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Abstract
Aging is responsible for the decline in the function
of mitochondria and their increase in size and number
- adaptive mechanism to restore mitochondrial
function. Estrogens increase mitochondrial function,
especially in female rats. The aim of this study was to
determine the age-related changes in rat brain mito-
chondrial function focusing on sex differences.
Cellular and mitochondrial protein and DNA content,
mitochondrial oxidative and phosphorylative function
in male and female rat brain from four different age
groups (6, 12, 18 and 24 months old) were analyzed.
Mitochondria protein/DNA content decreased with
aging shifting toward lesser mitochondrial functional
capacity and the mitochondria number increased.
A sex dimorphism was determined, with female rat
brain showing mitochondria with greater functional
capacity than males. These sex differences gradu-
ally increased during aging.

Introduction

Aging is characterized by a general decline of physi-
ological function, determined by cellular dysfunction and
mitochondria impairment, with a more marked effect in
the functions that depend on the central nervous system
[1, 2]. Many studies have reported a decline in mitochon-
drial function upon aging consisting of a decrease in elec-
tron transfer activity and ATP production [2, 3] whereas
other authors have described an increase of mtDNA copy
number in senescent tissues [4] and age-dependent in-
creased mitochondrial size [5], supporting the idea of an
adaptive mechanism designed to restore mitochondrial
function.

Brain has a very high metabolic rate, as it consumes
about 20% of the oxygen inspired at rest, while account-
ing for only 0.5-2% of the body weight [6]. This high
metabolic demand is because neurons are highly differ-
entiated cells needing large amounts of ATP for mainte-
nance of ionic gradients across the cell membranes and
for neurotransmission. Since most neuronal ATP is gen-
erated by oxidative metabolism, neurons critically depend
on mitochondrial function and oxygen supply [7, 8].

Sex hormones, specifically estrogens, have profound
neuro-protective effects, having been reported to increase
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mitochondrial respiration efficiency and mitochondrial
functions [9]. Several studies have reported that female
rats show more highly differentiated mitochondria than
males in liver [10, 11], brown adipose tissue [12-14], car-
diac [15] and skeletal muscle [16], and aged brain [17],
meaning greater mitochondrial machinery and, as a re-
sult, higher capacity and efficiency.

Taking all these precedents into account, the aim of
this study was to determine the age-related changes in
rat brain mitochondrial function focusing on sex differ-
ences. To tackle this aim we analyzed both cellular and
mitochondrial protein and DNA content, and mitochon-
drial oxidative and phosphorylative function in male and
female rat brain from four different age groups: 6, 12, 18
and 24 months old.

Materials and Methods

Chemicals
Routine chemicals were supplied by Sigma-Aldrich (St.

Louis, MO, USA), Roche Diagnostics (Basel, Switzerland), Bio-
Rad (Hercules, CA, USA) and Panreac (Barcelona, Spain). An-
tibodies against COX IV subunit and COX II subunit were
obtained from MitoSciences (Eugene, OR, USA) and Santa
Cruz Biotechnology (Santa Cruz, CA, USA) respectively.

Animals, sacrifice and mitochondrial isolation
Animals were treated in accordance with the University

Bioethical Committee guidelines for animal care and European
Union regulations (2003/65/CE).

Wistar rats, supplied by Charles River (Barcelona, Spain),
were housed individually at 22 °C with a 12-h light/dark cycle
and fed ad libitum with pelleted standard diet (A04 Panlab,
Barcelona, Spain). Eight groups were made: males and females
of four different ages, 6 months old (youngest rats), 12 months
old (adult rats), 18 months old (old rats) and 24 months old
(senescent rats), including 6-8 animals in each group.

