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Abstract

Extremely interesting for aging research are those individuals able to reach older ages still with 

functions similar to those of younger counterparts. We examined liver samples from ad libitum-fed 

old (28-month-old, AL-28) and ad libitum-fed very old (32-month-old, AL-32) rats for a number 

of markers, relevant for mitochondrial functionality and mitochondrial DNA (mtDNA) content. As 

for the mtDNA content and the protein amounts of the citrate synthase and the antioxidant 

peroxiredoxin III there were no significant changes in the AL-32 animals. No significant 

longevity-related change was found for TFAM amount, but a 50% reduction in the amount of the 

Lon protease, responsible for turnover of TFAM inside mitochondria, characterized the AL-32 

rats. No longevity-related change was observed also for the amounts of the mtDNA repair 

enzymes OGG1 and APE1, whereas the intra-mitochondrial amount of the cytochrome c protein 

showed a 50% increase in the AL-32 rats, indicating a likely reduced initiation of the intrinsic 

apoptotic pathway. Totally unexpected was the doubling of two proteins, very relevant for 

mitochondrial dynamics, namely MFN2 and DRP1, in the AL-32 rats. This prompted us to the 

calculation of all individual fusion indexes that grouped together in the AL-32 rats, while in the 

AL-28 animals were very different. We found a strong positive correlation between the fusion 

indexes and the respective mtDNA contents in two AL-28 and four AL-32 rats. This supports the 

idea that the limited prevalence of fusion above a still active fission should have ensured a 

functional mitochondrial network and should have led to a quite narrow range of high mtDNA 

contents, likely the best-suitable for extended longevity. Our findings strongly suggest that, among 

the multiple causes leading to the longevity of the AL-32 rats, the maintenance of an adult-like 

balance of mitochondrial dynamics seems to be very relevant for the regulation of mtDNA content 

and functionality.
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1. Introduction

Rodents represent an important model in aging studies due to the quite short average 

lifespan of animals, which makes experimental analysis feasible in acceptable times of 

housing. Also, a huge amount of data about various aspects of the rodents aging process is 

already available. The long-living Fischer 344 × Brown Norway strain is very often chosen 

for such studies also because of its capability to reach 28 months of age and extend, 

although with a fairly high incidence of mortality, to the very considerable age of 32 months 

or more. The natural occurrence of a very long-living population makes this strain 

particularly suitable for the identification of molecular features possibly relevant in such 

extended longevity. The mitochondrial involvement in aging is a well-established point 

(Held and Houtkooper 2015; López-Lluch et al. 2015) as is its tissue-specificity (Hu and Liu 

2014; Picca et al. 2014). Liver is metabolically very active and presents a marked age-related 

decrease in mitochondrial functionality and biogenesis that is recently undergoing a 

thorough molecular analysis (Mach et al. 2015; Picca et al. 2013a). To dissect some of the 

age-related mitochondrial effects we compared a number of markers, relevant for 

mitochondrial functionality and for mtDNA content, between a group of ad libitumfed old 

(28-month-old, AL-28) rats and a counterpart of ad libitumfed very old (32-month-old, 

AL-32) animals. Mitochondrial functionality was assayed through the determination of the 

amounts of citrate synthase and peroxiredoxin III (Prx III) proteins. MtDNA content was 

measured and, due to its substantial relationship with the amount of the histone-like protein 

mitochondrial transcription factor A (TFAM), we also compared the amounts of TFAM and 

of the Lon protease, involved in TFAM turnover, between the same groups of rats. To deepen 

the analysis at mtDNA level we determined the protein amounts of two DNA repair 

enzymes, namely APE1 and OGG1, and of two proteins active in mitochondrial dynamics, 

that are MFN2 and DRP1, in AL-28 and AL-32 rats. We also measured the amount of intra-

mitochondrial cytochrome c in both groups of animals. Finally, some very intriguing 

conclusions highlighting the relevance of an “adult-like” balance of mitochondrial dynamics 

and of mtDNA content for the extended longevity of the assayed rats could be inferred. In 

fact, present findings suggest that the age-related prevalence of fusion above fission might 

have been slowed in the AL-32 rats leading to an improved maintenance of mtDNA and 

contributing to their longevity.

