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Abstract

Aging affects mitochondria in a tissue-specific manner. Calorie restriction (CR) is, so far, the only intervention able to
delay or prevent the onset of several age-related changes also in mitochondria. Using livers from middle age (18-
month-old), 28-month-old and 32-month-old ad libitum-fed and 28-month-old calorie-restricted rats we found an age-
related decrease in mitochondrial DNA (mtDNA) content and mitochondrial transcription factor A (TFAM) amount,
fully prevented by CR. We revealed also an age-related decrease, completely prevented by CR, for the proteins
PGC-1α NRF-1 and cytochrome c oxidase subunit IV, supporting the efficiency of CR to forestall the age-related
decrease in mitochondrial biogenesis. Furthermore, CR counteracted the age-related increase in oxidative damage
to proteins, represented by the increased amount of oxidized peroxiredoxins (PRX-SO3) in the ad libitum-fed animals.
An unexpected age-related decrease in the mitochondrial proteins peroxiredoxin III (Prx III) and superoxide
dismutase 2 (SOD2), usually induced by increased ROS and involved in mitochondrial biogenesis, suggested a
prevailing relevance of the age-reduced mitochondrial biogenesis above the induction by ROS in the regulation of
expression of these genes with aging. The partial prevention of the decrease in Prx III and SOD2 proteins by CR also
supported the preservation of mitochondrial biogenesis in the anti-aging action of CR. To investigate further the age-
and CR-related effects on mitochondrial biogenesis we analyzed the in vivo binding of TFAM to specific mtDNA
regions and demonstrated a marked increase in the TFAM-bound amounts of mtDNA at both origins of replication
with aging, fully prevented by CR. A novel, positive correlation between the paired amounts of TFAM-bound mtDNA
at these sub-regions was found in the joined middle age ad libitum-fed and 28-month-old calorie-restricted groups,
but not in the 28-month-old ad libitum-fed counterpart suggesting a quite different modulation of TFAM binding at
both origins of replication in aging and CR.
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Introduction

Aging involves the progressive functional decline of tissues,
which includes the dysfunction of the mitochondrial respiratory
complexes leading to a reduced ATP synthesis. This age-
related feature severely affects those tissues as brain, heart
and skeletal muscle, highly dependent on oxidative metabolism
for their energy supply [1-3]. Liver also demonstrates a marked
age-related decrease in mitochondrial function [4], together
with another feature of the “mitochondrial theory of aging” [5-7]:
the increased presence of reactive oxygen species (ROS), by-

products of the mitochondrial respiratory complexes. The
induced oxidative stress results in oxidative damage to
mitochondrial DNA (mtDNA), proteins and lipids and
contributes to the aging phenotype. Among the ROS-related
damages to mtDNA can be included various qualitative
alterations (bases modifications, abasic sites, single- and
double-strand breaks, point mutations and large size deletions,
reviewed in 8). Quantitative changes in the relative content of
mtDNA with aging have been found in various tissues from
humans and animals [9-13] and, in particular, rat liver mtDNA
has been shown to decrease with age [10,14,15]. Recent
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studies have proposed a wider model of aging where the
mechanism of increased DNA damage, associated to nuclear
telomeres shortening, intersects with that of the altered
metabolic pathways at mitochondrial level. According to such
integrated view, the response to the increased DNA damage
should induce activation of p53 leading to decreased
mitochondrial biogenesis through suppression of the
peroxisome proliferator-activated receptor-γ co-activator-1α
(PPAR-γ co-activator-1α PGC-1α), which is a central regulator
of mitochondrial biogenesis and function [16]. This
transcriptional co-activator presents a very complex and
multiform regulation of expression at different levels, thus
enabling graduated responses to a variety of metabolic signals,
including ROS amount and nutrients availability. Effectively, the
expression of PGC-1α, sensitive to multiple stimuli, provides
the main communication route for adaptations of the organelle
metabolism and/or biogenesis. Among the nuclear factors
involved in the PGC-1α-dependent cascade of mitochondrial
biogenesis there is the High Mobility Group protein
mitochondrial transcription factor A (TFAM) [17,18]. TFAM was
initially characterized for its function in mitochondrial
transcription [19] and later identified as a main player in the
regulation of mtDNA copy number [20] because of the close
connection between transcription and replication of mtDNA
[21]. Furthermore, TFAM is deeply involved in the composition
of mtDNA nucleoids [22] and likely in the sensing and repair of
oxidative damage to mtDNA [23,24]. TFAM protein expression
has been investigated in some tissues of aged rats [25] like
different hind limb muscles [26] and, very recently, liver [15]
and brain frontal cortex [13] further confirming the tissue-
specificity of aging. To date, the only established experimental
approach efficacious in delaying or preventing the onset of
several age-related alterations of mitochondria in organisms,
ranging from yeast to man, is calorie restriction (CR) [27-29].
The reduction in the age-related oxidative stress is largely
indicated at the basis of the efficacy of CR [29,30] and can be
related to the effects of CR on mitochondrial age-related
phenotypic and genotypic alterations [31-37]. In particular, the
tissue-specific effects of CR include the prevention of the age-
related loss of mtDNA in rat liver [14] and the partial
preservation of TFAM binding to mtDNA in rat brain with its
relevant consequences for mitochondrial biogenesis [13].
Therefore, to study the eventual changes of mtDNA content
and of TFAM and other proteins amounts as well as of TFAM
binding to mtDNA with aging and CR in liver was very intriguing
for us, also to get a deeper insight into the protective effects of
the calorie restriction itself.