All animals were weighed and sacrificed by decapitation
at the start of the light cycle. After sacrifice animals underwent
a visual internal inspection in order to exclude old animals with
any pathological signal. Brain was quickly removed and
weighed. Homogenization and mitochondrial isolation were
performed according to previously described procedure [18].
Briefly, brain was homogenized in 35 mL of cold isolation me-
dium (0.25 M sucrose, 10 mM tris-HCl and 0.5 mM EDTA-K+,
pH 7.4) in a manual homogenizer with a glass pestle, total clear-
ance 0.1 mm. An aliquot of the homogenate was stored at
-20° C for posterior analyses and the remainder was used to
perform biochemical assays and for mitochondrial isolation.
Nuclei and cell debris were twice sedimented by differential
centrifugation at 2000xg for 3 min and the pellets were dis-
carded. Supernatant was subjected to a further centrifugation
at 12500xg for 8 min and the crude mitochondrial pellet ob-
tained was resuspended with 0.8 mL of isolation medium. Pro-

tein concentration was determined in both homogenate and
mitochondrial fraction by Bradford’s method [19]. Total DNA
content was tested in homogenate as previously described
[20].

Quantification of mitochondrial DNA by real-time PCR
Mitochondrial DNA (mtDNA) extraction and

semiquantification were carried out as previously described
[21]. Briefly, real-time PCR was performed to amplify a 162-nt
region of the mitochondrial NADH dehydrogenase subunit 4
gene, which is exclusive to mtDNA. Amplification was carried
out in a LightCycler rapid thermal cycler system (Roche) using
a total volume of 10 µl containing each primer at 0.375 µM, 3
mM MgCl2, 1 µl LightCycler FastStart DNA Master SYBR Green
I, and 2.5 µl of pretreated mitochondrial sample. The PCRs were
cycled 35 times after initial denaturation (95°C, 10 min). The
primer sequences were 5’-TAC ACG ATG AGG CAA CCA AA-
3’ and 5’-GGT AGG GGG TGT GTT GTG AG3’.

Enzymatic activities
Citrate synthase (CS, EC 2.3.3.1) [22] and ATP synthase

(ATPase, EC 3.6.1.3) [23] activities were determined in
resuspended mitochondrial pellet. Ferrocytochrome-c:oxygen
oxidoreductase (COX, EC 1.9.3.1) [24] activity was measured in
brain homogenate.

Mitochondrial oxygen consumption
Oxygen consumption of brain mitochondria was meas-

ured by a thermostatically controlled Clark-type O2 electrode
(Oxygraph, Hansatech, UK). Reaction conditions were 1 mg of
mitochondrial protein in up to 0.5 mL of respiration buffer (145
mM KCl, 30 mM Hepes, 5 mM KH2PO4, 3 mM MgCl2, 0.1 mM
EGTA and 0.1% BSA fatty acid free, pH 7.4) at 37º C. The
substrate used was pyruvate/malate (5 mM and 2.5 mM re-
spectively) in the presence (State 3, phosphorylating) and ab-
sence (State 4, resting) of 500 µM ADP. Mitochondrial viability
was checked by the respiratory control rate (RCR = state 3/
state 4).

Western blot of COX IV subunit and COX II subunit
10 µg of total protein in the case of COX IV and 40 µg in

the case of COX II were electrophoresed on 15% v/v
polyacrilamide SDS-PAGE gels. Proteins were electro-
transferred onto a nitrocellulose membrane and Ponceau S
staining was performed to check the correct loading and elec-
trophoretic transfer. Membranes were incubated with the cor-
responding antibodies against COX IV subunit and COX II
subunit; immunoreactive bands were developed by chemilu-
minescence, detected by a ChemiDoc XRS system (BIO-Rad,
CA, USA) and quantified by the image analysis program Quan-
tity One© (BIO-Rad, CA, USA). Apparent molecular weights of
proteins were estimated using a protein molecular-mass stand-
ard.

Statistics
All statistical analyses were performed with the Statisti-

cal Program for Social Sciences software SPSS version 17.0 for
Windows (Chicago, IL, USA). Data are expressed as mean ±
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SEM. Differences between groups were assessed by two-way
analysis of variance (ANOVA) to determine the effect of age
and sex, and Student’s t-test for post-hoc comparisons. Statis-
tical significance was set at p<0.05.