2. Materials and methods

2.1. 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 (NIH) guidelines for the care and use of laboratory animals. Liver 

samples used in this study were from Fischer 344 × Brown Norway (F344BNF1) male rats 
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obtained from the National Institute of Aging colony (Indianapolis, IN) and housed at the 

Department of Aging and Geriatric Research, Division of Biology of Aging, College of 

Medicine, University of Florida, Gainesville, FL (USA). The animals consisted of the 

following groups: 28-month-old ad libitum-fed (AL-28, n = 6) and 32-month-old ad libitum-

fed (AL-32, n = 6) rats. The initial size of the age-groups was larger than the final one to 

compensate for intervening natural mortality. However, the number of six animals/group 

appeared sufficient for the study in consideration of the accurate evaluations described in 

(Hagen et al. 2004), based on the survival curves of specific rat strains including the 

F344BNF1(Turturro et al. 1999). Animals were anesthetized before being sacrificed and 

samples from the liver were immediately removed, snap-frozen in isopentane cooled by 

liquid nitrogen, and stored in liquid nitrogen until further analysis.

2.2. Determination of mtDNA content

MtDNA content was measured using quantitative real time polymerase chain reaction (qRT-

PCR). RT-PCR reactions were performed via SYBR Green chemistry in Fast mode on a 

QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). 

The primers were specific, respectively, for the rat mitochondrial D-loop region (numbering 

is according to GenBank™ accession number AY172581) and for the rat nuclear β-actin 

gene (numbering is according to GenBank™ accession number VO1217.1) and are listed in 

Table 1. The method has been validated by primer-limiting experiments and by evaluating 

the equal reaction efficiency of the two amplicons. Amplification specificity was controlled 

by melting curve analysis and gel electrophoresis. Each sample was analyzed in triplicate in 

20 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 (25 ng). After 5 min of denaturation at 95 °C, amplification proceeded for 40 

cycles, each consisting of denaturation at 95 °C for 3 s, annealing, and extension at 60 °C for 

30 s. The quantification of the mtDNA content in all rats, normalized to the respective β-

actin, was performed according to the Pfaffl mathematical model (Pfaffl 2001).

2.3. Western blotting

Mitochondrial isolation was performed as follows. Approximately half of the liver from each 

of the AL-28 and AL-32 animals was homogenized with a Potter–Elvehjem homogenizer 

(four strokes in 1 min at 500 rpm) in an isolation medium consisting of 220 mM mannitol, 

70 mM sucrose, 20 mM Tris–HCl, 1 mM EDTA, and 5 mM EGTA, pH 7.4 at 4 °C. The 

homogenate was centrifuged at 500 ×g for 10 min at 4 °C and the pellet consisting of nuclei 

and unbroken cells was discarded; the resulting supernatant was centrifuged at 8500 ×g for 

10 min at 4 °C and the related pellet was washed twice before being resuspended in isolation 

medium with the addition of a cocktail of protease inhibitors (cOmplete™ ULTRA Tablets, 

Mini, EDTA-free, Roche Diagnostics, Mannheim, Germany). Proteins were quantified with 

the Bradford method (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the 

supplier’s instructions. 10 μg of mitochondrial proteins were used for western blot analysis 

as described in (Picca et al. 2014) with the following primary antibodies dilutions used: 

TFAM (1:50,000), VDAC (1:50,000, Abcam), OGG1 (1:2500, Abcam), APE1 (1:5000, 

Abcam), MFN2 (1:5000, Abnova), DRP1 (1:2500, Abnova), Cyt c (1:500, Pharmingen), 

Citrate Synthase (1:100,000, Santa Cruz), Lon Protease (1:10,000) and Prx III (1:50,000, 
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AbFrontier). The antibodies against TFAM and Lon were custom-made and kindly donated, 

respectively, by Dr. H. Hinagaki (Department of Chemistry, National Industrial Research 

Institute of Nagoya, Japan) and Dr. C. Suzuki (Department of Biochemistry and Molecular 

Biology, New Jersey Medical School, University of Medicine and Dentistry of New Jersey, 

Newark, New Jersey, USA).

2.4. Statistical analysis

The statistical significance of differences between the two groups of animals was assessed 

by t-test analysis with the SPSS Base 11.5 software (SPSS Inc., Chicago, IL, USA) 

assuming the samples as independent. Statistical significance for tests was set at p < 0.05 or 

p < 0.01. Correlation between variables was analyzed using Pearson’s test. Statistical 

significance for the test was set at p < 0.05.

3. Results

3.1. Longevity-related effects on mtDNA content, citrate synthase and peroxiredoxin III 
amounts

In all tested rat tissues aging implies a statistically significant loss of mtDNA, although the 

entity of such loss is tissue-specific (Kang et al. 2013; Pesce et al. 2005; Picca et al. 2014). 

