.

the mitochondrial suspension followed at 540 nm in LDLr~/~ versus
control WT (line b vs. line a). This swelling was associated with A¥
depolarization (Fig. 2, line b vs. line a) and a faster mitochondrial
Ca?* release (Fig. 3, line b vs. line a).

Vimang® treatment almost completely inhibited the swelling
process (Fig. 1, line c) similarly to the protection elicited by the
classic MPT inhibitor cyclosporin A (line e). It also significantly pro-
tected against mitochondrial AY¥ dissipation and calcium efflux
(lines cin Figs. 2 and 3, respectively). Similar protection was elicited
by mangiferin treatment (see lines d in Figs. 1-3), although to a
lesser extend when compared to the Vimang®-treated mice mito-
chondria.

3.3. Vimang® and mangiferin treatments decrease ROS
generation and lipid peroxidation in LDLr~/~ hypercholesterolemic
mice liver mitochondria and spleen lymphocytes

We have shown that MPT is favored by oxidative damage to
membrane proteins [12]. To evaluate the influence of Vimang®
and mangiferin treatment on the LDLr—/~ mice mitochondrial ROS
production, we measured the H,0, released in the medium by
using the Amplex Red assay, in the absence of Ca2* (100 wM EGTA).
Fig. 4 shows that mitochondria from Vimang®-treated LDLr—/~
mice released significantly less hydrogen peroxide than mitochon-
dria from untreated LDLr~/~ mice (line c vs. line b). Mangiferin
treatment also diminished ROS production by mitochondria from
LDLr—~/~ mice (line d). This suggests an important contribution of
this compound to the overall antioxidant effect of the extract.
Accordingly, the lipid peroxidation assay showed a potent inhibi-
tion of TBARS formation in mitochondria from LDLr~/~ mice treated
with Vimang® or mangiferin (p <0.01) (Fig. 5), which is in line with
the inhibition of ROS production.

To ascertain whether the effects of Vimang® extract or
mangiferin were restricted to liver mitochondria, ROS generation
was also measured in whole mononuclear cells isolated from mice
spleen. Fig. 6 shows that, as in liver mitochondria, LDLr~/~ mice
lymphocytes (line b) produce more ROS than cells from control wild
type mice (line a). Vimang® treatment of LDLr~/~ mice reduced ROS
production by 50% (line c). Mangiferin only slightly reduced ROS
production (line d) by LDLr~/~ mice lymphocytes.
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Fig. 5. Vimang® and mangiferin supplementation prevented mitochondrial mem-
brane lipid peroxidation in LDLr~/~ mice. Experimental conditions are described
in the legend of Fig. 4. Mice liver mitochondria (1 mg/ml) were incubated 5 min
in standard medium containing 2 uM rotenone, 5 mM succinate and 100 uM EGTA.
thiobarbituric reactive substances (TBARS) expressed as malonyldialdehyde concen-
tration was determined as described under Section 2. Values represent average of
five independent experiments £S.D. *p <0.01 when comparing WT with untreated
LDLr~/~ mice, #p<0.01 when comparing untreated vs. Vimang® or mangiferin-
treated LDLr~/~ mice.

3.4. Influence of Vimang® and mangiferin treatment on the
LDLr~/= hypercholesterolemic mice mitochondrial NADPH
redox status

It was shown that LDLr—/~ mouse mitochondria were incapable
to sustain a reduced state of matrix NADPH, the main mitochondrial
source of antioxidant defence against ROS, likely due to high rates
of lipogenesis [10]. Thus, we evaluated the influence of Vimang®
treatment on spontaneous NADPH oxidation. Pyridine nucleotide
oxidation was followed fluorometrically under experimental con-
ditions similar to those used in the ROS assays. A time-dependent
decrease in fluorescence of untreated LDLr~/~ mice (Fig. 7, line b)
but not in control WT mice mitochondria (line a) was observed.
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Fig. 6. Generation of reactive oxygen species by whole spleen mononuclear cells
(SMC). Cells from WT (line a), untreated LDLr~/~ mice (line b), Vimang®-treated
LDLr~/~ mice (line c), and mangiferin-treated LDLr~/~ mice (line d), were added
to standard reaction medium containing 1 wM H;DCFDA. Maximum rates (slopes)
of DCF production (nmol/min/2.4 x 108cells) are as follows: 0.12+0.01 (line a),
0.19+£0.02 (line c), 0.25+0.01 (line d), 0.27 +0.01 (line b). Differences statistically
significant were found between (line a) and (line b), and between (line b) and (line
c) at p<0.05 level. Results are representative of five experiments conducted with
independent mitochondrial preparations.