Results and Discussion

Body and brain weight and brain DNA and pro-
tein content
Table 1 shows biometric parameters and protein and

DNA content in male and female rat brain during aging
process (6, 12, 18 and 24-mo old rats). Body and brain
weights gradually increased with age, but were always
higher in male than in female rats. A slight increase with
age until 18-mo was observed in brain total protein con-
tent in both genders and a marked sex dimorphism, with
an increase in females and no change in males between
18-mo to 24-mo, was detected. Total DNA content in rat
brain presented no changes until 18-mo old and a de-
crease at 24-mo, similar to previously published results
[25]. This decrease was more evident in female rats than
in males (-47% females and -31% in males); suggesting

that the decrease in brain cell number was accompanied
by a slight, gradual increase in protein content from 6-mo
to 18-mo old rats in both sexes, and showing a marked
increase in 24-mo only in females. The total protein/total
DNA ratio reflected this pattern and showed a sex di-
morphism, with a greater increase in brain cell protein
density in females compared to males at senescence
(+116% females vs. +51% males).

Mitochondrial DNA, protein and citrate synthase
mtDNA content (Table 2), a parameter that could

reflect the mitochondria number [26, 27], showed a
marked, yet gradual increase from 6-mo to 24-mo of age,
which was higher in females than males (+237% females
vs. +147% males). An increase in the amount of mtDNA
with age has previously been described in other tissues
such us liver [28], brown adipose tissue [29], heart [4],
spleen and kidney [30]. The mtDNA/total DNA ratio,
which reflects the mitochondrial content per cell, showed
a sharp increase, more marked from old age to senes-
cence. This pattern is more evident in females than in
male rats (6.3 vs. 3.6 fold respectively, when 6-mo to 24-
mo ages were compared). Mitochondrial protein, indica-

Table 1. Biometric parameters and brain
protein and DNA content in male and
female rats during aging process. Values
are mean ± SEM; n = 6 - 8 animals per group.
ANOVA (p<0.05). A: age effect; S: sex
effect; AxS: age and sex interaction; NS:
no significant differences. Student's t-test
post hoc analysis (p<0.05). a 12-mo old vs.
6-mo old; b 18-mo old vs. 6-mo old; c 24-
mo old vs. 6-mo old; d 18-mo old vs. 12-mo
old; e 24-mo old vs. 12-mo old; f 24-mo old
vs. 18-mo old. * females vs. males. M:
males; F: females.

Table 2. Mitochondrial DNA, protein and
citrate synthase in male and female rat brain
during aging process. Values are mean ±
SEM; n = 6-8 animals per group. ANOVA
(p<0.05): A: age effect; S: gender effect;
AxS: age and gender interaction; NS: no
significant differences. Post hoc analysis
(LSD test, p<0.05): a 6-mo old vs. 12-mo
old; b 6-mo old vs. 18-mo old; c 6-mo old
vs. 24-mo old; d 12-mo old vs. 18-mo old; e
12-mo old vs. 24-mo old; f 18-mo old vs.
24-mo old. Post hoc analysis (Student's t-
test, p<0.05): * females vs. males. M: males;
F: females. a.u., arbitrary units; levels found
in 6-month-old male rats were set as 100%. mt DNA: mitochondrial DNA; mt protein: mitochondrial protein.