The availability of liver samples from very long-lasting rats (AL-32), allowed us to measure 

their relative mtDNA content as well as to assay their mitochondrial functionality through 

determination of the amounts of two proteins crucial for the organelle metabolism namely 

the citrate synthase (Wredenberg et al. 2002) and the antioxidant Prx III (Chang et al. 2004; 

Lee et al. 2014). The counterpart in the comparison included samples from less old animals 

(AL-28), clearly affected by the aging process as demonstrated in a previous study by our 

group (Picca et al. 2013a). The relative mtDNA content was measured by quantitative Real 

Time-PCR and the results for both age groups are reported in Fig. 1 that shows the absence 

of any statistically significant change with increasing age. Then, we turned to determine, by 

western blots experiments, the protein amount of the first fundamental enzyme of the 

tricarboxylic acids cycle that is citrate synthase, whose activity is so relevant for 

mitochondrial metabolism and survival to be used as a marker of mitochondrial mass (Betik 

et al. 2009). In the same experiments the protein from the outer mitochondrial membrane 

VDAC was used as internal standard for loading equal amounts from all tested samples. The 

results of the comparison between the two groups of rats are presented in Fig. 2 showing no 

significant changes in the AL-32 animals with respect to the less aged counterparts. 

Analyzing, also by western blots experiments, the amount of the scavenging mitochondrial 

protein Prx III, we found, as reported in Fig. 2, no significant changes in the older rats 

(AL-32) that paralleled the citrate synthase trend.

3.2. Longevity-related effects on TFAM and Lon protease

Having verified the absence of effects of extended aging on mtDNA content and 

metabolically relevant proteins, we analyzed the amounts of the histone-like protein of 

mtDNA that is TFAM (Picca and Lezza 2015) and of the intra-mitochondrial protease 

responsible for its turn-over namely Lon (Matsushima et al. 2010). TFAM is involved in 

multiple functions that are performed in close connection with mtDNA molecules. We 
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determined, by western blot experiments, the amount of TFAM in both groups of rats and in 

the same experiments the protein from the outer mitochondrial membrane VDAC was used 

as internal standard for loading equal amounts from all tested samples. The results are 

presented in Fig. 3 and no statistically significant longevity-related change was found for 

TFAM. On the other hand, the amount of the protease Lon (Fig. 3) showed a 50% 

statistically significant decrease in the AL-32 rats with respects to the less aged counterparts.

3.3. Longevity-related effects on enzymes involved in mtDNA repair and cytochrome c

Considering the maintenance, in the AL-32 rats, of mtDNA content as well as of TFAM, 

citrate synthase and Prx III amounts, we decided to evaluate the protein amount of 8-

Oxoguanine glycosylase (OGG1) and of apurinic/apyrimidinic endonuclease 1 (APE1), two 

enzymes involved in the base excision repair (BER) that is the prevalent DNA repair 

mechanism inside mitochondria. In such multi-steps pathway a modified base as 8-oxo-7,8-

dihydroguanine(8-oxo-G) is identified by the specific OGG1 and removed, leaving an abasic 

site that is recognized by APE1, which removes the abasic ribose and permits the complete 

repair of DNA by DNA polymerase γ (POLG) and ligase III (Scheibye-Knudsen et al. 

2015). The amounts of OGG1 and APE1 proteins were determined, by western blot 

experiments, in both groups of rats using the amount of the respective VDAC protein as the 

internal loading standard for each sample. The results, reported in Fig. 4, demonstrated the 

absence of any statistically significant longevity-related change for both enzymes, although 

there was a not significant 10% increase in the AL-32 amount of APE1. The absence of a 

longevity-related decrease in both mitochondrial repair enzymes suggested that, probably, 

the whole process of mtDNA repair in the AL-32 rats was not reduced with respects to the 

less aged counterparts. Therefore, it was very likely that the overall mtDNA damage, along 

with other well-known markers of the age-related mitochondrial oxidative stress, was not 

increased in the older animals, thus contributing to their extended longevity. This drove us to 

examine one of the major triggers of the mitochondrial apoptotic pathway that is the release 

of cytochrome c from mitochondria (Scorrano 2009). As shown in Fig. 4, the intra-

mitochondrial amount of the cytochrome c protein showed a statistically significant 

longevity-related 50% increase in the AL-32 rats with respects to the AL-28 animals.

