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Navarro A, Bandez MJ, Lopez-Cepero JM, Gómez C, Boveris
AD, Cadenas E, Boveris A. High doses of vitamin E improve mito-
chondrial dysfunction in rat hippocampus and frontal cortex upon aging.
Am J Physiol Regul Integr Comp Physiol 300: R827–R834, 2011. First
published November 24, 2010; doi:10.1152/ajpregu.00525.2010.—Rat ag-
ing from 4 to 12 mo was accompanied by hippocampus and frontal
cortex mitochondrial dysfunction, with decreases of 23 to 53% in
tissue and mitochondrial respiration and in the activities of complexes
I and IV and of mitochondrial nitric oxide synthase (mtNOS) (P �
0.02). In aged rats, the two brain areas showed mitochondria with
higher content (35–78%) of oxidation products of phospholipids and
proteins and with higher (59–95%) rates of O2

� and H2O2 production
(P � 0.02). Dietary supplementation with vitamin E (2.0 or 5.0 g/kg
of food) from 9 to 12 mo of rat age, restored in a dose-dependent
manner, the decreases in tissue and mitochondrial respiration (to
90–96%) and complexes I and IV and mtNOS activities (to 86–88%)
of the values of 4-mo-old rats (P � 0.02). Vitamin E prevented, by
73–80%, the increases in oxidation products, and by 62–68%, the
increases in O2

� and H2O2 production (P � 0.05). High resolution
histochemistry of cytochrome oxidase in the hippocampal CA1 region
showed higher staining in vitamin E-treated rats than in control
animals. Aging decreased (19%) hippocampus mitochondrial mass, an
effect that was restored by vitamin E. High doses of vitamin E seem
to sustain mitochondrial biogenesis in synaptic areas.

brain aging; complex I syndrome; antioxidant protection; hippocam-
pus aging; frontal cortex aging

THE MORE IMPORTANT SYNAPTIC areas (i.e., the gray matter) of
mammalian brain in terms of volume are cerebral cortex,
hippocampus, cerebellum, and striatum. Other gray matter
formations (about 35 in each brain hemisphere) are much
smaller in size. In the rat, the four mentioned gray matter main
areas provide enough tissue for subcellular fractionation (19,
25) and for the determination of enzyme activities and of
biochemical composition (9). The heterogeneity of organiza-
tion, function, and biochemical mechanisms involved in brain
physiology and homeostasis point out to the convenience of
studies performed in defined brain areas. The mammalian
cerebral cortex is the outermost layer that covers the surface of
cerebral hemispheres, and the one corresponding to the frontal

area, the frontal cortex, is the site for memory and environ-
mental and self awareness. In humans, frontal cortex includes
the specialized areas for language and thought. Hippocampus
is the median and bilateral formation of the temporal lobe with
memory and cognitive functions and is the brain area that is
first damaged in Alzheimer’s disease patients associated with
memory loss and disorientation. Both, cerebral cortex and
hippocampus are known to undergo metabolic and morpholog-
ical atrophy during aging in rats and in humans (13, 14).
Recently, we have reported a mitochondrial dysfunction in rat
hippocampus and frontal cortex associated with oxidative dam-
age upon aging (25). The study was performed in rats aged 4,
12, and 20 mo with determinations of mitochondrial respira-
tion, of the enzymatic activities of respiratory complexes and
of mitochondrial nitric oxide synthase (mtNOS) in parallel
with the determination of the content of oxidation products of
proteins and phospholipids, as protein carbonyls and thiobar-
bituric reactive substance (TBARS) in whole brain, frontal
cortex, and hippocampus. In the three brain preparations,
respiration and enzymatic activities decreased and oxidation
products increased upon aging. Interestingly, the changes
were more marked in hippocampus than in frontal cortex,
and both were greater than in whole brain. It is then clear
that hippocampus and frontal cortex are rat brain areas
sensitive to aging in terms of mitochondrial impairment and
of oxidative damage, two phenomena that are considered
direct causes of a progressively higher rate of apoptosis and
of organ atrophy in aging (25).

Our research group also reported a beneficial effect of high
doses of vitamin E (5.0 g/kg of food) in aging mice, such as
better respiratory functions of whole brain mitochondria in
parallel with better performances in neuromuscular coordina-
tion and exploratory activities and with an increased survival.
Improvements were in the range of 40% for median life span,
24–28% for the performances in the tightrope and T-maze
tests, and 40–66% for respiratory and enzymatic activities
(24). The rates of electron transfer in complex I and IV
correlated positively with successes in the behavioral tests and
with life span, suggesting a rate-limiting role for mitochondrial
electron transfer and energy generation in brain physiological
activity. Such previous observations prompted us to assay the
effects of vitamin E (at 2.0 and 5.0 g/kg of food) in rat brain in
the sensitive areas of hippocampus and frontal cortex, consid-
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ering as control the effects of aging from 4 to 12 mo of rat age,
and as the experimental groups the animals fed the two doses
of vitamin E from 9 to 12 mo of age, i.e., during 3 mo, a period
that approximately corresponds to three brain mitochondria
turnover times (t1/2 � 30 days) (29).

The aim of this work was to confirm the beneficial effects of
high doses of vitamin E in rodent brain mitochondrial function
(22) in the age-sensitive areas of rat hippocampus and frontal
cortex (23).

MATERIALS AND METHODS

Animals. Male Wistar rats were fed a standard laboratory animal
food (255 � 11 and 486 � 15 g, A04 diet; Panlab LS, Barcelona,
Spain) containing 30 mg �-tocopherol/kg of food (24), from 4 to 9 mo
of age. Control animals were kept on the same diet from 9 to 12 mo
of age. Vitamin E-supplemented animals received either 2.0 or 5.0 g
l-RRR-�-tocopherol acetate/kg of food from 9 to 12 mo of age. At the
end point of 12 mo the rat weights were: controls, 572 � 14 g; vitamin
E at 2.0 g/kg, 580 � 10 g; and vitamin E at 5.0 g/kg, 575 � 12 g.
Control groups (4 and 12 mo) consisted of 30 rats per each group: six
rats for whole brain, and 24 rats for brain cortex and hippocampus in
pools of four rats. Vitamin E-supplemented groups consisted of 26
rats. Six rats were used to obtain whole brain and 20 rats for the
samples of frontal cortex and hippocampus. The animals were grown
at the Department of Experimental Animals of the University of
Cadiz, housed in groups of three rats per cage and kept at 22 � 2°C
with 12:12-h light-dark cycles and with full access to water and food.
Experiments were carried out in accordance with the Guiding Princi-
ples for Research Involving Animals and Human Beings of the
American Physiological Society, the Guidelines of the European
Union Council (86/609/CEE), and the Spanish regulations (BOE
67/8509-12, 1988) for laboratory animals, and were approved by the
Scientific Committee of the University of Cádiz.