Brain Mitochondrial Function Changs

6 months 12 months 18 months 24 months ANOVA

M 484 ± 13 601 ± 15
a

579 ± 17
b

707 ± 32
cef

Body weight

(g) F 264 ± 6* 310 ± 9*
a

353 ± 14*
bd

396 ± 16*
cef A, S, AxS

M 2.00 ± 0.04 2.15 ± 0.01 2.11 ± 0.03 2.20 ± 0.05Brain weight

(g) F 1.82 ± 0.02* 1.95 ± 0.02* 2.02 ± 0.02* 2.01 ± 0.04*
Aabc, S

M 0.408± 0.002 0.359± 0.009
a

0.366± 0.013
b

0.314 ± 0.013
cef

Brain weight to body

weight (%) F 0.691± 0.013* 0.633± 0.014*
a

0.578± 0.028*
bd

0.510 ± 0.016*
cef A, S, AxS

M 51.8 ± 1.1 52.4 ± 0.3 55.4 ± 0.9 53.3 ± 3.0Brain total protein

(mg/g tissue) F 52.0 ± 0.6 52.8 ± 1.4 54.2 ± 1.2 61.2 ± 2.6*
Abcef, AxS

M 1.00 ± 0.03 1.09 ± 0.05 1.13 ± 0.05 0.69 ± 0.04Brain total DNA

(mg/g tissue) F 1.15 ± 0.05* 1.08 ± 0.04 1.03 ± 0.04 0.61 ± 0.01
Acef, AxS

M 51.9 ± 1.2 48.6 ± 2.2 49.4 ± 2.2 78.4 ± 7.2
cef

Total protein/total DNA

(mg/mg) F 46.7 ± 1.0 49.2 ± 2.6 53.2 ± 2.1
b

100.8 ± 3.0*
cef A, S, AxS

6 months 12 months 18 months 24 months ANOVA

M 100 ± 6 149 ± 9 188 ± 23 247 ± 17mtDNA

(a.u./g tissue) F 65 ± 8* 132 ± 3 143 ± 23 219 ± 16
Aabcdef, S

M 12.9 ± 0.9 17.4 ± 0.8
a

21.6 ± 2.9
bd

46.1 ± 4.4
e

mtDNA/totalDNA

(a.u./ug) F 7.4 ± 0.9* 15.7 ± 0.8 18.0 ± 3.1
bd

46.1 ± 3.2
ce Aabcef

M 28.7 ± 1.6 34.4 ± 1.3 39.2 ± 1.3 42.1 ± 3.0mt protein

(mg/g tissue) F 29.5 ± 1.2 40.7 ± 1.7* 42.6 ± 2.9 49.2 ± 0.9*
Aabcdef, S

M 2.32 ± 0.19 1.74 ± 0.13 1.82 ± 0.19 1.23 ± 0.06mt protein/mtDNA

(mg/a.u.) F 3.88 ± 0.43* 2.59 ± 0.21* 2.55 ± 0.48 1.71 ± 0.20*
Aabcef, S

M 63.8 ± 3.1 58.2 ± 2.2 84.6 ± 3.7
bd

94.1 ± 8.6
ce

Citrate synthase activity

(mIU/g tissue) F 59.4 ± 2.6 69.7 ± 2.7*
a

86.3 ± 5.0
bd

113.0 ± 6.2
cef

A, S, AxS
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tor of mitochondrial functionality, underwent a progres-
sive increase with age in both sexes and this increase
was again greater in females than in males, reaching sex
differences at 24-mo old. These results highlight the fact
that the increase in brain mitochondrial protein content
rose at a lower rate than the mtDNA content did, thus,
the mitochondrial protein/mtDNA ratio showed that pro-
tein content per mitochondrion decreased with age in both
sexes, with females showing higher protein content per
mitochondrion at any age, indicative of a sex dimorphism.
Likewise, citrate synthase – a Krebs cycle key enzyme -
activity was also increased during aging with a similar
profile to mitochondrial protein, again showing a sex di-
morphism, with a greater increase in females with re-
spect to males (+90% females vs. +48% males). Con-
sidering mitochondrial differentiation as an increase in
the functional capabilities and integrity of pre-existing
mitochondria in order to acquire the ultrastructure and
functional features of mature mitochondria [27, 31], the
mitochondrial protein/mtDNA ratio, which reflects the
mitochondrial machinery per mitochondria [32, 33], could
be taken as a good mitochondrial differentiation marker.
Our results show that rat brain mitochondria lost func-
tional capacity with age in both sexes, especially from
old age; however, females maintained mitochondrial func-
tionality with a greater degree of differentiation than males
at any age.