3.4. Longevity-related effects on proteins involved in mitochondrial dynamics

To widen our survey of mitochondrial markers that might be linked to rat longevity, we 

examined two proteins relevant in the balance of mitochondrial dynamics namely the 

membrane-bound GTPase Mitofusin 2, (MFN2), required by fusion, and the cytosolic 

GTPase Dynamin-related protein 1 (DRP1), necessary for mitochondrial fission (Kasahara 

and Scorrano 2014). The amounts of the two proteins were determined, by western blot 

experiments, in the mitochondrial extracts of both groups using the amount of the respective 

VDAC protein as the internal loading standard for each sample. The results, presented in 

Fig. 5, demonstrated an unexpected, statistically significant doubling of both proteins in the 

AL-32 rats with respects to the AL-28 animals. This led to the calculation of the individual 

fusion indexes, by dividing each individual MFN2 amount for its respective DRP1 

counterpart (Leduc-Gaudet et al. 2015), that resulted much closer to each other in the older 

rats group than those of the AL-28 animals (Table 2). Being the increase in both MFN2 and 

DRP1 amounts the most relevant change, as for entity size, and likely affecting the overall 
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functionality of the crucial mitochondrial dynamics, it prompted us to verify the eventual 

relationship of the fusion index with the mtDNA content in all individual assayed animals. 

The results are presented in Fig. 6 where the individual fusion indexes were plotted in 

function of the respective mtDNA contents. It is noteworthy that all fusion indexes from the 

AL-32 rats were included between 0.88 and 1.92, suggesting that such a range might be well 

compatible with longevity. It was absolutely novel that two AL-28 rats and four out of the 

five AL-32 rats presented a statistically very significant, positive correlation (p = 0.0045, 

correlation coefficient 0.8931) between the assayed values. The outlier (0.88; 1649.09) from 

the AL-32 group was characterized by the lowest fusion index and by the highest value of 

mtDNA content, suggesting that it might represent a sort of best suitable candidate for 

longevity extending further than 32 months. This might be true also for the AL-28 rat 

featuring the highest mtDNA content (1593.18) in its group and presenting, similarly, the 

lowest fusion index (0.63). The points from the two remaining AL-28 animals were scattered 

representing rats whose fusion indexes were the highest values (3.26 and 2.44) and 

corresponded to mtDNA contents on average smaller than those of the other age-matched 

counterparts.

4. Discussion

Since a long time, the continuous growing interest for aging has focused also on those 

individuals, humans or animals, skipping the usual pace of the process and reaching older 

ages still with functions similar to those of younger counterparts. The puzzle of “the 

successful aging of centenarians” has originated several very relevant and updated studies 

that have unveiled part of a complicated story (Capri et al. 2014), dealing with various 

mechanisms eventually underlying a healthy longevity. In the search for clarifying such 

mechanisms also animal studies can become relevant. We had the possibility to examine 

liver samples from six old, AL-28, and six very old, AL-32, rats and we tried to find 

meaningful differences in the behavior of markers of mitochondrial functionality and 

biogenesis to get some hints about the longevity of the oldest animals. The studies 

comparing old and very old rats are in a limited number (Marzetti et al. 2008, Baker and 

Hepple, 2006, Hepple et al. 2004, Hagen et al. 2004) and this adds novelty to our data, 

although references will be made also to comparisons between young/adult and old/very old 

rats. The analysis of citrate synthase and Prx III proteins revealed the absence of a 

statistically significant change for both in the very old rats, indicative of an interruption in 

the already described, age-related decline in mitochondrial metabolism of rat liver (Cahill et 

al. 2005; Musicco et al. 2009; Navarro and Boveris 2004). In particular, the persistency of 

the protein amount of citrate synthase with extended aging might, however, be not 

controversial with the longevity-decreased activity of the same enzyme in rat plantaris 

muscle from 28–30 months to 36 months (Hagen et al. 2004). As for the Prx III protein, our 

previous results in rat liver showed an age-related reduced expression only passing from the 

middle age AL-18 animals to the AL-28 ones without ulterior decrease (Picca et al. 2013a). 

The present analysis, performed on a larger number of AL-32 animals, confirms such data 

with no longevity-related change in the protein amount. Similarly to the above quoted study 

(Picca et al. 2013a), we found no decrease in the mtDNA content in the older AL-32 rats 

with respects to the less aged ones. This suggests that the age-related loss of mtDNA, 
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already reported in liver and other tissues of rats not older than 26–28 months (Picca et al. 