Isocitrate

AFU
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Fig. 7. Spontaneous oxidation of mitochondrial pyridine nucleotides was partially
inhibited in LDLr~/~ mice treated with Vimang® or mangiferin. MLM (1 mg/ml) from
WT (line a), untreated LDLr~/~ mice (line b), Vimang®-treated LDLr~/~ mice (line
¢), and mangiferin-treated LDLr~/~ mice (line d) were added to standard reaction
medium in the presence 100 WM EGTA and 5 uM rotenone. Isocitrate (1 mM) was
added as indicated. Results are representative of five experiments conducted with
independent mitochondrial preparations. The fluorescence units at 420s (before
isocitrate addition) were: 79.42 4 2.59 (line a), 67.76 = 1.52 (line b), 77.79 £ 1.72 (line
c) and 72.82 £ 2.42 (line d). Differences statistically significant were found between
(line a) and (line b), between (line b) and (line c) and between (line d) and (line b), at
p<0.05 level. Line c does not differ from line a.

This fluorescence decrease reflects NADPH oxidation in a man-
ner reversed by isocitrate. Mitochondria from Vimang®-treated
LDLr~/~ mice sustained most of their endogenous NADPH in the
reduced state up to 300s (line c). At the end of the experiment
(6005), Vimang®-treated LDLr~/~ mitochondria conserved more
than 90% of the pyridine nucleotides in the reduced state as esti-
mated by the addition of isocitrate. In liver mitochondria, isocitrate
quickly restores the fluorescence of the LDLr~/~ mitochondria to
the level of controls. Mangiferin treatment (line d) also decreased
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Fig. 8. Vimang® and mangiferin supplementation increased the rate of oxygen
consumption sustained by endogenous substrates of mitochondria isolated from
LDLr~/~ mice. MLM (2.0 mg/ml) from WT mice (line a), untreated LDLr~/~ mice (line
b), Vimang®-treated LDLr~/~ mice (line ¢), and mangiferin-treated LDLr~/~ mice (line
d) were added to standard reaction medium in the presence of 100 WM EGTA and
1 mM ADP. The rates of O, consumption (nmol O, /mg protein/min) were as follows:
6.25 4+ 1.07 (line a), 2.79 + 0.62 (line b), 6.25 £ 1.06 nmol (line c¢), and 3.70 + 0.67 (line
d).Line bis significant different from lines a and cat p < 0.05. Line c does not differ from
line a. Results are representative of five experiments conducted with independent
mitochondrial preparations.
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the spontaneous NADPH oxidation in treated LDLr~/~ mitochondria
although to a lesser extend than Vimang® treatment.

The above results led to the hypothesis that the increase in
the antioxidant capacity of hypercholesterolemic LDLr—/~ mice
mitochondria promoted by the antioxidant supplementation could
spare the endogenous NAD(P)H pool. In order to ascertain this
proposition we measured the rates of respiration supported by
endogenous NAD(P)H-linked substrates in liver mitochondria iso-
lated from control and LDLr~/~ mice. Fig. 8 shows that mitochondria
from untreated LDLr~/~ hypercholesterolemic mice consume O,
at lower rates (line b) than that from WT mice (line a). On the
other hand, in vivo treatment of LDLr~/~ mice with the antioxidant
Vimang® restored the mitochondrial respiration rate to the level
of the control (line c). No significant differences in O, consump-
tion rates were observed when control and LDLr~/~ mitochondria
were assayed in the presence of 1mM isocitrate (results not
shown), showing that the activities of the respective dehydroge-
nases were similar and that the limiting factor in the LDLr~/~
mitochondria respiration was, indeed, the endogenous content
of NAD(P)H-linked substrates. Mangiferin treatment (line d) only
slightly increased mitochondrial O, consumption rate in LDLr—/~
mice.

4. Discussion

There is a large body of evidences linking atherosclerosis with
a number of oxidative events ranging from LDL oxidation to the
production of intracellular ROS (for review see refs. [4,32]). Mito-
chondria can produce large amounts of ROS and play an important
role in the life and death of a cell. Thus, mitochondrial dysfunc-
tion and oxidative damage contribute to a number of diseases,
including atherosclerosis (for review see refs. [33,34]). Previous
experiments provided evidence that higher cholesterol de novo syn-
thesis in the LDLr~/~ mice liver decreases mitochondrial NADPH
reducing equivalents [10,11], thus increasing the mitochondrial
susceptibility to oxidative stress and MPT [10,12]. Although inhi-
bition of cholesterol synthesis by statins treatment seemed to be
the ideal strategy to correct the lower mitochondria antioxidant
defence in the LDLr~/~ mice, we showed that statins worsened the
condition of MPT in their liver and skeletal muscle mitochondria
[13]. Therefore, we turned our attention to an alternative mito-
chondrial targeted antioxidant strategy. The present study shows
that the administration of either M. indica L. extract (Vimang®) or
partially purified mangiferin fraction in vivo to the LDLr~/~ mice
reduced their mitochondrial oxidative stress and protected against
the organelle susceptibility to permeability transition.