Mitochondrial oxidative and phosphorylative
function
Indicative parameters of mitochondrial oxidative and

phosphorylative function in both sexes during aging are
shown in Table 3. These data are expressed per gram of
tissue to determine the total functional capacity of the
studied animal brain. COX activity was measured to as-
sess the oxidative mitochondrial capacity, since it catalyzes

a rate-controlling step of mitochondrial respiration. Rat
brain COX activity was maintained with age in both male
and female rats; however, female COX activity was
higher than that of males at any analysed age. Other au-
thors report a decline of COX activity in old rats but only
in males [34]. ATPase activity was increased with age in
both sexes, showing the same sex-dependent difference
as the other mitochondrial parameters analyzed, that is,
the increase was again more marked in female rat brain
than in males, reaching higher levels at 24-mo of age.
Oxygen consumption using pyruvate/malate as substrate,
both in the presence (State 3) and the absence (State 4)
of ADP, showed a gradual increase during aging, with
similar levels between sexes.

These mitochondrial function results are in agree-
ment with the aforementioned increase in mitochondrial
protein with age in both sexes, showing only a clear sex
dimorphism in ATPase activity of the oldest rats. On the
other hand, COX activity showed a different pattern, main-
taining its levels during aging; nevertheless, the sex di-
morphism was present at all ages.

COX content
Because of the different pattern followed by COX

activity compared with the other mitochondrial features
and taking into account that enzymatic activity can be
related to enzymatic content, we decided to quantify the
protein levels of the nuclear DNA (nDNA)-encoded COX
IV and the mtDNA-encoded COX II subunits by west-
ern blot (Fig. 1). COX IV subunit content remained prac-
tically unchanged with age in both sexes, whereas COX
II subunit content underwent a pronounced increase with
age, greater in females than in males, leading to a marked
difference between sexes at the end of the studied pe-
riod. In a given cell or tissue, the total mitochondrial fun-
ction, depending on mitochondrial biogenesis, is the result

Guevara/Gianotti/Roca/Oliver

Table 3. Mitochondrial oxidative and
phosphorylative function in male and
female rat brain during aging process.
Values are mean ± SEM; n = 6-8 animals
per Group. ANOVA (p<0.05): A: age effect;
S: gender effect; AxS: age and gender
interaction; NS: no significant differences.
Post hoc analysis (LSD test, p<0.05): a 6-
mo old vs. 12-mo old; b 6-mo old vs. 18-mo
old; c 6-mo old vs. 24-mo old; d 12-mo old
vs. 18-mo old; e 12-mo old vs. 24-mo old; f
18-mo old vs. 24-mo old. Post hoc analysis
(Student's t-test, p<0.05): * females vs.
males. M: males; F: females. a.u., arbitrary units; levels found in 6-month-old male rats were set as 100%. COX: ferrocytochrome-
c:oxygen oxidoreductase; ATPase: ATP synthase. S3: respiration state 3; S4: respiration state 4.

6 months 12 months 18 months 24 months ANOVA

M 100 ± 8 100 ± 1 97 ± 2 77 ± 17COX activity

(a.u./g tissue) F 143 ± 8* 122 ± 7* 118 ± 2* 131± 12*
S

M 7.78± 0.44 7.44± 0.53 10.07 ± 0.53 13.26 ± 0.97ATPase activity

(IU/g tissue) F 7.70± 0.32 9.50± 0.53* 10.85 ± 0.98 16.30 ± 0.73*
Abcdef, S

M 201 ± 16 241 ± 16 272 ± 25 360 ± 40O2 consumption S3

(nmol/min·g tissue) F 213 ± 13 271 ± 15 257 ± 8 385 ± 22
Aabcef

M 32.7± 1.4 39.3± 4.0 42.9 ± 3.2 53.4 ± 4.7O2 consumption S4

(nmol/min·g tissue) F 34.6± 2.1 43.2± 4.0 43.0 ± 0.6 57.3 ± 6.6
Aabcef

M 5.83± 0.17 6.00± 0.56 6.63 ± 0.38 6.41 ± 0.21
RCR

F 5.84± 0.18 6.20± 0.61 5.89 ± 0.20 5.92 ± 0.02
NS

Cell Physiol Biochem 2011;27:201-206
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of both the proliferation process, which defines mitochon-
drial population, and the differentiation process, which
defines mitochondrial functional capabilities [10, 35].
Mitochondrial protein content is the result of the coordi-
nated expression of both mtDNA and nDNA genes [36].
In this context, our results could indicate that although
the mtDNA-encoded COX II subunit content increased
with age in parallel to the increase in mtDNA, the nDNA-
encoded COX IV subunit content remained unchanged
with age, which agrees with the unchanged profile of
COX activity.