2014, 2013a, 2013b), might have stopped or reduced its pace in the long-living AL-32 rats, 

reaching a sort of plateau level needed for life-compatibility. In support of this idea there 

was also the absence of a significant, longevity-related change in the amount of the mtDNA 

histone-like protein TFAM in the presently analyzed AL-32 animals that confirms our 

previous study as for the age-matched groups of rats (Picca et al. 2013a). Such lack of a 

longevity-related change in TFAM amount in the AL-32 rats might be due to the 50% 

reduced expression of the Lon protease, responsible for turn-over of exhausted TFAM (Lu et 

al. 2013; Matsushima et al. 2010). This is a particularly intriguing finding because previous 

reports in the literature demonstrated an age-related decrease in Lon activity and/or 

expression (Ngo et al. 2013) in rat liver (Bakala et al. 2003) and murine skeletal muscle 

(Bota et al. 2002) from animals up to 27 months of age. A possible explanation for such 

longevity-decreased expression of Lon might refer to its activity in the removal of TFAM 

unbound to mtDNA (Lu et al. 2013). We previously demonstrated a specific age-related, 

increased TFAM-binding to liver mtDNA regions encompassing the origins of replication in 

28-month-old rats. Such results were related to the decrease in mtDNA content and TFAM 

amount found in the same animals, suggesting that the increased TFAM binding might have 

reduced mtDNA replication and repair as well as TFAM expression (Picca et al. 2013a). 

TFAM expression did not change between the AL-28 and the AL-32 rats and if the protein 

bound to the mitochondrial genome in the older animals in a way very similar to the AL-28 

pattern, the amount of free TFAM, available for Lon degradation, in the AL-32 rats should 

have been quite limited. This might have induced the decreased expression of Lon that we 

described in the AL-32 animals and that might fit well in our model for longevity. Our 

hypothesis about the mitochondrial contribution to the natural longevity of the long-living 

AL-32 rats proposes that they were able to survive also because their mtDNA and related 

functional proteins had reached a “stationary-like” situation with a controlled molecular 

turnover through balance of damage, repair, elimination and new synthesis. Such hypothesis 

would explain also the absence of longevity-related changes in the expression of two major 

enzymes active in the BER process of mtDNA namely OGG1 and APE1. The unchanged 

amounts of OGG1 and APE1 inside mitochondria suggested that BER in the AL-32 rats was 

still likely active as in the AL-28 animals and should have thus prevented an increased loss 

of mtDNA, helping to maintain the “stationary”, life-compatible mtDNA content. 

Effectively, previous reports showed an age-increased OGG1 activity in rat liver and mouse 

liver mitochondrial extracts up to only 23 months of age (De Souza-Pinto et al. 2001; Souza-

Pinto et al. 1999), although the protein amount was not determined. More recently, the 

single-nucleotide-BER, the APE1 and the long-patch-BER activities were measured in five 

tissues from aged mouse, demonstrating an age-related increase in the mitochondrial 

activities of liver, again only up to 20 months of age and without a determination of the 

proteins amount (Szczesny et al. 2010). The absence of statistically significant, longevity-

related changes in the mitochondrial OGG1 and APE1 proteins amounts here presented 

supports, consistently with the reported age-increased activity of the two repair enzymes, the 

persistency of repair mechanisms in the AL-32 rats. The maintenance of mtDNA content 

and likely also integrity in the AL-32 rats also suggests that the initiation of the 

mitochondrial intrinsic apoptotic pathway, which should be related to the accumulation of 

DNA damage (Green and Llambi 2015), might have not increased in the older animals with 
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respects to what occurred in the AL-28 counterparts. The determination of the intra-

mitochondrial amount of cytochrome c was a reliable evaluation of the protein release from 

the intermembrane space into the cytosol and of the sequential activation of the caspase-

dependent apoptotic cascade. The 50% increased amount of cytochrome c inside 

mitochondria in the AL-32 rats with respects to the AL-28 counterparts strongly supports a 

reduced initiation of the intrinsic apoptotic pathway in the older animals. To reinforce this 

indication we found in the AL-32 rats an unchanged cytosolic amount of cytochrome c 

(results not shown) that paralleled the results by (Marzetti et al. 2008). Such Authors 

suggested a marginal involvement of the mitochondrial caspase-dependent apoptotic 

pathway in the age-associated muscle wasting of senescent (37-month-old) rats and this 

might have occurred also in liver from AL-32 rats. It appears that the “stationary” situation, 

established in the AL-32 animals, would have obtained an efficient turnover of dysfunctional 

mitochondria and cells, also through the age-related altered regulation of intrinsic apoptosis 

reported in 25-month-old rat liver (Mach et al. 2015). Of course, having hypothesized that an 

equilibrium between survival and removal had been reached inside mitochondria and cells 

from the AL-32 rats, we analyzed two proteins crucial in the fine-tuned balance of 

mitochondrial dynamics namely MFN2 and DRP1. The finding of doubled mean amounts 

for both proteins in the AL-32 group compared to the AL-28 mean values was unexpected. 