Surgical procedure. Rats were killed by decapitation, and the
frontal cortex and hippocampus were removed by the Lopez-Cepero
and Navarro surgical procedure (25) that yielded 158 � 8 and 167 �
9 mg of hippocampi per rat of 4- and 12-mo-old rats. The excised
frontal cortex gave 390 � 15 and 595 � 18 mg per rat of 4- and
12-mo-old rats. Both brain areas were rapidly washed and immersed
in 230 mM mannitol, 70 mM sucrose, 1.0 mM EDTA, and 10 mM
Tris·HCl, pH 7.4, at 0°C as previously described (25).

Frontal cortex and hippocampus tissue oxygen consumption. Fron-
tal cortex and hippocampus were sectioned in 1-mm3 cubes, and the

O2 uptake of 6–8 cubes was determined polarographically with a
Clark electrode (Hansatech Instruments) in a 1.5-ml chamber at 30°C,
in an air-saturated Krebs medium consisting of: 118 mM NaCl, 4.7
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 25 mM
NaHCO3, and 5.5 mM glucose, pH 7.3. Respiration was linear with
the number of cubes (tissue mass) and during the initial 3–10 min of
the measurement and is expressed in ng-at O/min � g tissue (22).

Isolation of mitochondria. Pools of four rats were used for hip-
pocampus and frontal cortex and one rat for whole brain. Mitochon-
dria were isolated from tissues homogenized in 230 mM mannitol, 70
mM sucrose, 1.0 mM EDTA, and 10 mM Tris·HCl, pH 7.40, at a ratio
of 9 ml of homogenization medium/g of tissue in a Potter homoge-
nizer with a Teflon pestle by conventional centrifugation as described
before (21, 23, 25, 26). Hippocampal and frontal cortex mitochondria

Table 1. Effect of vitamin E on tissue respiration of rat
hippocampus and frontal cortex upon aging

Condition/Tissue
Oxygen Uptake, ng-at

O/min � g tissue

Control rats, 4 mo
Hippocampus 1,003 � 22 (100%)
Frontal cortex 1,004 � 21 (100%)

Control rats, 12 mo
Hippocampus 709 � 18* (71%)
Frontal cortex 772 � 18* (77%)

Rats, 12 mo, with vitamin E: 2.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 912 � 20† (91%)
Frontal cortex 906 � 19† (90%)

Rats, 12 mo, with vitamin E: 5.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 963 � 21† (96%)
Frontal cortex 944 � 21† (94%)

Values are means � SE. *P � 0.001, 12-mo-old compared with 4-mo-old
rats; †P � 0.001, vitamin E compared with control animals at 12 mo of age.
ANOVA parameters: F(7,43) � 28.2, P � 0.0001.

Table 2. Effects of vitamin E on the respiration
of mitochondria isolated from hippocampus, frontal cortex,
and whole brain upon rat aging

Condition/Tissue

Oxygen Uptake, ng-at
O/min � mg protein

Respiratory
ControlState 4 State 3

Substrate: malate-glutamate
Control rats, 4 mo

Hippocampus 24 � 2 103 � 7 (100%) 4.3 � 0.2
Frontal cortex 24 � 2 132 � 7 (100%) 5.5 � 0.3
Whole brain 24 � 2 133 � 9 (100%) 5.6 � 0.3

Control rats, 12 mo
Hippocampus 24 � 2 65 � 6* (63%) 2.7 � 0.2*
Frontal cortex 23 � 2 94 � 8* (71%) 4.1 � 0.2*
Whole brain 23 � 2 109 � 9* (81%) 4.7 � 0.3*

Rats, 12 mo, with vitamin E: 2.0
g �-tocopherol acetate/kg
food for 3 mo

Hippocampus 23 � 2 94 � 7† (92%) 4.1 � 0.2†
Frontal cortex 23 � 2 119 � 7† (90%) 5.2 � 0.2†
Whole brain 23 � 2 118 � 8 (88%) 5.1 � 0.3

Rats, 12 mo, with vitamin E: 5.0
g �-tocopherol acetate/kg
food for 3 mo

Hippocampus 23 � 2 100 � 9† (96%) 4.4 � 0.2†
Frontal cortex 23 � 2 125 � 8† (95%) 5.5 � 0.3†
Whole brain 23 � 2† 124 � 9† (92%) 5.4 � 0.4

Substrate: succinate
Control rats, 4 mo

Hippocampus 44 � 3 180 � 10 (100%) 4.1 � 0.2
Frontal cortex 45 � 3 189 � 10 (100%) 4.3 � 0.3
Whole brain 47 � 4 199 � 11 (100%) 4.3 � 0.4

Control rats, 12 mo
Hippocampus 43 � 4 135 � 8* (75%) 3.3 � 0.2*
Frontal cortex 46 � 3 151 � 9* (80%) 3.4 � 0.2*
Whole brain 46 � 4 170 � 11* (85%) 3.8 � 0.3

Rats, 12 mo, with vitamin E: 2.0
g �-tocopherol acetate/kg
food for 3 mo

Hippocampus 44 � 4 163 � 10 (90%) 3.7 � 0.2
Frontal cortex 45 � 4 174 � 10 (92%) 3.9 � 0.2
Whole brain 46 � 4 185 � 11 (93%) 4.0 � 0.3

Rats, 12 mo, with vitamin E: 5.0
g �-tocopherol acetate/kg
food for 3 mo

Hippocampus 43 � 4 174 � 9† (97%) 4.1 � 0.2†
Frontal cortex 46 � 4 182 � 9† (97%) 4.1 � 0.2†
Whole brain 45 � 3 192 � 10 (96%) 4.3 � 0.2

Values are means � SE. *P � 0.02, 12-mo-old compared with 4-mo-old
rats; †P � 0.02, rats with vitamin E compared with control animals at 12 mo
of age. ANOVA parameters: 1) for malate-glutamate: state 4, F(11,67) � 0.11,
not significant (NS); state 3, F(11,67) � 6.3, P � 0.0001; respiratory control,
F(11,67) � 10.8, P � 0.0001; 2) for succinate: state 4, F(11,67) � 0.11, NS; state
3, F(11,67) � 3.1, P � 0.05; respiratory control, F(11,67) � 2.4, P � 0.05.
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had 0.24 � 0.01 and 0.22 � 0.01 nmol cytochrome aa3/mg protein in
agreement with the classical procedure for isolation of rat brain
mitochondria (2). Other procedures were performed as described (25).