Materials and Methods

Samples
The study was approved by the Institutional Animal Care and

Use Committee at the University of Florida. All procedures
were performed in accordance with the National Institutes of
Health guidelines for the care and use of laboratory animals.
Twenty-four Fischer 344 x Brown Norway (F344BNF1) male
rats were obtained from the National Institute of Aging colony
(Indianapolis, IN) and acclimated to the animal housing room of

the University of Florida for 2 weeks. The rats were housed
individually in a temperature- (20 +/- 2°C) and light-controlled
environment (12-hour light/dark cycle) with regular rat chow
and water available ad libitum. The animals consisted of the
following groups: middle age that is ad libitum-fed 18-month-old
(AL-MA, n = 6), old that is ad libitum-fed 28-month-old (AL-28,
n = 8), very old that is ad libitum-fed 32-month-old (AL-32, n =
3) and old that is calorie-restricted 28-month-old (CRO, n = 7)
rats. Calorie restriction had been initiated at 3.5 months of age
(10% restriction), raised to 25% restriction at 3.75 months and
kept at 40% restriction from 4 months until the end of each
animal’s life that is at 28 months of age (CRO). Animals were
anesthetized before being sacrificed and samples from the liver
immediately removed, snap-frozen in isopentane cooled by
liquid nitrogen and stored in liquid nitrogen until further use.

Determination of mtDNA content
MtDNA content was measured following the procedure

described by Picca et al. [13],, using quantitative Real Time
PCR. Real Time PCR amplification reactions were performed
via SYBR Green chemistry on an ABI PRISM 7300 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA).
The primers were specific, respectively, for the rat
mitochondrial D-loop region (numbering is according to
GenBankTM accession number AY172581) and for the rat
nuclear β-actin gene (numbering is according to GenBankTM

accession number VO1217.1) and are listed in Table 1. Each
sample was analyzed in triplicate in 25 µl of final volume
containing: iTaq SYBR Green Supermix PCR 1X Master Mix
(Bio-Rad Laboratories Inc., Hercules, CA, USA), 0.2 µM
forward and reverse primers and DNA template (2.5 µl of
diluted 1:50). After 10 min of denaturation at 95°C,
amplification proceeded for 40 cycles, each consisting of
denaturation at 95°C for 15 s, annealing and extension at 60°C
for 1 min. The quantification of the relative mtDNA content in
AL-28, AL-32 and CRO rats, compared to AL-MA rats, all
normalized to β-actin, was performed according to the Pfaffl
mathematical model [38].

Western blotting
Total proteins were extracted from liver samples obtained

from AL-MA, AL-28, AL-32 and CRO animals. Approximately
100 mg of each frozen sample were grounded with a mortar
and pestle and suspended in 600 µl of lysis buffer (220 mM
mannitol, 70 mM sucrose, 20 mM Tris–HCl pH 7.4, 5 mM
MgCl2, 5 mM EGTA and 1 mM EDTA). Cell lysates were pre-
cleared by centrifugation in an Eppendorf microfuge at 12,000
rpm for 10 min and the supernatant fraction containing proteins
was recovered. Proteins were quantified with the Bradford
method (Bio-Rad Laboratories Inc., Hercules, CA, USA)
according to the supplier’s instructions. Total proteins (15 µg)
were separated by gel electrophoresis on 4-12% Bis-Tris
Criterion XT precast gels (Bio-Rad Laboratories Inc., Hercules,
CA, USA) at 150 V for 1.0 h in 1x XT-MOPS and electroblotted
onto PVDF membranes (Amersham-Pharmacia Biotech Inc.,
Piscataway, NJ, USA). Primary antibodies were, respectively,
from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA)
(NRF-1, PGC-1α, COX IV), from Ab Frontiers, (Seoul, Korea)
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(Prx III and PRX-SO3), from Sigma-Aldrich Corp., (St. Louis,
MO, USA) (β-actin), from Assay Designs, (Ann Arbor, MI, USA)
(SOD2) and from Abcam Inc. (Cambridge, MA, USA) (VDAC-
Porin). The antibody against TFAM was custom-made using as
antigen in rabbit the protein expressed from the clone
containing the peptide fraction corresponding to aa 35 to 201 of
the rat protein and donated by Dr. H. Hinagaki (Department of
Chemistry, National Industrial Research Institute of Nagoya,
Japan). The membranes were blocked for 1 hr in 5% milk in
1X-PBS/Tween 20 (0.15 M NaCl, 0.1 mM KH2PO4, 3 mM
Na2HPO4, 0.1% Tween 20) and probed with TFAM (1:50,000),
PGC-1α (1:2,000), NRF-1(1:50,000), COX IV (1:5,000), Prx III
(1:100,000), PRX-SO3 (1:100,000), SOD2 (1:100,000), VDAC
(1:50,000) and β-actin (1:50,000). Membranes were then
incubated with anti-rabbit secondary antibody (for TFAM,
NRF-1, Prx III, PRX-SO3, SOD2, VDAC and β-actin) at a
dilution of 1:10,000 either anti-goat secondary antibody (for
PGC-1α and COX IV) at a dilution of 1:5,000 conjugated with
horseradish peroxidase (HRP) (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). Membranes were washed in PBS
(three times X 15 min/each) and proteins subsequently
visualized with an enhanced chemiluminescence kit (ECL-Plus;
Amersham-Pharmacia Biotech Inc., Piscataway, NJ, USA).
Autoradiographs were analyzed by laser densitometry with the
Chemi Doc System and Quantity One software (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The densitometric value
of OD units of every protein band was then related to the OD
units number of the respective band of the β-actin for each
analyzed sample. Densitometry was performed on every
triplicate gel and the mean value was shown in the
corresponding histogram.