In facts, aging effects, reported in literature, implied a dysregulation of dynamics balance 

(Gaziev et al. 2014) and a marked reduction in fission, leading to a diminished removal of 

damaged organelles through fission (Mai et al. 2010). In the latter study about senescent 

human endothelial cells it was shown that the age-reduced expression of Fis1 and DRP1 

mediated mitochondrial elongation (namely morphological evidence of increased fusion) 

and enhanced resistance to oxidative stress (Mai et al. 2010). The indication of an age-

related prevalence of fusion above fission was confirmed by (Leduc-Gaudet et al. 2015) who 

reported an increased fusion index in aged (22–24-month-old) mice skeletal muscle. They 

also suggested the association between increased fusion index and sarcopenia because of 

insufficient removal of damaged organelles due to reduced fission (Leduc-Gaudet et al. 

2015). We analyzed the specific MFN2 and DRP1 amounts and calculated the fusion index 

in all assayed animals (Table 2), finding that such indexes in the AL-28 rats were very 

different, ranging from 0.63 through 3.26 with two animals presenting the highest values of 

MFN2 amount and fusion index. On the contrary, all the AL-32 fusion indexes grouped 

between 0.88 and 1.92, with the DRP1 amount generally less far from the MFN2 counterpart 

than in the AL-28 rats. This suggests the existence of a “threshold” fusion index around the 

value of 2.0, not exceeded in long-living rats and likely related to their longevity. In our 

model, below such threshold, fission was still able to efficiently remove damaged organelles 

and fusion could ensure a communication among mitochondria able to diffuse damaged 

macromolecules in the mitochondrial network and smooth their effects. Previous results 

from 28-month-old rat liver, indicating the age-related decrease in mtDNA content as well as 

in DRP1 and MFN2 amounts (Pesce et al. 2012), prompted us to search a relationship 

between these parameters in our examined animals. In fact, our hypothesis was further 

supported by the novel analysis, through linear regression, of fusion index and mtDNA 

content in all assayed rats, demonstrating a significant positive correlation between the two 

variables for two AL-28 rats and almost all AL-32 animals. The two AL-28 animals 

characterized by the highest fusion indexes (2.44 and 3.26) did not share such correlation 
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and harbored low mtDNA contents as if fusion strongly prevailing above fission was leading 

to an accumulation of damaged macromolecules, as suggested also by (Scheibye-Knudsen et 

al. 2015), and to a reduction in the mtDNA content. The values of the fusion index, 

demonstrating the strong positive correlation with the respective mtDNA contents, grouped 

all below 2.0, indicating that a limited prevalence of fusion above a still active fission might 

have ensured a functional mitochondrial network, able to perform communication as well as 

removal of damaged parts and organelles. Such finely tuned-up balance of mitochondrial 

dynamics should have led to a quite narrow range of high mtDNA contents, likely the best-

suitable for longevity, through modulation of the activities involved in mtDNA maintenance 

and turnover. The AL-32 outlier and one rat from the AL-28 group, featuring, respectively, 

0.88 and 0.63 as fusion indexes together with the highest mtDNA contents (1649.09 and 

1593.18) might indicate that when fission was more active than fusion the maintenance of 

mtDNA was extremely well-guaranteed and, probably, the overall functionality of 

mitochondria still kept a sort of “adult-like performance”, favoring longevity. Our results 

support the idea that the persistency of adult-like dynamics in the AL-32 rats might 

positively affect also mtDNA integrity through enzymes for mtDNA repair as well as the 

expression of TFAM and Lon, adapting mtDNA content and functions to the always 

changing cell demands. Recent reports have demonstrated that a number of phenomena are 

regulated through the balance of mitochondrial dynamics (Gillies and Kuwana 2014) and 

such balance can be modulated by nutrient status and metabolic alterations (Wai and Langer 

2016). In particular, MFN2 has been reported to be regulated by the p53 tumor suppressor 

(Wang et al. 2010), which can be activated by various stresses including DNA damage, 

oxidative and nutritional stress and ischemia and thus might influence mitochondrial 

dynamics. By the other side, the effects of activated p53 on mitochondria can be elicited also 

along molecular pathways not targeting the organelle dynamics. A mild metabolic stress, as 

fasting or the chemically-induced oxidative unbalance due to GSH depletion, has been 

shown to take to a p53-mediated peroxisome proliferator-activated receptor-γ coactivator-1α 
(PGC-1α) up-regulation that induced expression of the mitochondrial antioxidant 

superoxide dismutase (SOD2) and reinforced the organelle’s response to oxidative stress 