Mitochondrial oxygen uptake and mtNOS functional activity. Mi-
tochondrial O2 uptake was measured with a Clark electrode in a
1.5-ml chamber at 30°C in an air-saturated reaction medium consist-
ing of 230 mM mannitol, 70 mM sucrose, 20 mM Tris·HCl, pH 7.40,
1.0 mM EDTA, 5.0 mM phosphate, 4.0 mM MgCl2, and 0.5–0.7 mg
mitochondrial protein/ml, at pH 7.40 (7) as described before (25).
Respiratory rates and respiratory control ratios were determined as
described before (25). mtNOS functional activity was assayed by the
determination of the difference between the rates of state 3 respiration
in the presence of 1) arginine and Cu,Zn-SOD (a) and 2) the NOS
inhibitor L-NAME and of hemoglobin (b), as described before (25).
The difference in oxygen uptake of a�b gives the mtNOS func-
tional activity in inhibiting cytochrome oxidase activity and res-
piration (24, 38).

Mitochondrial electron transfer activities. The enzyme activities of
complexes I, II, and IV were determined spectrophotometrically at
30°C as previously described (23, 25, 26).

Brain mitochondrial content. The content of mitochondria (mito-
chondrial mass) in rat brain preparations was calculated from the ratio
of the activities of cytochrome oxidase in homogenates and in isolated
mitochondria and expressed as milligram of mitochondrial protein per
gram brain cortex (22, 27, 32).

Spectrophotometric determination of mtNOS activity. Mitochon-
drial NO production was determined by the oxyhemoglobin (HbO2)
oxidation assay at 30°C (6) in the experimental conditions previously
described (25).

Quantification of O2
� production. The superoxide anion-dependent

oxidation of epinephrine to adrenochrome (20) was determined in
mitochondrial fragments by following the spectrophotometric changes
at 485–575 nm (ε � 2.96 mM�1·cm�1) at 30°C (spectrophotometer
8453; Agilent, Palo Alto, CA). The reaction medium consisted of 0.23
M mannitol, 0.07 M sucrose, 30 mM Tris·HCl (pH 7.4), 0.5–0.8 mg
protein/ml, 20 �M NADH, 1 �M rotenone; 0.1 �M catalase, and 1
mM epinephrine. As a control of assay specificity, 2 �M Cu,Zn-SOD
inhibited the reaction over 92%.

Determination of hydrogen peroxide generation. Production of
H2O2 was determined in mitochondria (0.3–0.5 mg protein/ml) by the

scopoletin-horseradish peroxidase (HRP) method, following the de-
crease in fluorescence intensity at 365–450 nm (�exc-�em) at 30°C
(5). The reaction mixture contained 0.23 M mannitol, 0.07 M sucrose,
30 mM Tris·HCl (pH 7.4), 0.8 �M HRP, 1 �M scopoletin, 20 �M
NADH, 1 �M rotenone, and 0.3 �M Cu,Zn-SOD.

Biochemical markers of oxidative damage. Protein carbonyls and
TBARS were determined in mitochondrial membranes by the assays
of Fraga et al. (15) and Oliver et al. (28), modified as described (21)
and expressed in nanomoles per milligram of mitochondrial protein.
Although both assays are not specific, they have been useful in our
experience, and their increases, taken as oxidative damage, correlate
with the loss of mitochondrial enzymatic activities (21).

Histochemical determination of complex IV. One control and one
vitamin E-supplemented hippocampal samples were simultaneously
processed. Complex IV was assayed by the classical diaminobenzi-
dine Seligman’s method (37) with heavy metal intensification fol-
lowed by enhancement with ammoniacal silver (25, 36). A silver
carbonate solution was used for 1 min at room temperature on floating
sections, then washed and reduced in neutral 10% formaldehyde
followed by gold toning (0.166 mg gold chloride/100 ml) for 10 min
followed by hyposulfite fixation and washing. High-resolution digital
microphotographs were obtained at �100 with an immersion objec-
tive in a Nikon Optiphot-2 microscope with a DXM1200F digital
camera. Each microscopic field was imaged as a z-stack series and
used to reconstruct a stereopair image of mitochondrial distribution.
Single z-planes were surface-plotted as 3D images to visualize mito-
chondrial size and density distribution. Image processing and analysis
were performed with Image-J software (National Institutes of Health,
Bethesda, MD) (1).

Statistics. The differences between groups were analyzed by the
Student-Newman-Keuls as post hoc test after significant one-way
ANOVA. A P value of � 0.05 was considered statistically significant.
Statistical analyses were carried out using the statistical package SPSS
11.5 for Windows.

RESULTS

Rat aging from 4 mo (young adult) to 12 mo of age (old
adult) was associated with a clear (23–29%) decrease in tissue
respiration in hippocampus and frontal cortex (Table 1). Di-

Table 3. Effects of vitamin E on the enzymatic activity of mitochondrial complexes I, II, and IV and the enzymatic activity of
mitochondrial nitric oxide synthase (mtNOS) in mitochondria isolated from hippocampus, frontal cortex, and whole brain
upon rat aging

Condition/Tissue Complex I Complex II Complex IV mtNOS

Control rats, 4 mo
Hippocampus 300 � 13 (100%) 119 � 9 180 � 9 (100%) 2.20 � 0.05 (100%)
Frontal cortex 320 � 12 (100%) 125 � 9 133 � 9 (100%) 1.50 � 0.06 (100%)
Whole brain 324 � 14 (100%) 122 � 9 152 � 9 (100%) 1.50 � 0.06 (100%)

Control rats, 12 mo
Hippocampus 162 � 8* (54%) 115 � 9 85 � 8* (47%) 1.42 � 0.06* (69%)
Frontal cortex 246 � 9* (77%) 119 � 9 96 � 8* (72%) 1.14 � 0.04* (76%)
Whole brain 259 � 11* (80%) 129 � 9 105 � 9* (69%) 1.08 � 0.04* (72%)