The poor performance of most antioxidant strategies used in
clinical trials to reduce atherosclerosis [34] provides a real chal-
lenge to targeting at oxidative stress associated with this disease.
Pharmacological intervention relying on non-selective antioxi-
dants often appears to be ineffective. A distinction between one
electron (1e) and two electron (2e) oxidants is of particular impor-
tance since most reported trials used species that are solely
effective against 1e-oxidation reactions [32]. We recently demon-
strated that mitochondrial accumulation of H,0,, but not 0,°—,
occurs in the LDLr~/~ mice [11]. This finding highlights the impor-
tance of this 2e-oxidant for atherosclerosis susceptibility. Reactions
involving H,0, are not inhibited by classic antioxidants such as
vitamin E [32]. As a consequence, excess H,O, production would
not be altered by most antioxidant interventions that have been
published so far. In vitro, Vimang® showed a powerful scavenger
activity for both le- (hydroxyl radicals) and 2e- (hypochlorous
acid) oxidants and, in addition, acted as an iron chelator in vitro
([15,16,35], reviewed in ref. [36]) and in vivo [37].

The Vimang® redox-active compounds are probably their
polyphenols. For this class of compounds, beneficial effects on car-
diovascular disease have been described, for instance, in humans
treated with black tea [38]. In addition, limited but positive data
suggest that green tea may inhibit atherogenesis in animal mod-
els [39]. The polyphenol resveratrol found in red wine was shown
to decrease experimental atherosclerosis [40,41]. However, several
phenolic lipid-soluble antioxidants such as probucol and analogs
have provided conflicting results regarding the atherosclerotic
lesion progression in animal model studies (reviewed in refs.
[32,42]).

Previous studies have already shown the antioxidant capacity
of Vimang® and mangiferin in vitro and in vivo. In ischemia-
reperfusion models, Vimang® antioxidant protection was verified
in rat liver and gerbil brain [43,44]. In addition, protection against
induced lipid peroxidation and oxidative damage by Vimang® was
comparable to or higher than that of vitamins C, E, C+E and 3-
carotene in plasma, macrophages, liver, and brain from treated mice
[14].

The amount of mangiferin given to the LDLr—~/~ mice was the
same contained in the Vimang® extract dose. In most of the assays
performed in the present study the protection conferred by the
Vimang® extract was higher than that conferred by the xanthone
mangiferin. Vimang® contains other polyphenols, including pheno-
lic acids (gallic, 3,4-dihydroxy benzoic, and benzoic acids), phenolic
esters (methyl gallate, propyl gallate, propyl benzoate) and flavan-
3-ols (catechin/epicatechin). Green tea catechin derivatives have
shown important antioxidant effects in treated apolipoprotein
E knockout mice which presented decreased early atherosclero-
sis lesion development [45]. Therefore, a possible additive action
between mangiferin and catechin or other polyphenols of Vimang®
may explain the increased efficacy of the extract treatment in rela-
tion to the purified fraction of mangiferin. The combination of these
polyphenols in the extract may have greater ability to reach the
appropriate extracellular and intracellular sites of oxidant stress,
especially mitochondria.

The antioxidant effect of Vimang® was not only limited to the
hepatic tissue, it also reached the spleen lymphocytes, where it
reduced ROS production by about 50%. This finding suggests that
the antioxidant performance of Vimang® in LDLr—/~ mice may tar-
get different organs and tissues, and probably also endothelial cells.
A first metabolizing hepatic step should be considered to explain
the minor effect of mangiferin on the ROS production in lympho-
cytes.

In summary, present results show that Vimang® and mangiferin,
through their ROS scavenging abilities, spared the endogenous
reducing equivalents (NADPH) in LDL receptor knockout mice
mitochondria, which then could support a safe endogenous choles-
terol synthesis without major disturbance of the mitochondrial
glutathione-dependent detoxifying system. Since no reduction in
total plasma cholesterol levels of treated mice were observed,
Vimang® and mangiferin actions can be attributed solely to antiox-
idant mechanisms. Therefore, Vimang® and mangiferin treatments
corrected the LDLr~/~ mice mitochondrial low antioxidant capacity
restoring the organelle redox homeostasis, even with an increased
lipogenesis rate.

Given the recent evidences of the participation of mito-
chondrial oxidative stress in the atherosclerosis development
[10,11,46-48], targeting antioxidants to mitochondria may be
a potential new intervention strategy for cardiovascular dis-
eases. The present data demonstrate the effective bioavail-
ability of Vimang® and mangiferin, and therefore, justify
further research to determine how their long term in vivo
administration would influence the atherosclerosis develop-
ment.
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