However, the sex dimorphism in COX activity, with
higher levels in females with respect to males could not
be explained by COX IV subunit content since they were
very similar in both sexes. This fact could suggest a COX
activity up-regulation in female rat brain, which could be
related to the different hormonal milieu as has been de-
scribed in other tissues [11, 16]. In this sense, 17β-
estradiol and progesterone have been proved to be in-
volved in the enhancement of both the function [37] and
expression of nuclear and mitochondrial genes encoding
proteins from the mitochondrial respiratory chain [38].
Although sex hormone levels, which show a marked sex
dimorphism, have been described extensively as declin-
ing toward the end of life, males and females still had
higher levels of corresponding sex-hormones than the other
sex at senescence [39]. This could explain, at least in
part, the sex-dependent differences found in some mito-
chondrial features and function.

In summary, this study has demonstrated that rat

Fig. 1. Protein content of COX IV subunit
and COX II subunit in male and female rat
brain during aging process. Values are mean
± SEM; n = 6-8 animals per group. ANOVA
(p<0.05): A: age effect; S: gender effect;
AxS: age and gender interaction; NS: no
significant differences. Post hoc analysis
(LSD test, p<0.05): a 6-mo old vs. 12-mo
old; b 6-mo old vs. 18-mo old; c 6-mo old
vs. 24-mo old; d 12-mo old vs. 18-mo old; e
12-mo old vs. 24-mo old; f 18-mo old vs. 24-

brain mitochondria decreased the protein/DNA content
per mitochondrion during aging, especially between old
age and senescence, indicating a shift toward mitochon-
dria with lower functional capacity linked with age. As in
other tissues, a sex dimorphism in mitochondrial function
has been determined, with female rat brain showing more
highly differentiated or maturated mitochondria than male
ones. These sex differences gradually increased during
aging, which could lead to lesser  mitochondrial dysfunc-
tion induced by aging of female rat brain.

Abbreviations

mtDNA (Mitochondrial DNA); nDNA (Nuclear
DNA); CS (Citrate synthase); COX (Ferrocytochrome-
c:oxygen oxidoreductase); ATPase (ATP synthase); state
3 (Active respiration); State 4 (Resting respiration).

Acknowledgements

This study was supported by the Conselleria
d’Innovació i Energia of the Comunitat Autónoma de les
Illes Balears (PROGECIB-1C) and by the Fondo de
Investigaciones Sanitarias (PI060266 & PI060293) of the
Spanish Government. R. Guevara was funded by a re-
search fellowship from the Comunidad Autónoma de las
Islas Baleares.

mo old. Post hoc analysis (Student's t-test, p<0.05): * females vs. males. a.u., arbitrary units; levels found in 6-month-old male rats
were set as 100%.

References

1 Forster MJ, Dubey A, Dawson KM, Stutts
WA, Lal H, Sohal RS: Age-related losses
of cognitive function and motor skills in
mice are associated with oxidative protein
damage in the brain. Proc Natl Acad Sci
USA 1996;93:4765-4769.

2 Navarro A, Boveris A: The mitochondrial
energy transduction system and the aging
process. Am J Physiol Cell Physiol
2007;292:C670-686.

3 Shigenaga MK, Hagen TM, Ames BN:
Oxidative damage and mitochondrial
decay in aging. Proc Natl Acad Sci USA
1994;91:10771-10778.

Brain Mitochondrial Function Changs Cell Physiol Biochem 2011;27:201-206



206 Guevara/Gianotti/Roca/Oliver

4 Gadaleta MN, Rainaldi G, Lezza AM,
Milella F, Fracasso F, Cantatore P:
Mitochondrial DNA copy number and
mitochondrial DNA deletion in adult and
senescent rats. Mutat Res 1992;275:181-
193.