Rats, 12 mo, with vitamin E: 2.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 270 � 9† (90%) 117 � 9 127 � 9† (71%) 1.90 � 0.04† (86%)
Frontal cortex 272 � 10 (85%) 118 � 9 100 � 9 (75%) 1.23 � 0.04 (82%)
Whole brain 259 � 12 (80%) 124 � 9 110 � 9 (72%) 1.25 � 0.04† (83%)

Rats, 12 mo, with vitamin E: 5.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 285 � 12† (95%) 121 � 9 190 � 9† (105%) 2.05 � 0.07† (93%)
Frontal cortex 294 � 13† (92%) 118 � 9 120 � 9† (90%) 1.33 � 0.04† (89%)
Whole brain 288 � 12 (89%) 125 � 9 134 � 9† (88%) 1.31 � 0.05† (87%)

Values are means � SE. Complex I, complex II, and complex IV activities are expressed in nmol cytochrome c (reduced or oxidized)/min � mg protein;
mtNOS expressed in nmol NO/min � mg protein. *P � 0.02, 12-mo-old compared with 4-mo-old rats; †P � 0.02, rats with vitamin E compared with control
rats at 12 mo of age. ANOVA parameters: complex I, F(11,67) � 14.3, P � 0.0001; complex II, F(11,67) � 0.3, NS; complex IV, F(11,67) � 13.8, P � 0.0001;
and mtNOS, F(11,67) � 47.5, P � 0.0001.
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etary supplementation with high doses of vitamin E during 3
mo (from 9 to 12 mo of age) was effective in preventing the
decrease in hippocampus and frontal cortex respiration. Vita-
min E, at 2.0 and 5.0 g/kg of food, restored hippocampus
respiration to 94 and 96% and frontal cortex respiration to 90
and 91% of the corresponding tissue respiration in young
(4-mo-old) rats.

Similarly, rat aging from 4 to 12 mo showed a clear (29–
27%) decrease in the state 3 rate of mitochondrial O2 uptake,
the condition of active respiration and ATP synthesis, in
hippocampal and frontal cortex mitochondria with malate-
glutamate as substrate (Table 2) in agreement with our previ-
ous report (25). The dietary supplementation with vitamin E
was effective in preventing the decrease in mitochondrial
respiration in state 3: at 2.0 and 5.0 g/kg of food, hippocampal
mitochondrial respiration was at 92 and 96% of the values for

young rats, and frontal cortex mitochondrial respiration was at
90 and 95% of the rates for 4-mo-old rats (Table 2). Hippocam-
pal and frontal cortex mitochondria were more sensitive than
whole brain mitochondria to the inhibitory effect of aging and
to the restoration due to vitamin E effect (Table 2). Although
similar, the phenomena were less marked with succinate as
substrate (Table 2), implying that complex I (NADH-ubiqui-
none reductase) is the selectively most sensitive target for both
aging-associated damage and vitamin E restoration.

The selective impairment of complex I and the protective
effect of vitamin E were confirmed by direct determination of
complex I activity; the 53 and 35% decreased activity of
complex I associated with aging in hippocampal and frontal
cortex mitochondria was effectively restored by vitamin E
supplementation with conservation of the enzymatic activities
to 95 and 96% of the level of young animals (Table 3).

Fig. 1. Mitochondrial distribution in the stratum radiatum neuropil of the CA1 hippocampus region. Cytochrome oxidase histochemistry with silver enhancement
of diaminobenzidine deposits. Stratum radiatum of CA1 hippocampal field (1) of a 12-mo-old control rat. Z-projection of a z-stack shows mitochondria and 2
endothelial oval cell bodies (center). Sample areas are selected. A single-focused z-plane (2) makes an optical dissection showing focused and over/under focused
organelles in an 8-bit image. Organelle resolution is assessed by surface plotting of gray levels (3) from the square selected area in (2). The same sampling area
is shown (4) and include a few thousand mitochondria. Two stereo pairs from 12-mo-old control animals (5) and the same age vitamin E supplemented rats
(6) show subtle differences in mitochondrial size, reactivity, and spatial pattern. Single-focused z-planes from each of the above fields are imaged as
surface plots in 7 and 8. Control rats show a relatively low-stained, small-sized mitochondria (7), and vitamin E-supplemented rats show increased staining
in size and density (8).
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Similarly, complex IV (cytochrome oxidase) and mtNOS
activities of hippocampal and frontal cortex mitochondria were
decreased in the aging process by 23 and 46% and the enzy-
matic activities were largely (85–95%) restored by vitamin E
supplementation (Table 3).

These two effects, impairing effect of aging and beneficial
effects of vitamin E in the hippocampus were also supported by
the histochemical determination of cytochrome oxidase activ-
ity. The Seligman’s histochemical method with silver enhance-
ment was able to show, at single-organelle resolution, that the
neuropil in striatum radiatum exhibits mainly synaptic mito-
chondria that are homogeneous and with reduced size in
control 12-mo-old rats, whereas that the same organelles show
a greater cytochrome oxidase histochemical reactivity with
higher staining and size variation in vitamin E-supplemented
animals (Fig. 1, see Fig. 1 legend and plates 7 and 8), in
agreement with the direct determination of biochemical cyto-
chrome oxidase activity described in Table 3.

Again, the two above-mentioned effects, impairing effect of
aging and beneficial effects of vitamin E, were observed in
mtNOS functional activity in hippocampal and frontal cortex
mitochondria with malate-glutamate as substrate (Table 4).

Vitamin E supplementation for 3 mo (from 9 to 12 mo of
age) was also able to restore the content of oxidation
products (TBARS and protein carbonyls) observed in mito-
chondria from hippocampus and frontal cortex of rats 4 mo
of age (Table 5).

The production of superoxide radical and hydrogen peroxide
was assayed in mitochondrial fragments in the presence of
NADH and rotenone, a condition that allows the determination
of the specific production of both species by complex I (10).
Rat aging produced a marked increase, in the range of 30–
95%, in the generation of O2

� and H2O2, by complex I in the
three mitochondrial preparations (hippocampus, frontal cortex,
and whole brain). Vitamin E was effective in restoring the
activities to values close to the ones of young rats.