Mitochondrial DNA Immunoprecipitation (mIP)
The binding of TFAM to specific regions of mtDNA was

analyzed using mitochondrial DNA immunoprecipitation (mIP)
following the procedure described by Picca et al. [13]. Frozen
samples of 100 mg each were subjected, successively, to:

cross-linking, termination of cross-linking, brief homogenization
and centrifugation. Each resulting pellet was then washed with
PBS, suspended with homogenization buffer and manually
homogenized. The homogenized sample was briefly
centrifuged and the pellet was incubated in lysis buffer. Cellular
DNA was sheared by sonication and the size range of
produced DNA fragments (between 500 and 900 base pairs)
was checked by electrophoresis on a 1.2% agarose gel in 1X
TAE buffer. Each sample was diluted with 3 volumes of FSB
buffer (5 mM EDTA, 20 mM Tris HCl pH 7.5, 50 mM NaCl),
pre-cleared with 75 µl of protein A-agarose/Salmon sperm 50%
DNA (Upstate, distributed by Millipore Corporate Headquarters,
Billerica, MA, USA) for 2 ml of sample on a rotator at 4°C for 30
minutes and centrifuged at 1,000 rpm for 1 minute. Each
centrifuged sample was resuspended with 400 µl of FSB and
divided into four aliquots: the input (100 µl) was not
immunoprecipitated, but stored at -80 °C until the cross-linking
reversal; the other three aliquots (100 µl each) were incubated
overnight at 4°C, respectively, with a rabbit anti-TFAM antibody
(1:50 dilution), a non-specific rabbit anti-β-actin antibody (1:100
dilution) and without antibody (-Ab). The next day 15 µl of
Protein A-agarose were added to each sample for 2 h at 4°C to
isolate protein-DNA complexes. The samples were briefly
centrifuged and the pellets were washed: three times with 1 ml
of RIPA buffer (140 mM NaCl), three times with 1 ml of RIPA
buffer (500 mM NaCl), three times with 1 ml of LiCl buffer and
twice with 1 ml of TE. The last pellets were suspended with TE
containing 0.5% SDS (200 µl) and, together with the original
input, incubated at 65°C for 6 hours for the thermal reversal of
the cross-links. The DNA samples treated with specific
antibodies, the -Ab samples and the input DNAs were all
ethanol-precipitated overnight. The resulting pellets were
washed with cold 70% ethanol, dried and suspended in 200 µl
of sterile ultrapure H2O to be treated with 10 µg of RNase A (50
µg/µl) for one hour at 37°C and to be incubated with 20 µg of
Proteinase K (100 µg/µl) and SDS (0.25%) at 37°C overnight.
A first extraction with phenol/chloroform/isoamyl alcohol
(25:24:1) and a second extraction with chloroform/isoamyl

Table 1.

Primers for PCR of mIP

Primer
set

Forward primer Reverse primer (nps) (nps)

8.0
For/8.2
Rev

5’- CAACCGACTACACTCATTTCAAC-3’ 5’- CTCATAGGGGGATGGCTATGC-3’ (8035-8057) (8246-8226)

16.0 For/
16.2 Rev

5’- GCTCGAAAGACTATTTTATTCATG-3’ 5’- GCTAAGATTTAAGTTAAAATTTTGTG-3’ (16015-16038) (16226-16201)

5.0 For/
5.3Rev

5’- GGATTCAAACCTACGAAAATTTAG-3’ 5’- GTGGTTAGTTGAAAAGAGTCAAC-3’ (5092-5115) (5358-5336)

Primers for RT-PCR
mtDNA For/mtDNA Rev 5’- GGTTCTTACTTCAGGGCCATCA-3’ 5’ – TGATTAGACCCGTTACCATCGA- 3’ (15785-15806) (15868-15847)
Beta-actin For/Beta-actin Rev 5’ – CCCAGCCATGTACGTAGCCA -3’  5’ – CGTCTCCGGAGTCCATCAC -3’ (2181-2200) (2266-2248)
RT-Dloop For/RT-Dloop Rev 5’- CACCCCCTACACCTGAAACTT-3’ 5’- TTTGTGTCGGGAAATTTTACCAAT-3’ (16092-16112) (16250-16227)
RT-OriL For/RT-OriL Rev 5’- CAGCTAAATACCCTACTTACTGG-3’ 5’- GCCCCCTTTTTACCAAAAAGCC-3’ (5120-5142) (5270-5249)

doi: 10.1371/journal.pone.0074644.t001
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alcohol (24:1) were performed. All DNAs were ethanol-
precipitated overnight, centrifuged, washed with cold 70%
ethanol, dried and suspended in 60 µl of 10 mM Tris-HCl pH
8.0. Input and mIP mtDNAs were subjected to PCR analysis
using three primers pairs. Table 1 shows the primers
sequences. PCR reactions were performed in a 25 µl mixture
containing: 1 µl DNA template, 20 pmol of each primer, 200 µM
dNTPs, 1.5 mM MgCl2, 1X Taq Buffer and 1U Taq Polymerase
(Roche, F. Hoffmann-La Roche, Basel, Switzerland), using a
mastercycler PCR (Eppendorf Scientific, Hinz GmbH,
Hamburg, Germany). Amplification conditions were: one cycle
at 94°C for 5 min followed by 30 cycles at 94°C for 1 min, 60°C
for 1 min, 72°C for 1 min, and then finally one cycle at 72°C for
5 min. Reactions were analyzed, by densitometry, on an
ethidium bromide-stained 1.3% agarose gel in 1X TAE buffer
for the detection of specific TFAM binding, by subtracting the
value of the intensity of the aliquot precipitated without primary
antibody from that of the TFAM-immunoprecipitated aliquot,
both normalized to the value of the respective input aliquot
made equal to 1. Such value was calculated for each sample
from the three experimental replicas and the respective mean
was used in the box-plot representation of the corresponding
group of rats.