(Aquilano et al. 2013). Actions on mitochondria orchestrated by p53 include also mitophagy, 

crucial for the cellular redox homeostasis and modulated by a growing number of proteins 

that reside in the mitochondria or become associated with mitochondria for their function, 

like PINK1 and parkin (Wang et al. 2014). It has been recently shown that mitochondria 

from skeletal muscle of p53 KO mice display alterations in mitophagy-related as well as 

fission and fusion proteins (Saleem et al. 2015), highlighting the interconnections among all 

pathways involved in mitochondrial quality control. An indirect confirmation about the role 

of interconnected mitochondrial quality control pathways derives from the reduced 

mitophagy, reported in accelerated aging disorders and due to persisting mtDNA damage, 

that prevented mitochondrial biogenesis and led to dysfunctional organelles (Fang et al. 

2014). Therefore, the achievement of an adult-like “stationary” situation of balanced 

mitochondrial dynamics can affect various mitochondrial processes and reasonably 

contribute to a successful and long aging, as inferred from our results. More studies are 

needed along this new pathway to shed light on the causes and the effects of the age-related 

unbalance of mitochondrial dynamics and mtDNA content and their relevance for natural 

longevity.

Picca et al. Page 9

Exp Gerontol. Author manuscript; available in PMC 2018 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Conclusions

The present data show that liver from the naturally long-living AL-32 rats is mainly 

characterized, with respects to that from the less aged AL-28 counterparts, by a doubling of 

both proteins MFN2 and DRP1, very relevant for mitochondrial dynamics, and a narrow 

range of fusion index values. Furthermore, most AL-32 rats and some AL-28 ones 

demonstrate a strong correlation between the respective fusion indexes and mtDNA 

contents, indicating that a limited prevalence of fusion over fission correlates with a high 

mtDNA content and their coordination likely favors a better life-compatibility. We 

hypothesize that the mitochondrial contribution to extended individual longevity might 

imply the establishment of an adult-like “stationary” situation, reached through an optimal 

balance of interconnected different quality control pathways, as those here assayed of 

mitochondrial dynamics and regulation of mtDNA content. The relevance of the issues 

requires further study to proceed in the elucidation of the involved mechanisms.
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Fig. 1. 
Effect of extended aging on mtDNA content in rat liver. Extended aging did not induce any 

change in the mtDNA content. The histogram shows the mean value of the ratio mtDNA/

nuclear DNA, determined by qRT-PCR, in AL-32 rats compared to AL-28 rats. Bars 

represent the mean (±SE) obtained, respectively, from analysis in triplicate of total nucleic 

acids from each AL-28 and AL-32 rat. The comparison was made with respects to the value 

of the AL-28 rats fixed as 1. n = number of analyzed animals.
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Fig. 2. 
Effect of extended aging on citrate synthase and peroxiredoxin III (Prx III) amounts in rat 

liver. Extended aging did not induce any significant change in citrate synthase and Prx III 

amounts. A. Representative western blot carried out in four rats from each assayed group. 

The bands from top to bottom show, respectively, the signals from citrate synthase, Prx III 

and VDAC. B. The histogram shows the relative amounts of citrate synthase and Prx III in 

AL-32 rats, determined by densitometry analysis of the results from triplicated western blots 

experiments, compared to AL-28 rats. The densitometric value of OD units of every citrate 

synthase and Prx III band was related to the number of OD units of the respective band of 

VDAC for each analyzed sample. Bars represent the mean ((±SE) of the relative (citrate 

synthase/VDAC, Prx III/VDAC) values obtained from each AL-28 and AL-32 rat. 

Comparisons were made with respects to the value of the AL-28 rats, fixed as 1. n = number 

of analyzed animals.
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Fig. 3. 
Effect of extended aging on TFAM and Lon amounts in rat liver. Extended aging did not 

induce any significant change in TFAM amount and a 50% decrease in Lon amount. A. 

Representative western blot carried out in four rats from each assayed group. The bands 

from top to bottom show, respectively, the signals from Lon, TFAM and VDAC. B. The 

histogram shows the relative amounts of TFAM and Lon in AL-32 rats, determined by 

densitometry analysis of the results from triplicated western blots experiments, compared to 

AL-28 rats. The densitometric value of OD units of every TFAM and Lon band was related 

to the number of OD units of the respective band of VDAC for each analyzed sample. Bars 

represent the mean ((±SE) of the relative (TFAM/VDAC, Lon/VDAC) values obtained from 

each AL-28 and AL-32 rat. Comparisons were made with respects to the value of the AL-28 

rats, fixed as 1. **p < 0.01 versus the value of the AL-28 rats; n = number of analyzed 

animals.
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Fig. 4. 
Effect of extended aging on OGG1, APE1 and cytochrome c (Cyt c) amounts in rat liver. 