A determination of the mitochondrial mass in the two brain
areas and in the whole brain upon aging showed that only the
hippocampus showed a significant decrease (19%) in mito-
chondrial mass upon aging (from 11.1 to 9.0 mg protein/g
hippocampus) (Table 7). Vitamin E supplementation for 3 mo
at 2.0 and 5.0 g/kg was able to restore hippocampal mitochon-
drial mass to 9.6 and 11.0 mg/g hippocampus (Table 7).

Table 4. Effect of vitamin E on the mtNOS functional activity of hippocampal and frontal cortex mitochondria
upon rat aging

Condition/Tissue

Oxygen Uptake, ng-at O/min � mg protein
mtNOS Functional Activity, ng-at

O/min � mg protein (c–b)State 3 (a) State 3 	 arginine (b) State 3 	 L-NAME (c)

Control rats, 4 mo
Hippocampus 103 � 7 85 � 7 131 � 10 46 � 4 (100%)
Frontal cortex 132 � 7 120 � 9 164 � 11 44 � 5 (100%)
Whole brain 135 � 8 124 � 9 178 � 10 54 � 4 (100%)

Control rats, 12 mo
Hippocampus 65 � 6 62 � 6 84 � 8 22 � 3* (48%)
Frontal cortex 94 � 8 84 � 7 111 � 9 27 � 2* (61%)
Whole brain 109 � 7 98 � 8 140 � 10 42 � 5* (78%)

Rats, 12 mo, with vitamin E: 2.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 94 � 7 78 � 8 108 � 8 30 � 3 (65%)
Frontal cortex 119 � 7 93 � 8 131 � 9 38 � 4† (86%)
Whole brain 118 � 8 92 � 8 132 � 9 40 � 4 (74%)

Rats, 12 mo, with vitamin E: 5.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 100 � 8 84 � 8 129 � 9 45 � 4† (98%)
Frontal cortex 125 � 9 114 � 9 154 � 10 40 � 4† (91%)
Whole brain 124 � 9 113 � 9 160 � 10 47 � 4 (87%)

Values are means � SE. L-NAME, NG-nitro-L-arginine methyl ester. *P � 0.02, mtNOS functional activity of 12-mo-old compared with 4-mo-old rats; †P �
0.02, mtNOS functional activity from rats with vitamin E compared with control rats at 12 mo of age. ANOVA parameter: mtNOS F(11,67) � 6.5, P � 0.0001.

Table 5. Effects of vitamin E on the content of phospholipid
and protein oxidation products in mitochondria isolated
from hippocampus and frontal cortex upon rat aging

Condition/Tissue Phospholipid Oxidation Protein Carbonyls

Control rats, 4 mo
Hippocampus 1.4 � 0.2 (100%) 18 � 1 (100%)
Frontal cortex 1.4 � 0.2 (100%) 29 � 3 (100%)
Whole brain 1.3 � 0.2 (100%) 20 � 2 (100%)

Control rats, 12 mo
Hippocampus 2.1 � 0.2* (150%) 32 � 3* (178%)
Frontal cortex 2.0 � 0.2* (143%) 39 � 3* (134%)
Whole brain 1.8 � 0.2* (138%) 30 � 2* (150%)

Rats, 12 mo, with vitamin E: 2.0
g �-tocopherol acetate/kg
food during 3 mo

Hippocampus 1.5 � 0.2 (107%) 25 � 2 (139%)
Frontal cortex 1.7 � 0.2 (121%) 35 � 3† (121%)
Whole brain 1.4 � 0.2 (108%) 26 � 2 (130%)

Rats, 12 mo, with vitamin E: 5.0
g �-tocopherol acetate/kg
food during 3 mo

Hippocampus 1.4 � 0.2† (100%) 19 � 1† (106%)
Frontal cortex 1.5 � 0.2† (107%) 30 � 3† (103%)
Whole brain 1.4 � 0.2 (108%) 23 � 2 (115%)

Values are means � SE. *P � 0.02, 12-mo-old as compared with 4-mo-old
rats; †P � 0.02, rats with vitamin E compared with control rats at 12 mo of
age. Phospholipid oxidation as thiobarbituric reactive substance (TBARS).
ANOVA parameters: TBARS, F(11,67) � 1.9, P � 0.05; protein carbonyls,
F(11,67) � 46.7, P � 0.0001.
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DISCUSSION

Isolation of frontal cortex and hippocampal mitochondria is
a recent achievement (25) considering the 485 � 20 mg of
frontal cortex and the 175 � 20 mg of left and right hip-
pocampi obtained from a single rat. The hippocampal and
frontal cortex preparations are comparable in terms of mito-

chondrial quality, i.e., the rate of state 3 respiration and the
respiratory control ratio, to the classic and reference values for
rat whole brain mitochondria (12). Upon aging, frontal cortex
and hippocampal mitochondria show a decreased rate of res-
piration, especially marked with NAD-dependent substrates,
and decreased enzymatic activities of complexes I and IV
associated with an increase in the content of oxidation products
(TBARS and protein carbonyls) (25). Of course, cell fraction-
ation of frontal cerebral cortex and hippocampus does not
discriminate between neurons and glia and fails to provide an
identification of the described mitochondrial impairment with
the fine and selective age-associated damage in the pyramidal
neurons. However, the preparations of hippocampal and frontal
cortex mitochondria are constituted by a majority of neuronal
soma mitochondria with a minor fraction of axonal mitochon-
dria and are highly efficient in identifying a tissue mitochon-
drial failure associated with a higher content of phospholipid
and protein oxidation products.