Quantitative Real Time PCR of mIP DNA
The relative amounts of mtDNA immunoprecipitated by

TFAM were determined by quantitative Real Time PCR (qRT-
PCR) using two pairs of specific primers for the D-loop and
OriL sub-regions (Table 1), accurately designed with the Primer
Express software (Applied Biosystems, Foster City, CA, USA).
The qRT-PCR amplification reactions were performed via
SYBR Green chemistry on an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA).
The method was validated by primer limiting experiments and
by evaluating the equal reaction efficiency of the amplicons.
Amplification specificity was accurately controlled. Each
sample was analyzed in triplicate in 25 µl of final volume
containing: iTaq SYBR Green Supermix PCR 1X Master Mix
(Bio-Rad Laboratories Inc., Hercules, CA, USA), 0.2 µM
forward and reverse primers and 2.5 µl of DNA template from
the input or immunoprecipitated with anti-TFAM or without
antibodies (diluted 1:10) DNA aliquots. After a 10 min
denaturation at 95°C, samples were amplified for 40 cycles,
each consisting of denaturation at 95°C for 15 s, annealing and
extension at 60°C for 1 min. The specific amounts of TFAM-
bound mtDNA were calculated according to Vercauteren et al.
[39] and to Picca et al. [13]. Briefly, the calculation of each
relative amount of TFAM-bound mtDNA was performed
according to the formula 2ΔCTx -2ΔCTb, where ΔCTx is the CT

difference between the CT values of the input and of the
immunoprecipitated sample and ΔCTb is the CT difference
between the CT values of the input and of the -Ab sample.

Statistics
The statistical significance of differences between groups of

animals was assessed by analysis of variance (ANOVA) using
Tukey Honestly Significant Difference (HSD) post-hoc test with
the SPSS Base 11.5 software (SPSS Inc., Chicago, IL, USA).

Correlations between variables were analyzed using Pearson’s
test. Statistical significance for all tests was set at p<0.05.

Results

Relative mtDNA content and TFAM amount in liver from
aged ad libitum-fed and CR-treated rats.

Aging influences the mtDNA content in several tissues from
various organisms [10-12,15] and CR has been shown also to
affect the mtDNA content [13,14]. Therefore we decided to
determine, by Real Time-PCR [13], the relative mtDNA content
in the liver samples from all four groups of animals. In Figure 1
A it is evident a 15% statistically significant decrease in the
mtDNA content of old ad libitum-fed rats (AL-28) and a 19%-
reduced value in the very old group of ad libitum-fed animals
(AL-32), with respects to the controls namely the middle age ad
libitum-fed (AL-MA) rats. Such age-related decrease was fully
prevented by the CR as the mean mtDNA content in the old
calorie-restricted rats (CRO) was statistically not different from
the AL-MA value, but significantly higher than that of the ad
libitum-fed age-matched counterparts (21% higher content with
respects to the AL-28 animals value) and even higher than that
of the AL-32 rats (25% increased content). In consideration of
the close connection between mtDNA and TFAM contents, we
determined, by western blot experiments, the amount of TFAM
in the livers of all groups (Figure 1 B,C) using the β-actin
unchanged amount as the internal standard reference for each
sample. In the same experiments we assayed the
mitochondrial content of all samples by testing the protein of
the outer mitochondrial membrane VDAC and thus verified the
absence of any age- either CR-related change (Figure 1 B,C).
Since both β-actin and VDAC amounts did not change in aging
either CR we choose β-actin as the normalizing protein in all
upcoming western blots experiments. Therefore, the
densitometric value of OD units of TFAM band and of every
other assayed protein band was related to the number of OD
units of the respective band of the β-actin for each analyzed
sample. An age-related, statistically significant decrease in the
TFAM amount was found, progressively presenting a 29%-
decreased value in the AL-28 group and a 43%-decreased
value in the AL-32 animals. Such decrease was completely
prevented by CR since the amount of TFAM in the CRO rats
was not statistically different from that of the AL-MA animals
and significantly higher than those of the AL-28 as well as of
the AL-32 rats, further supporting the preventive effect of the
CR.

Aging and CR effects on the expression of
mitochondrial biogenesis and ROS-sensitive proteins