Extended aging did not induce any change in OGG1 and APE1 amounts and induced a 50% 

increase in Cyt c amount. A. Representative western blot carried out in four rats from each 

assayed group. The bands from top to bottom show, respectively, the signals from APE1, 

OGG1, Cyt c and VDAC. B. The histogram shows the relative amounts of APE1, OGG1 and 

Cyt c in AL-32 rats, determined by densitometry analysis of the results from triplicated 

western blots experiments, compared to AL-28 rats. The densitometric value of OD units of 

every APE1, OGG1 and Cyt c band was related to the number of OD units of the respective 

band of VDAC for each analyzed sample. Bars represent the mean ((±SE) of the relative 

(APE1/VDAC, OGG1/VDAC, Cyt c/VDAC) values obtained from each AL-28 and AL-32 

rat. Comparisons were made with respects to the value of the AL-28 rats, fixed as 1. *p < 

0.05 versus the value of the AL-28 rats; n = number of analyzed animals.
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Fig. 5. 
Effect of extended aging on MFN2 and DRP1 amounts in rat liver. Extended aging induced a 

doubling in MFN2 and DRP1 amounts. A. Representative western blot carried out in four 

rats from each assayed group. The bands from top to bottom show, respectively, the signals 

from DRP1, MFN2 and VDAC. B. The histogram shows the relative amounts of DRP1 and 

MFN2 in AL-32 rats, determined by densitometry analysis of the results from triplicated 

western blots experiments, compared to AL-28 rats. The densitometric value of OD units of 

every DRP1 and MFN2 band was related to the number of OD units of the respective band 

of VDAC for each analyzed sample. Bars represent the mean ((±SE) of the relative (DRP1/

VDAC, MFN2/VDAC) values obtained from each AL-28 and AL-32 rat. Comparisons were 

made with respects to the value of the AL-28 rats, fixed as 1. *p < 0.05 versus the value of 

the AL-28 rats; n = number of analyzed animals.
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Fig. 6. 
Correlation between the value of fusion index and the mtDNA content. A strong positive 

correlation was found between the fusion index value and the mtDNA content in four out of 

five animals from the AL-32 group and two from the AL-28 rats (see Table 2 for individual 

fusion indexes). The RT-PCR quantification of the mtDNA content in AL-28 and AL-32 

rats, all normalized to β-actin, was performed according to the Pfaffl mathematical model 

and the values resulted from the calculation of the formula 2−ΔCT (Pfaffl 2001). Pearson’s 

test was performed and demonstrated a highly significant correlation (p < 0.005, correlation 

coefficient: 0.8931) in the AL-32 group (n = 4,) and AL-28 rats (n = 2) (filled line). The 

outlier from the AL-32 group and one animal from the AL-28 group shared the lowest 

fusion indexes together with the highest mtDNA contents, whereas the AL-28 rats with the 

highest fusion indexes were characterized by quite low mtDNA contents.
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Table 1

Oligonucleotide Primers sequences.

Primers for RT-PCR

Primer set Forward primer Reverse primer (nps) (nps)

mtDNA For/mtDNA Rev 5′-GGTTCTTACTTCAGGGCCATCA-3′ 5′–TGATTAGACCCGTTACCATCGA-3′ (15,785–15,806) (15,868–15,847)

Beta-actin For/Beta-actin Rev 5′–CCCAGCCATGTACGTAGCCA–3′ 5′–CGTCTCCGGAGTCCATCAC–3′ (2181–2200) (2266–2248)
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Table 2

Individual values of MFN2, DRP1 and Fusion index.

MFN2/VDACa DRP1/VDACa Fusion index

AL-28 0.21 0.33 0.63

0.44 0.18 2.44

0.22 0.26 0.83

0.36 0.27 1.31

0.66 0.20 3.26

AL-32 0.77 0.56 1.36

0.46 0.52 0.88

0.60 0.41 1.46

1.27 0.66 1.92

1.05 0.56 1.89

a
The values of MNF2 and DRP1 are expressed as relative amounts, determined by densitometry analysis. The densitometric value of OD units of 

every MFN2 or DRP1 band was related to the number of OD units of the respective band of VDAC for each analyzed sample.
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