The impairment of mitochondrial respiration observed in
hippocampus, frontal cortex, and whole brain could be ex-
plained by an oxidative modification of electron transfer at
complex I that leads to a loss of mitochondrial respiratory
function. It is currently accepted that mitochondrial complex I
is particularly sensitive to inactivation by oxygen free radicals
and reactive nitrogen species. This special characteristic is
frequently referred as complex I syndrome, with the symptoms
of reduced mitochondrial respiration with malate-glutamate
and ADP and of reduced complex I activity. This complex I
syndrome has been observed in aging (8), in ischemia-reper-
fusion (16), in Parkinson’s disease, and in other neurodegen-
erative diseases (11, 22, 33–35), and in this study, with the
addition of the increased rates of production of O2

� and H2O2

by complex I.
The molecular mechanism involved in the inactivation of

complex I is likely accounted for by the sum of ONOO�

Table 6. Effect of vitamin E on the production of superoxide
radical and hydrogen peroxide by complex I (NADH-
and rotenone-supplemented) in hippocampal, frontal cortex,
and whole brain mitochondrial fragments upon rat aging

Age/Tissue

Superoxide Radical,
nmol O2

�/min � mg
protein

Hydrogen Peroxide,
nmol H2O2/min � mg

protein

Control rats, 4 mo
Hippocampus 1.7 � 0.2 (100%) 0.71 � 0.06 (100%)
Frontal cortex 1.8 � 0.2 (100%) 0.78 � 0.06 (100%)
Whole brain 2.1 � 0.2 (100%) 0.82 � 0.06 (100%)

Control rats, 12 mo
Hippocampus 3.3 � 0.2* (194%) 1.41 � 0.09* (199%)
Frontal cortex 3.5 � 0.2* (195%) 1.24 � 0.08* (159%)
Whole brain 2.7 � 0.2* (129%) 1.07 � 0.07* (130%)

Rats, 12 mo, with vitamin E: 2.0
g �-tocopherol acetate/kg
food during 3 mo

Hippocampus 2.8 � 0.2† (165%) 0.96 � 0.07† (135%)
Frontal cortex 2.9 � 0.2† (161%) 0.97 � 0.08† (124%)
Whole brain 2.5 � 0.2 (119%) 0.93 � 0.08 (113%)

Rats, 12 mo, with vitamin E: 5.0
g �-tocopherol acetate/kg
food during 3 mo

Hippocampus 1.9 � 0.2† (112%) 0.80 � 0.06† (113%)
Frontal cortex 2.5 � 0.2† (139%) 0.87 � 0.08† (112%)
Whole brain 2.3 � 0.2† (110%) 0.87 � 0.07† (106%)

Values are means � SE. *P � 0.02, 12-mo-old compared with 4-mo-old
rats; †P � 0.05, rats with vitamin E compared with control rats at 12 mo of
age. ANOVA parameters: superoxide radical, F(11,67) � 9.2, P � 0.0001;
hydrogen peroxide, F(11,67) � 7.9, P � 0.0001.

Table 7. Effect of vitamin E on the mitochondrial content (mitochondrial mass) of hippocampus, frontal cortex, and whole
brain upon rat aging

Condition/Tissue

Cytochrome Oxidase Activity

Mitochondrial Mass, mg
protein/g organ

Homogenate, nmol cyt
c2	/min � g organ

Mitochondria, nmol cyt
c2	/min � mg protein

Control rats, 4 mo
Hippocampus 1,998 � 118 180 � 9 11.1 � 0.4 (100%)
Frontal cortex 1,835 � 110 133 � 9 13.8 � 0.4 (100%)
Whole brain 1,702 � 110 152 � 9 11.2 � 0.4 (100%)

Control rats, 12 mo
Hippocampus 765 � 72 85 � 8 9.0 � 0.4* (81%)
Frontal cortex 1,300 � 100 96 � 8 13.5 � 0.4 (98%)
Whole brain 1,165 � 91 105 � 9 11.1 � 0.4 (99%)

Rats, 12 mo, with vitamin E: 2.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 1,219 � 90 127 � 9 9.7 � 0.4 (87%)
Frontal cortex 1,360 � 90 100 � 9 13.6 � 0.4 (99%)
Whole brain 1,220 � 90 110 � 9 11.0 � 0.4 (98%)

Rats, 12 mo, with vitamin E: 5.0 g �-tocopherol
acetate/kg food during 3 mo

Hippocampus 2,090 � 130† 190 � 9† 11.0 � 0.4† (99%)
Frontal cortex 1,644 � 110 120 � 9 13.7 � 0.4 (99%)
Whole brain 1,502 � 110 134 � 9 11.2 � 0.4 (100%)

Values are means � SE. Tissue mitochondrial mass was calculated from the ratios of cytochrome oxidase activities in the homogenate and in isolated
mitochondria. *P � 0.05, 12-mo-old compared with 4-mo-old rats; †P � 0.05, rats with vitamin E compared with control animals at 12 mo of age. ANOVA
parameter for mitochondrial mass F(11,67) � 16.0, P � 0.001.
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mediated reactions, reactions with the free radicals intermedi-
ates of the lipid peroxidation process (mainly ROO·), and
amine-aldehyde adduction reactions. It is now understood that
the three process above mentioned alter the native noncovalent
polypeptide interactions of complex I and promote synergisti-
cally protein damage and inactivation by shifting the nonco-
valent bonding to covalent cross linking (18). Complex I
oxidative protein damage has also been considered the result of
protein modification by reaction with malonaldehyde and
4-HO-nonenal (18, 30). It may be hypothesized that protein
damage in the subunits of complexes I and IV follows to free
radical-mediated cross-linking and inactivation. The subunits
that are normally held together by noncovalent forces are
shifted to covalent cross-linking after reaction with the hy-
droperoxyl radicals (ROO·) and the stable aldehydes produced
during the lipid peroxidation process.

The hypothesis that cumulative free radical-mediated protein
damage is the chemical basis of respiratory complexes I and IV
inactivation (3) offers the experimental approach of the chronic
use of vitamin E, as an antioxidant for the lipid phase of the
inner mitochondrial membrane, for the prevention of the mi-
tochondrial damage associated with aging. The adduction re-
actions of malonaldehyde and 4-HO-nonenal with protein
evolve to stable advanced lipid peroxidation products (31) and
protein carbonyls (24, 25). There is now substantial evidence
that the processes that alter the native polypeptide noncovalent
interaction promote synergistically protein damage and inacti-
vation (30). The observed protective effect of vitamin E in
preserving tissue and mitochondrial active respirations cer-
tainly supports the hypothesis of a free radical-mediated pro-
cess with protein oxidation and inactivation in aging. The
current status of knowledge is that mitochondria accumulate
oxidized products of lipids, proteins, and DNA oxidation as a
linear function of time and of respiration. It is postulated that
the increased content of oxidation products leads to a decrease
in the rate of mitochondrial turnover and biogenesis and to a
homeostatic more oxidized state that is closer and prone to the
triggering level of apoptosis.

The used doses of vitamin E in rats (2.0 and 5.0 g/kg of rat
food) and the daily intake of food by 12-mo-old rats (28 g/day)
correspond in terms of milligrams of vitamin E per kilojoules
of basal metabolic rate (BMR � A � weight2/3) (39) to human
daily doses of 1,390 and 3,475 mg of vitamin E.