Since TFAM is the final step in the PGC-1α-dependent
cascade leading to mitochondrial biogenesis, we then
evaluated the protein expression of the factors NRF-1 and
PGC-1α as well as of the COX IV subunit from the cytochrome
c oxidase complex. This subunit is coded for by nuclear DNA,
usually expressed in a coordinated way with the mtDNA-
encoded subunits of the same respiratory complex and directly
regulated by PGC-1α [40] and NRF-1 [41]. As for PGC-1α the
master regulator of mitochondrial biogenesis we showed an
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Figure 1.  Age- and calorie restriction-related changes of mtDNA content and TFAM amount in rat liver.  Aging induced a
decrease in the mtDNA content of ad libitum-fed rats, fully prevented by CR. Also the TFAM amount presented an age-related
decrease in the ad libitum-fed animals, completely prevented by CR. Α The histogram shows the mean value of the ratio mtDNA/
nuclear DNA, determined by qRT-PCR, in AL-28, AL-32 and CRO rats, compared to AL-MA rats. Bars represent the mean (+/- SD)
obtained, respectively, from analysis in triplicate of total nucleic acids from each AL-MA, AL-28, AL-32 and CRO rat. *p<0.05 versus
the value of the AL-MA rats (fixed as 1), # p<0.05 versus the value of the AL-28 rats, § p<0.05 versus the value of the AL-32 rats;
n=number of analyzed animals. B Representative western blot carried out in two rats from each assayed group. The bands from top
to bottom show, respectively, the signals from β-actin, TFAM and VDAC. C The histogram shows the relative amount of TFAM in
AL-28, AL-32 and CRO rats, determined by densitometry analysis of the results from triplicated western blots experiments,
compared to AL-MA rats. The densitometric value of OD units of every TFAM band was related to the number of OD units of the
respective band of the β-actin as well as to that of the respective band of VDAC for each analyzed sample. Bars represent the mean
(+/- SD) of the relative (TFAM/β-actin and TFAM/VDAC) values obtained from each AL-MA, AL-28, AL-32 and CRO rat.
Comparisons were made with respect to the value of the AL-MA rats (fixed as 1). *p<0.05 versus the value of the AL-MA rats, #
p<0.05 versus the value of the AL-28 rats, § p<0.05 versus the value of the AL-32 rats; n=number of analyzed animals.
doi: 10.1371/journal.pone.0074644.g001
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age-related decrease of expression (Figure 2 A,B), presenting
a statistically significant 37%-reduced value in the AL-28 rats
and a similar significant 32%-reduced value in the AL-32 ones.
Such decrease was completely prevented by CR as the CRO
rats had a PGC-1α content not significantly different from that
of the AL-MA animals, but significantly higher than those of
both the AL-28 and the AL-32 animals. Also for the NRF-1
factor, an age-related decrease in its expression was
demonstrated (Figure 2 A,B) finding a statistically significant
18%-reduced value in the AL-28 rats and a statistically
significant 35%-reduced one in the AL-32 animals. Such
reduction was fully prevented by CR since the mean NRF-1
amount in the CRO rats was significantly higher than all the AL-
MA, AL-28 and AL-32 contents. We measured the amount of
the COX IV protein (Figure 2 A,B), finding a relevant age-
related decrease in its expression that is a statistically
significant 49%-reduced amount, shared by both AL-28 and
AL-32 groups, completely prevented by the CR since the CRO
animals presented a value not statistically different from that of
the AL-MA group, but significantly higher than those of both
AL-28 and AL-32 rats. As aging is characterized by a chronic
oxidative stress, we determined the amount of a very efficient
mitochondrial ROS-scavenging protein, Peroxiredoxin III (Prx
III) [42], in all samples from the four groups. The results are
presented in Figure 3 (A,B) and showed a marked age-related
decrease in Prx III expression with a statistically significant
44%-reduced amount, shared by both AL-28 and AL-32
groups. The age-associated decrease in Prx III expression was
attenuated in the CRO animals compared to the counterpart of
the AL-MA group and such value was significantly higher than
those of both AL-28 and AL-32 rats. Since a recent report [43]
described the age-related accumulation of an oxidized
sulphonic form of Prx III in rat hepatocytes, we searched, by
western blotting experiments, the oxidized forms of various
peroxiredoxins (PRX-SO3) in the four groups of animals (Figure
3 A,B). A relevant, statistically significant 33% increase of all
PRX-SO3 forms was found in the AL-28 rats. In the AL-32
animals the amount of PRX-SO3 proteins was significantly
reduced with respects to the AL-28 value and not statistically
different from the AL-MA one. As for the CRO rats, their
amount of oxidized peroxiredoxins was significantly lower than
the AL-28 counterpart and not statistically different from that of
the AL-MA group, supporting the preventive action of the CR
towards the age-related oxidative damage of proteins. In
relationship to the age-dependent oxidative stress, we
determined the amount of the mitochondrial manganese-
superoxide dismutase (SOD2), that is ROS- [44] and PGC-1α-
induced [45], in all groups of rats (Figure 3 A,B). A consistent,
marked age-related decrease was found in SOD2 expression
with a statistically significant 24%-reduced amount in AL-28
rats and a 31%-decreased value in AL-32 animals. Such
reduction was completely prevented by the CR since the CRO
animals presented a value not statistically different with
respects to that of the AL-MA group, but significantly higher
than those of both AL-28 and AL-32 rats.