5 Sastre J, Millan A, Garcia de la Asuncion
J, Pla R, Juan G, Pallardo, O’Connor E,
Martin JA, Droy-Lefaix MT, Vina J: A
ginkgo biloba extract (egb 761) prevents
mitochondrial aging by protecting against
oxidative stress. Free Radic Biol Med
1998;24:298-304.

6 Silver I, Erecinska M: Oxygen and ion
concentrations in normoxic and hypoxic
brain cells. Adv Exp Med Biol
1998;454:7-16.

7 Erecinska M, Cherian S, Silver IA:
Energy metabolism in mammalian brain
during development. Prog Neurobiol
2004;73:397-445.

8 Ames A: Cns energy metabolism as
related to function. Brain Res Brain Res
Rev 2000;34:42-68.

9 Nilsen J, Brinton RD: Mitochondria as
therapeutic targets of estrogen action in
the central nervous system. Curr Drug
Targets CNS Neurol Disord 2004;3:297-
313.

1 0 Justo R, Boada J, Frontera M, Oliver J,
Bermudez J, Gianotti M: Gender
dimorphism in rat liver mitochondrial
oxidative metabolism and biogenesis. Am
J Physiol Cell Physiol 2005;289:C372-
378.

1 1 Valle A, Guevara R, Garcia-Palmer FJ,
Roca P, Oliver J: Sexual dimorphism in
liver mitochondrial oxidative capacity
is conserved under caloric restriction
conditions. Am J Physiol Cell Physiol
2007;293:C1302-1308.

1 2 Justo R, Frontera M, Pujol E, Rodriguez-
Cuenca S, Llado I, Garcia-Palmer FJ,
Roca P, Gianotti M: Gender-related
differences in morphology and
thermogenic capacity of brown adipose
tissue mitochondrial subpopulations. Life
Sci 2005;76:1147-1158.

1 3 Rodriguez-Cuenca S, Pujol E, Justo R,
Frontera M, Oliver J, Gianotti M, Roca
P: Sex-dependent thermogenesis,
differences in mitochondrial morphology
and function, and adrenergic response in
brown adipose tissue. J Biol Chem
2002;277:42958-42963.

1 4 Valle A, Garcia-Palmer FJ, Oliver J, Roca
P: Sex differences in brown adipose tissue
thermogenic features during caloric
restriction. Cell Physiol Biochem
2007;19:195-204.

15 Colom B, Oliver J, Roca P, Garcia-Palmer
FJ: Caloric restriction and gender
modulate cardiac muscle mitochondrial
h2o2 production and oxidative damage.
Cardiovasc Res 2007;74:456-465.

16 Colom B, Alcolea MP, Valle A, Oliver J,
Roca P, Garcia-Palmer FJ: Skeletal muscle
of female rats exhibit higher
mitochondrial mass and oxidative-
phosphorylative capacities compared to
males. Cell Physiol Biochem
2007;19:205-212.

17 Guevara R, Santandreu FM, Valle A,
Gianotti M, Oliver J, Roca P: Sex-
dependent differences in aged rat brain
mitochondrial function and oxidative
stress. Free Radic Biol Med 2009;46:169-
175.

18 Lai JC, Clark JB: Preparation of synaptic
and nonsynaptic mitochondria from
mammalian brain. Methods Enzymol
1979;55:51-60.

19 Bradford MM: A rapid and sensitive
method for the quantitation of microgram
quantities of protein utilizing the
principle of protein-dye binding. Anal
Biochem 1976;72:248-254.

20 Thomas PS, Farquhar MN: Specific
measurement of DNA in nuclei and
nucleic acids using diaminobenzoic acid.
Anal Biochem 1978;89:35-44.

21 Justo R, Oliver J, Gianotti M: Brown
adipose tissue mitochondrial
subpopulations show different
morphological and thermogenic
characteristics. Mitochondrion
2005;5:45-53.

22 Nakano K, Tarashima M, Tachikawa E,
Noda N, Nakayama T, Sasaki K,
Mizoguchi E, Matsuzaki M, Osawa M:
Platelet mitochondrial evaluation during
cytochrome c and dichloroacetate
treatments of melas. Mitochondrion
2005;5:426-433.