The beneficial effect of high doses of vitamin E on rat
hippocampus and frontal cortex mitochondria (present study)
and on mice neurological performance and survival (22) is to
be taken into account in the controversy on the use of vitamin
E supplementation in humans. The claim that vitamin E sup-
plementation increases human mortality, based on meta anal-
ysis (4), is challenged by the clinical evidence that vitamin E
supplements are safe at high intakes (17) and by the reported
effects of vitamins E and C in the reduction of prevalence and
incidence of Alzheimer disease in an elderly population (40).

High-resolution histochemistry at the level of single mitochon-
dria reveals that 12-mo-old rats have hippocampal dendritic fields
with relatively reduced staining intensity for cytochrome oxidase
in hippocampus synaptic-rich areas, as described before for mouse
brain (25) and in agreement with the reduced cytochrome oxidase
activity in hippocampus and frontal cortex (Table 3 and Ref. 25).
The animals of the same age, but treated for 3 mo with vitamin E
showed increased histochemical staining and complex IV ac-

tivity (Table 3). The interpretation is that vitamin E leads to
sustained mitochondrial biogenesis with increased hippocam-
pal mitochondrial mass. The low mitochondrial oxidative dam-
age under vitamin E supplementation supports the concept of a
faster mitochondrial turnover and biogenesis in hippocampus
and frontal cortex.

Perspectives and Significance

High doses of vitamin E are effective in preventing the
decline in brain mitochondrial function in rodents. The bene-
ficial effect in mouse correlated with a better neurological
function and with increased survival. In rats, the effect was
more marked in hippocampal and frontal cortex mitochondria
than in whole brain mitochondria. Vitamin E, its derivatives,
and other antioxidants seem to be potential therapeutic agents
for the treatment and prevention of brain dysfunction in aging
and neurodegenerative diseases with the aim in the enhance-
ment of mitochondrial biogenesis and turnover (Table 6).

GRANTS

This work was supported by Grants SAF2008-03690 from the Ministerio de
Ciencia e Innovación of Spain and 2008 CTS-194 from Plan Andaluz de
Investigación to A. Navarro; Grants UBACYT B029, CONICET PIP 6320,
and ANPCYT PICT 38326 to A. Boveris; and National Institute on Aging
Grant RO1-AG-016718 to E. Cadenas.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

REFERENCES

1. Abramoff MD, Magelhaes PJ, Ram SJ. Image processing with ImageJ.
In: Biophotonics International 11: 36–42, 2004.

2. Baloyannis SJ. Mitochondrial alterations in Alzheimer’s disease. J Alz-
heimers Dis 9: 119–126, 2006.

3. Berlett BS, Stadtman ER. Protein oxidation in aging, disease, and
oxidative stress. J Biol Chem 272: 20313–20316, 1997.

4. Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Mor-
tality in randomized trials of antioxidant supplements for primary and
secondary prevention: systematic review and meta-analysis. JAMA 297:
842–857, 2007.

5. Boveris A. Determination of the production of superoxide radicals and
hydrogen peroxide in mitochondria. Methods Enzymol 105: 429–435,
1984.

6. Boveris A, Arnaiz SL, Bustamante J, Alvarez S, Valdez L, Boveris
AD, Navarro A. Pharmacological regulation of mitochondrial nitric oxide
synthase. Methods Enzymol 359: 328–339, 2002.

7. Boveris A, Costa LE, Cadenas E, Poderoso JJ. Regulation of mitochon-
drial respiration by adenosine diphosphate, oxygen, and nitric oxide.
Methods Enzymol 301: 188–198, 1999.

8. Boveris A, Navarro A. Brain mitochondrial dysfunction in aging. IUBMB
Life 60: 308–314, 2008.

9. Calabrese V, Scapagnini G, Ravagna A, Colombrita C, Spadaro F,
Butterfield DA, Giuffrida Stella A. Increased expression of heat shock
proteins in rat brain during aging: relationship with mitochondrial function
and glutathione redox state. Mech Ageing Dev 125: 325–335, 2004.

10. Carreras MC, Converso DP, Lorenti AS, Barbich M, Levisman DM,
Jaitovich A, Antico Arciuch VG, Galli S, Poderoso JJ. Mitochondrial
nitric oxide synthase drives redox signals for proliferation and quiescence
in rat liver development. Hepatology 40: 157–166, 2004.

11. Carreras MC, Franco MC, Peralta JG, Poderoso JJ. Nitric oxide,
complex I, and the modulation of mitochondrial reactive species in
biology and disease. Mol Aspects Med 25: 125–139, 2004.

12. Clark JB, Nicklas WJ. The metabolism of rat brain mitochondria.
Preparation and characterization. J Biol Chem 245: 4724–4731, 1970.

13. de Leon MJ, George AE, Golomb J, Tarshish C, Convit A, Kluger A,
de SS, McRae T, Ferris SH, Reisberg B, Ince C, Rusinek H, Bobinski
M, Quinn B, Miller DC, Wisniewski HM. Frequency of hippocampal

R833VITAMIN E AND BRAIN MITOCHONDRIAL FUNCTION IN RAT AGING

AJP-Regul Integr Comp Physiol • VOL 300 • APRIL 2011 • www.ajpregu.org

 on June 6, 2011
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org/


formation atrophy in normal aging and Alzheimer’s disease. Neurobiol
Aging 18: 1–11, 1997.

14. Fjell AM, Westlye LT, Amlien I, Espeseth T, Reinvang I, Raz N,
Agartz I, Salat DH, Greve DN, Fischl B, Dale AM, Walhovd KB. High
consistency of regional cortical thinning in aging across multiple samples.
Cereb Cortex 19: 2001–2012, 2009.

15. Fraga CG, Leibovitz BE, Tappel AL. Lipid peroxidation measured as
thiobarbituric acid-reactive substances in tissue slices: characterization
and comparison with homogenates and microsomes. Free Radic Biol Med
4: 155–161, 1988.

16. Gonzalez-Flecha B, Cutrin JC, Boveris A. Time course and mechanism
of oxidative stress and tissue damage in rat liver subjected to in vivo
ischemia-reperfusion. J Clin Invest 91: 456–464, 1993.