Aging and CR effects on TFAM-binding at mtDNA
origins of replication

Our recent study [13] demonstrated both age- and calorie
restriction-related quantitative changes in the binding of TFAM
to the two regions of mtDNA harbouring the origins of
replication and indicated, respectively, as D-loop and OriL
regions. Therefore, we decided to analyze the eventual
presence and extent of changes in the in vivo mtDNA-binding
specific activity of TFAM to three selected regions in rats from
the AL-MA, AL-28 and CRO groups, by performing mtDNA
immunoprecipitation (mIP) experiments followed by a semi-
quantitative PCR assay. The assayed regions, encompassed,
respectively: i) a part of the D-loop including the OriH origin of
replication and the LSP promoter; ii) the OriL origin of
replication with a portion of the COX I gene and iii) a sequence
containing the Direct Repeat1 (DR1) of the 4.8-kb deletion.
Such regions were chosen because of a possible different
functional relevance between the D-loop and OriL regions,
involved in mtDNA replication, and the DR1-cointaining region,
likely representing all other mtDNA regions not involved in such
process. In Figure 4 A from top to bottom are reported the
representative results for the three regions. The semi-
quantitative assay showed the presence of TFAM-binding in all
assayed samples at the different regions. Figure 4 B reports
the densitometric evaluation of the binding of TFAM at such
regions in all tested rats in the box-plot form and indicates the
age-related increase in TFAM-binding at both D-loop and OriL
regions as specific for the AL-28 rats. It is also evident the
absence of age- or diet-related changes in the binding of TFAM
at the DR1-containing region. The analysis was deepened,
using the same mIP-derived DNAs, by quantitative RT-PCR
experiments performed in two sub-regions that derived from
the original larger ones and enclosed, respectively, the
promoter of the L-strand (LSP) from the D-loop region and a
shorter sequence encompassing OriL and the surrounding
stretch of tRNA genes. The quantitative results are presented
in Figure 5 and demonstrated an age-related, statistically
significant increase in the amount of TFAM-bound mtDNA at
both assayed regions in the AL-28 rats. The age-matched CRO
animals, on the contrary, did not show any statistically
significant difference with respect to the younger AL-MA group
at the two regions, supporting a preventive action by the CR,
likely able to maintain, in spite of aging, the necessary TFAM-
binding activity. Since the mean value of the TFAM-bound
mtDNA amount at the OriL sub-region appeared generally
higher than its D-loop counterpart, we decided to analyze the
corresponding paired values from all samples. It was thus
found a statistically very significant positive correlation (p=
0.0001, correlation coefficient: 0.952) between the TFAM-
bound amounts of mtDNA at the assayed sub-regions in all
animals from the joined AL-MA and CRO groups (Figure 6,
filled line). Such direct correlation was not statistically
significant and reached a lower value coefficient (p= N.S.,
correlation coefficient: 0.409), in the AL-28 animals (Figure 6,
dashed line) suggesting a different trend with respect to the AL-
MA and CRO counterparts.
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Figure 2.  Age- and calorie restriction-related changes of PGC-1α NRF-1 and COX IV amounts in rat liver.  Aging induced a
decreased expression, completely prevented by CR, of the analyzed proteins, involved in mitochondrial biogenesis. A
Representative western blot carried out in two rats from each assayed group. The bands from top to bottom show, respectively, the
signals from PGC-1α NRF-1, COX IV and β-actin. B The histogram shows the relative amounts of PGC-1α, NRF-1 and COX IV in
AL-28, AL-32 and CRO rats, compared to AL-MA rats, all normalized with respect to β-actin. Bars represent the mean (+/- SD) of
the values obtained, respectively, from analysis in triplicate of the protein extract, from each AL-MA, AL-28, AL-32 and CRO rat.
*p<0.05 versus the value of the AL-MA rats (fixed as 1), # p<0.05 versus the value of the AL-28 rats, $ p<0.05 versus the value of
the AL-32 rats; n=number of analyzed animals.
doi: 10.1371/journal.pone.0074644.g002
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Figure 3.  Age- and calorie restriction-related changes of Prx III PRX-SO3 and SOD2 amounts in rat liver.  Prx III expression
presented an age-related decrease, attenuated by CR. An age-related increase in PRX-SO3 was found only in the AL-28 rats and
prevented by CR. Aging induced a decrease in SOD2 expression, completely prevented by CR. A Representative western blot
carried out in two rats from each assayed group. The bands from top to bottom show, respectively, the signals from Prx III PRX-
SO3, SOD2 and β-actin. B The histogram shows the relative amounts of Prx III PRX-SO3 and SOD2 in AL-28, AL-32 and CRO rats,
compared to AL-MA rats, all normalized with respect to β-actin. Bars represent the mean (+/- SD) of the values obtained,
respectively, from analysis in triplicate of the protein extract, from each AL-MA, AL-28, AL-32 and CRO rat. *p<0.05 versus the value
of the AL-MA rats (fixed as 1), # p<0.05 versus the value of the AL-28 rats, $ p<0.05 versus the value of the AL-32 rats; n=number
of analyzed animals.
doi: 10.1371/journal.pone.0074644.g003
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Figure 4.  Age- and calorie restriction-related changes of TFAM binding to rat mtDNA regions by mIP assay.  The semi-
quantitative assay showed the presence of TFAM-binding at all assayed regions, while the densitometric evaluation of such results
indicated the age-related increase in TFAM-binding at both D-loop and OriL regions, prevented by CR. A Representative results of
semi-quantitative PCR amplifications of the mIP-derived templates from an AL-MA, an AL-28 and a CRO rat for the indicated
regions. The specific primers pairs and the amplified genetic regions are indicated on the left side of the gel. The PCR reactions
contained either input DNA (i) or mIP mtDNA immunoprecipitated with TFAM (T) or mIP mtDNA immunoprecipitated with β-actin (A)
or mIP mtDNA immunoprecipitated with no antibody (-Ab). B Semi-quantitative evaluation by densitometry of TFAM binding in the
three groups of animals after the mIP assay performed at three mtDNA regions. For each rat the signal value of every region was
calculated in the three replicas by subtracting the value of the intensity of the aliquot precipitated without primary antibody from that
of the TFAM-immunoprecipitated aliquot, both normalized to the value of the respective input aliquot made equal to 1. The
respective mean was used in the box-plot representation of the corresponding group of rats. The “box” contains the middle 50% of
the data (with the upper and the lower edges representing the 75th and 25th percentiles, respectively), the “horizontal line” within the
box represents the median value. The filled lines indicate minimum and maximum data values for each rats group; n=number of
analyzed animals.
doi: 10.1371/journal.pone.0074644.g004
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Discussion