23 Ragan CI, Wilson MT, Darley-Usmar
VM, Lowe PN: Subfractionation of
mitochondria and isolation of the
proteins of oxidative phosphorylation.
Oxford, IRL Press, 1987.

24 Chrzanowska-Lightowlers ZM, Turnbull
DM, Lightowlers RN: A microtiter plate
assay for cytochrome c oxidase in
permeabilized whole cells. Anal Biochem
1993;214:45-49.

25 Haripriya D, Sangeetha P, Kanchana A,
Balu M, Panneerselvam C: Modulation
of age-associated oxidative DNA damage
in rat brain cerebral cortex, striatum and
hippocampus by l-carnitine. Exp
Gerontol 2005;40:129-135.

26 Djouadi F, Bastin J, Gilbert T, Rotig A,
Rustin P, Merlet-Benichou C:
Mitochondrial biogenesis and
development of respiratory chain
enzymes in kidney cells: Role of
glucocorticoids. Am J Physiol
1994;267:C245-254.

27 Koekemoer TC, Oelofsen W: Properties
of porcine white adipose tissue and liver
mitochondrial subpopulations. Int J
Biochem Cell Biol 2001;33:889-901.

28 Dinardo MM, Musicco C, Fracasso F,
Milella F, Gadaleta MN, Gadaleta G,
Cantatore P: Acetylation and level of
mitochondrial transcription factor a in
several organs of young and old rats.
Biochem Biophys Res Commun
2003;301:187-191.

29 Valle A, Guevara R, Garcia-Palmer FJ,
Roca P, Oliver J: Caloric restriction retards
the age-related decline in mitochondrial
function of brown adipose tissue.
Rejuvenation Res 2008;11:597-604.

30 Masuyama M, Iida R, Takatsuka H,
Yasuda T, Matsuki T: Quantitative change
in mitochondrial DNA content in various
mouse tissues during aging. Biochim
Biophys Acta 2005;1723:302-308.

31 Justo R, Alcolea MP, Colom B, Riera AN,
Gianotti M, Garcia-Palmer FJ:
Morphofunctional changes in the
mitochondrial subpopulations of
conceptus tissues during the placentation
process. Cell Mol Life Sci 2002;59:2199-
2209.

32 Quevedo S, Roca P, Pico C, Palou A: Sex-
associated differences in cold-induced
ucp1 synthesis in rodent brown adipose
tissue. Pflugers Arch 1998;436:689-695.

33 Rodriguez AM, Monjo M, Roca P, Palou
A: Opposite actions of testosterone and
progesterone on ucp1 mrna expression
in cultured brown adipocytes. Cell Mol
Life Sci 2002;59:1714-1723.

34 Navarro A, Boveris A: Rat brain and liver
mitochondria develop oxidative stress and
lose enzymatic activities on aging. Am J
Physiol Regul Integr Comp Physiol
2004;287:R1244-1249.

35 Alcolea MP, Colom B, Amengual-Cladera
E, Llado I, Gianotti M, Garcia-Palmer
FJ: Rat visceral yolk sac (vys) and
placenta mitochondrial features during
the placentation period. Mitochondrion
2008;8:389-395.

36 Garesse R, Vallejo CG: Animal
mitochondrial biogenesis and function:
A regulatory cross-talk between two
genomes. Gene 2001;263:1-16.

37 Chen JQ, Yager JD: Estrogen’s effects
on mitochondrial gene expression:
Mechanisms and potential contributions
to estrogen carcinogenesis. Ann N Y Acad
Sci 2004;1028:258-272.

38 Chen JQ, Yager JD, Russo J: Regulation
of mitochondrial respiratory chain
structure and function by estrogens/
estrogen receptors and potential
phys io log i ca l / pa thophys io log i ca l
implications. Biochim Biophys Acta
2005;1746:1-17.

39 Guevara R, Valle A, Gianotti M, Roca P,
Oliver J: Gender-dependent differences
in serum profiles of insulin and leptin in
caloric restricted rats. Horm Metab Res
2008;40:38-43.

Cell Physiol Biochem 2011;27:201-206



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