17. Hathcock JN, Azzi A, Blumberg J, Bray T, Dickinson A, Frei B, Jialal
I, Johnston CS, Kelly FJ, Kraemer K, Packer L, Parthasarathy S, Sies
H, Traber MG. Vitamins E and C are safe across a broad range of intakes.
Am J Clin Nutr 81: 736–745, 2005.

18. Liu Q, Raina AK, Smith MA, Sayre LM, Perry G. Hydroxynonenal,
toxic carbonyls, and Alzheimer disease. Mol Aspects Med 24: 305–313,
2003.

19. Lores-Arnaiz S, Perazzo JC, Prestifilippo JP, Lago N, D’Amico G,
Czerniczyniec A, Bustamante J, Boveris A, Lemberg A. Hippocampal
mitochondrial dysfunction with decreased mtNOS activity in prehepatic
portal hypertensive rats. Neurochem Int 47: 362–368, 2005.

20. Misra HP, Fridovich I. The role of superoxide anion in the autoxidation
of epinephrine and a simple assay for superoxide dismutase. J Biol Chem
247: 3170–3175, 1972.

21. Navarro A, Boveris A. Rat brain and liver mitochondria develop oxida-
tive stress and lose enzymatic activities on aging. Am J Physiol Regul
Integr Comp Physiol 287: R1244–R1249, 2004.

22. Navarro A, Boveris A, Bandez MJ, Sanchez-Pino MJ, Gomez C,
Muntane G, Ferrer I. Human brain cortex: mitochondrial oxidative
damage and adaptive response in Parkinson disease and in dementia with
Lewy bodies. Free Radic Biol Med 46: 1574–1580, 2009.

23. Navarro A, Gomez C, Lopez-Cepero JM, Boveris A. Beneficial effects
of moderate exercise on mice aging: survival, behavior, oxidative stress,
and mitochondrial electron transfer. Am J Physiol Regul Integr Comp
Physiol 286: R505–R511, 2004.

24. Navarro A, Gomez C, Sanchez-Pino MJ, Gonzalez H, Bandez MJ,
Boveris AD, Boveris A. Vitamin E at high doses improves survival,
neurological performance, and brain mitochondrial function in aging male
mice. Am J Physiol Regul Integr Comp Physiol 289: R1392–R1399, 2005.

25. Navarro A, Lopez-Cepero JM, Bandez MJ, Sanchez-Pino MJ, Gomez
C, Cadenas E, Boveris A. Hippocampal mitochondrial dysfunction in rat
aging. Am J Physiol Regul Integr Comp Physiol 294: R501–R509, 2008.

26. Navarro A, Sanchez Del Pino MJ, Gomez C, Peralta JL, Boveris A.
Behavioral dysfunction, brain oxidative stress, and impaired mitochon-

drial electron transfer in aging mice. Am J Physiol Regul Integr Comp
Physiol 282: R985–R992, 2002.

27. Navarro A, Torrejon R, Bandez MJ, Lopez-Cepero JM, Boveris A.
Mitochondrial function and mitochondria-induced apoptosis in an over-
stimulated rat ovarian cycle. Am J Physiol Endocrinol Metab 289: E1101–
E1109, 2005.

28. Oliver CN, Ahn BW, Moerman EJ, Goldstein S, Stadtman ER.
Age-related changes in oxidized proteins. J Biol Chem 262: 5488–5491,
1987.

29. Perkins GA, Ellisman MH. Mitochondrial architecture and heterogene-
ity. In: Hanbook of Neurochemistry and Molecular Neurobiology, edited
by Lajtha A, Gibson GE, and Dienel GA. Heidelberg, Germany: Springer,
2007.

30. Sayre LM, Perry G, Smith MA. In situ methods for detection and
localization of markers of oxidative stress: application in neurodegenera-
tive disorders. Methods Enzymol 309: 133–152, 1999.

31. Sayre LM, Sha W, Xu G, Kaur K, Nadkarni D, Subbanagounder G,
Salomon RG. Immunochemical evidence supporting 2-pentylpyrrole for-
mation on proteins exposed to 4-hydroxy-2-nonenal. Chem Res Toxicol 9:
1194–1201, 1996.

32. Scarpa A, Graziotti P. Mechanisms for intracellular calcium regulation in
heart. I. Stopped-flow measurements of Ca		 uptake by cardiac mito-
chondria. J Gen Physiol 62: 756–772, 1973.

33. Schapira AH. Mitochondria in the aetiology and pathogenesis of Parkin-
son’s disease. Lancet Neurol 7: 97–109, 2008.

34. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden
CD. Mitochondrial complex I deficiency in Parkinson’s disease. J Neu-
rochem 54: 823–827, 1990.

35. Schapira AH, Mann VM, Cooper JM, Dexter D, Daniel SE, Jenner P,
Clark JB, Marsden CD. Anatomic and disease specificity of NADH
CoQ1 reductase (complex I) deficiency in Parkinson’s disease. J Neuro-
chem 55: 2142–2145, 1990.

36. Scopsi L, Larsson LI. Colloidal gold probes in immunocytochemistry.
An optimization of their application in light microscopy by use of silver
intensification procedures. Med Biol 64: 139–145, 1986.

37. Seligman AM, Karnovsky MJ, Wasserkrug HL, Hanker JS. Nondro-
plet ultrastructural demonstration of cytochrome oxidase activity with a
polymerizing osmiophilic reagent, diaminobenzidine (DAB). J Cell Biol
38: 1–14, 1968.

38. Valdez LB, Zaobornyj T, Boveris A. Functional activity of mitochon-
drial nitric oxide synthase. Methods Enzymol 396: 444–455, 2005.

39. White CR, Seymour RS. Mammalian basal metabolic rate is proportional
to body mass2/3. Proc Natl Acad Sci USA 100: 4046–4049, 2003.

40. Zandi PP, Anthony JC, Khachaturian AS, Stone SV, Gustafson D,
Tschanz JT, Norton MC, Welsh-Bohmer KA, Breitner JC. Reduced
risk of Alzheimer disease in users of antioxidant vitamin supplements: the
Cache County Study. Arch Neurol 61: 82–88, 2004.

R834 VITAMIN E AND BRAIN MITOCHONDRIAL FUNCTION IN RAT AGING

AJP-Regul Integr Comp Physiol • VOL 300 • APRIL 2011 • www.ajpregu.org

 on June 6, 2011
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org/