Aging and CR effects on mitochondrial biogenesis
Rat liver demonstrates with aging a marked mitochondrial

dysfunction [4] and an accumulation of oxidative damages to
mitochondrial proteins [43], lipids [46] and DNA [32,34,35]. In
particular, rat liver mtDNA presents also an age-related
decrease in its relative content [10,14,15], accompanied by a
concordant decrease in TFAM amount [15], thus raising a
number of questions about the effects of aging on organelle
biogenesis. Long-term CR has been shown to be very effective

in liver [34], completely preventing the age-related loss of
mtDNA [14]. The samples in the present study derived from the
very long-living hybrid rat strain Fischer 344 x Brown Norway,
allowing the use of the animals included in the middle age
group (AL-MA) as controls, being at the beginning of the aging
process, for comparisons with the old (AL-28), the very old
(AL-32) and the old calorie-restricted (CRO) groups. The
determination of mtDNA content and TFAM amount in the three
AL-fed groups demonstrated an age-related decrease, more
marked for TFAM than for the mtDNA. The age-reduced
amount of TFAM might be related to the loss of mtDNA in the
AL-fed animals if it induced something similar to what has been

Figure 5.  Age- and calorie restriction-related changes of TFAM-bound mtDNA amount at two mtDNA regions by RT-
PCR.  An age-related increase in the amount of TFAM-bound mtDNA was found at both assayed regions, while it was prevented by
CR. The amplified products enclose sections, respectively, of the D-loop region and of the OriL region delimited by the primers pairs
listed in the bottom part of Table 1. The calculation of the relative amount of TFAM-bound mtDNA was performed according to the
formula 2ΔCTx -2ΔCTb, where ΔCTx is the CT difference between the CT values of the input and of the immunoprecipitated sample and
ΔCTb is the CT difference between the CT values of the input and of the –Ab sample. The obtained results were then normalized
with respect to the mean value of TFAM-bound mtDNA in the D-loop region from AL-MA animals (fixed as 1). Bars represent the
mean (+/- SD) of the relative amounts of TFAM-bound mtDNA derived from each of the assayed animals in the specific group.
*p<0.05 versus the value of the AL-MA rats; # p<0.05 versus the amount from the same region of AL-28 rats; n=number of analyzed
animals.
doi: 10.1371/journal.pone.0074644.g005
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recently reported in TFAM heterozygous knockout mice,
presenting decreased TFAM and mtDNA content together with
increased oxidative mtDNA damage [47]. Considering the
histon-like function of TFAM and its possible involvement in the
repair mechanisms of mtDNA [24], its age-reduced amount
might decrease both the protection against the mtDNA
oxidative damage [48] and the performance of the repairing
enzymes. MtDNA content and TFAM age-related decreases
were completely prevented by CR, supporting a clear
preventive action of the CR during the lifespan of the animals.

We then examined the expression of two major factors active in
the mitochondrial biogenesis cascade leading to TFAM namely
PGC-1α and NRF-1 as well as of a nuclear DNA-encoded
subunit of the cytochrome c oxidase complex that is COX IV,
also regulated by PGC-1α [40] and NRF-1 [41], and usually
expressed in a coordinated way with the mtDNA-encoded
subunits. The age-related decreased expression was shared
by all three assayed proteins in the AL-28 rats and the
reduction was maintained or even further enhanced in the
AL-32 animals. This indicates a marked decrease in the whole

Figure 6.  Correlation between TFAM-bound mtDNA amounts at the D-loop region and at the OriL region.  A strong positive
correlation was found between the TFAM-bound amounts of mtDNA at the assayed sub-regions in the joined animals from the AL-
MA and CRO groups, but not in the AL-28 rats. The relative amounts of mtDNA immunoprecipitated by TFAM were determined by
quantitative Real Time PCR (qRT-PCR) using primers for the D-loop and OriL sub-regions. Each sample was analyzed in triplicate.
The calculation of the relative amount of TFAM-bound mtDNA was performed according to the formula 2ΔCTx -2ΔCTb, where ΔCTx is
the CT difference between the CT values of the input and of the immunoprecipitated sample and ΔCTb is the CT difference between
the CT values of the input and of the –Ab sample. Pearson’s tests were performed to determine whether the amounts of TFAM-
bound mtDNA at both origins of replication correlate with each other. The correlation was highly significant (p<0.005, correlation
coefficient: 0.952) in the AL-MA and CRO joined groups (n=10, filled line); the correlation was not statistically significant and
reached a lower value (p= N.S., correlation coefficient: 0.409) in the AL-28 group (n=6, dashed line).
doi: 10.1371/journal.pone.0074644.g006
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mitochondrial biogenesis process with aging and is in good
agreement with the results obtained in liver from aged Fisher
344 rats [15]. We could also demonstrate in the present work
the ability of the CR to fully preserve the mitochondrial
biogenesis pathway in rat liver, allowing the maintenance of
MA-like values in spite of aging. Since previous reports
described the age-related oxidative stress of liver [34], we
analyzed the amounts of some proteins usually influenced by
oxidative stress namely the well-known mitochondrial H2O2

scavenging protein Prx III [42], the oxidized peroxiredoxins [43]
and the ROS-induced, PGC-1α-regulated SOD2 enzyme
[44,45]. Effectively an increased presence of ROS was
consistent with the raised amount of oxidized peroxiredoxins
found in the AL-28 rats. The decreased amount of oxidized
peroxiredoxins in the AL-32 animals with respects to the
highest value in the AL-28 animals might be explained
supposing that the very small number of rats reaching the
oldest age included the animals most able to cope with the
age-related oxidative stress, whereas the more numerous rats
not surviving until 32 months of age comprised those less able
to face such condition. This result is also in good agreement
with the finding in the old group of the less long-living Fisher
344 rats reported by Pesce et al. [15]. CR was able to reduce
the accumulation of oxidized peroxiredoxins with respect to the
value of the age-matched AL counterpart, supporting the
preventive action of the CR against the age-related oxidative
stress. In spite of the verified age-related oxidative damage to
proteins we found a reduced amount of the ROS-scavenging
protein Prx III in AL-28 and AL-32 rats. These unexpected
results could be explained if the age-related reduction of
mitochondrial biogenesis, also including Prx III expression [49],
were the final outcome, prevailing above the expected ROS-
induced up-regulation of Prx III expression [50,51]. CR was
able to partially prevent the age-related down-regulation of Prx
III expression probably through the induction of mitochondrial
biogenesis, supporting the preventive effect of the CR. Finally,
the SOD2 amounts were consistent with the reduced PGC-1α
expression, indicating in AL-28 and AL-32 rats the age-related
decrease in mitochondrial biogenesis as the prevailing effect
above the oxidative stress trigger, expected also for SOD2
regulation [44]. Furthermore, the age-related decrease in
SOD2 protein amounts is in good agreement with the SOD2
age-decreased value reported by Pesce et al. [15]. CR with its
induction of mitochondrial biogenesis, vice versa, maintained a
condition for SOD2 expression very similar to that of the AL-MA
rats, delaying the aging effect.

Aging and CR effects on TFAM binding to mtDNA
origins of replication

In our recent study we analyzed the changes in mtDNA
content, TFAM amount and TFAM binding to mtDNA in frontal
cortex from aged rats fed ad libitum or with CR. It was thus
possible to unveil a novel, brain-specific mechanism, implying
changes in TFAM binding to some regions of mtDNA and likely
responsible for the reported changes in TFAM and mtDNA
contents [13]. In the present study we examined, by
quantitative RT-PCR, the amounts of TFAM-bound mtDNA at
the two sub-regions involved in mtDNA replication. It was found

in the AL-28 rats an age-related increase in the mtDNA
amounts bound by TFAM at both sub-regions encompassing,
respectively, LSP and OriL, whereas CR preserved in the old
rats amounts of TFAM-bound mtDNA not different from those
of the AL-MA counterparts. The age-related increase in TFAM
binding at both D-loop and OriL sub-regions was unexpected,
especially considering the mtDNA loss occurring in the same
animals. In addition to that, the mean mtDNA amounts bound
by TFAM at the D-loop and the OriL sub-regions appeared
coordinated between themselves in all examined groups,
suggesting some kind of functional relationship. Effectively, by
Pearson’s test analysis, we identified a completely novel, highly
significant direct correlation between the paired amounts of
TFAM-bound mtDNA at these sub-regions in the joined AL-MA
and CRO groups. Such finding reinforced the possibility of a
coordinated modulation of TFAM binding to the two sub-
regions because of their functional role in mtDNA replication.
Furthermore, the large similarity between the AL-MA and the
CRO groups strongly indicated that CR was able to preserve in
the old animals those parameters modulating TFAM binding in
a MA-like condition. This was another clue supportive of the
effect implied at mitochondrial molecular level in the aging
process by the CR. On the contrary, aging led to increased
amounts of TFAM-bound mtDNA at both sub-regions. These
data, on overall, supported a coordinated, functionally-related
modulation of TFAM binding at the two regions including LSP
and OriL which appears involved in the differential regulation of
mitochondrial biogenesis elicited by aging either CR. We could
also infer from the respective samples results (data not shown)
that in the AL-28 rats, featuring mtDNA contents smaller than
those of the AL-MA+CRO counterparts in spite of the larger
amounts of TFAM-bound mtDNA, the increased TFAM binding
at both origins somehow prevented an efficient mtDNA
replication process, leading to the corresponding loss of
mtDNA. In particular, the amounts of TFAM-bound mtDNA at
the OriL sub-region were always higher than the corresponding
ones at the D-loop sub-region, but such difference became
very relevant in five out of the six AL-28 rats plotted in Figure 6
and we hypothesize that such massive binding of TFAM at OriL
might negatively affect the mtDNA replication. It might occur
with aging something similar to what has been described for
TFAM binding at the HSP2 promoter region in the regulation of
transcription examined by in vitro titration experiments, where it
has been demonstrated that increasing TFAM concentrations
above a certain threshold prevented rather than enhanced the
transcription process [52-55]. Furthermore, it was reported the
absence of an age-related decrease in mitochondrial
transcription in rat liver [56,10], eventually consistent with a
threshold, not exceeded by the slightly increased TFAM-
binding at the D-loop sub-region. Vice versa, the CRO animals
presented amounts of TFAM-bound mtDNA at both origins of
replication smaller than those of the AL-28 rats and yet they
were characterized by specific mtDNA contents (data not
shown) even larger than those of the AL-MA animals. This was
highly suggestive of the full preservation of TFAM functions
with CR in spite of aging and it might be related to the general
reprogramming of the mitochondrial protein acetylome,
including TFAM, described in calorie-restricted mice [57], that
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might affect also the mtDNA-binding activity of the factor.
Considering all together the present results, we demonstrate in
rat liver a very articulated age-related decrease in
mitochondrial biogenesis leading to the loss of mtDNA probably
also through the increase of TFAM binding to both origins of
replication. The reduction of mitochondrial biogenesis appears
prevailing above the oxidative stress condition in the final
outcome of the age-related regulation of expression of some
mitochondrial proteins. This gives an interesting and novel clue
to evaluate the preservation of mitochondrial biogenesis as
very relevant in the anti-aging action of CR. Of course, future
work will be necessary to further verify such hypothesis also in
consideration of the therapeutic applications that might lead,

through up-regulation of PGC-1α expression and maintenance
of mtDNA, to a longer-lasting mitochondrial functionality.
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