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Abstract 

AIM: Sirtuins are proteins that connect energy metabolism, oxidative stress and aging. Expression of heat shock 

proteins (Hsps) is regulated by heat shock factors (HSFs) in response to various environmental and 

physiological stresses, such as oxidative stress. Oxidative stress accumulates during aging which makes cells 

more prone to DNA damage. Although many experimental animal models have been designed to study the 

effects of knockdown or overexpression of sirtuins, HSFs and Hsps, little is known about how aging per se 

affects their expression. Here we study the impact of intrinsic aerobic capacity, aging and voluntary exercise on 

the levels of sirtuins, HSFs and Hsps in skeletal muscle. 

METHODS: We studied the protein levels of sirtuins (SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 and 

SIRT7), HSF1, HSF2, Hsp10, Hsp27 and Hsp70 before and after one-year of voluntary running intervention of 

rat strains selectively bred for intrinsic aerobic exercise capacity; high capacity runners (HCR) and low capacity 

runners (LCR) differ by more than 30% for median lifespan. This setup enabled us to discern the effects of 

inborn aerobic capacity, aging and exercise activity on the protein levels of sirtuins, HSFs and Hsps in skeletal 

muscle. 

RESULTS: Our results revealed that the longer lived HCR rats had higher SIRT3, HSF1 and HSF2 contents in 

skeletal muscle (gastrocnemius, p < 0.05) than LCRs. Neither aging nor voluntary running had a significant 

effect on the studied sirtuin proteins. Aging significantly increased the protein levels of HSF1, HSF2 and Hsp27 

(p < 0.05). 

CONCLUSION: Our finding of elevated SIRT3 levels in HCR rats is in line with previous studies; SIRT3 in 

general is linked to elevated fatty acid oxidation and oxidative phosphorylation, which previously have been 

associated with metabolic profile of HCRs. HSF1, HSF2 and Hsp27 levels increased with aging, showing that 

aged muscles responded to aging-related stress. Our study shows for the first time that SIRT3 protein level is 

linked to high inborn aerobic capacity, and may be directly interconnected to longevity. 

 

Keywords: aging, oxidative stress, physical activity, sirtuin, skeletal muscle   
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1 Introduction 

Aging is a physiological phenomenon during which a progressive decline of organ and tissue function is 

accompanied with the development of complex diseases. Since aging phenotypes at whole body level results 

from a complex set of changes at the cellular level, several theories have been formulated to address the 

underlying mechanisms behind this phenomenon. Telomere shortening and accumulation of oxidative stress are 

among the most prominent candidates of these theories (1-4). In yeast cells, the SIRT2 ortholog Sir2 was shown 

to promote longevity, which raised the interest towards a possible role of sirtuin proteins in mammalian aging 

(5).  

Sirtuins are nicotinamide adenine dinucleotide (NAD)-dependent protein deacylases that link protein acylation, 

metabolism and aging (6). Mammals have seven sirtuins; SIRT3, SIRT4 and SIRT5 are mitochondrial, SIRT1, 

SIRT6 and SIRT7 are primarily nuclear, and SIRT2 is found both in the nucleus and the cytoplasm (7, 8). 

Generally, the sirtuins deacylate proteins that are involved either in i) response to oxidative stress or ii) control 

of metabolism (6). Sirtuins interact with telomeric chromatin and several components of the DNA repair 

machinery making them potential targets for studies on the mechanisms of oxidative stress in aging (9, 10). 

Sirtuins are also energy sensor proteins that respond strongly to caloric restriction, a well-recognized 

intervention to increase life span of lower model organisms and rodents as well as primates (11-13). 

Furthermore, sirtuins play a role in the selection of energy source by regulating fatty acid oxidation (14, 15) 

along with mitochondrial energy metabolism and ATP homeostasis (16, 17).  

Downstream from sirtuins, heat shock factors (HSFs) are important transcription factors for protecting cells 

from protein-damaging stress associated with misfolded proteins, and therefore aging and aging related diseases 

(18, 19). HSFs activate the transcription of a large number of genes that regulate protein homeostasis, including 

genes encoding heat shock proteins Hsp27 and Hsp70 (19, 20). Hsp10 typically functions as chaperone in 

mitochondria together with Hsp60 (21). In general, Hsp proteins function as molecular chaperones by 

supporting the folding of newly synthesized polypeptides and the assembly of multi-protein complexes (22-24). 

SIRT1 has been shown to maintain the DNA-binding state of HSF1 for Hsp70 induction (25) whereas Hsp10 

has proven to be a functional SIRT3 substrate (26). 

Several experimental animal models have been genetically designed to study the effects of knockdown of sirtuin 

and HSF proteins. SIRT6-knockout mice have aging-like phenotype, including severe hypoglycemia and loss of 
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subcutaneous fat, leading to death at early age (27, 28). SIRT7-knockout mice display cardiac hypertrophy (29), 

whereas SIRT2-knockdown mice develop tumorigenesis, leading to the notion that SIRT2 acts as a tumor 

suppressor (30). Mice lacking both SIRT3 alleles have higher levels of fatty-acid oxidation intermediate 

products and triglycerides during fasting, associated with decreased levels of fatty-acid oxidation, compared to 

livers from wild-type mice (14). Interestingly, reduced SIRT4 levels significantly increase fatty acid oxidation 

and cellular respiration in myotubes, demonstrating that that SIRT4 inhibition increases fat oxidative capacity 

and mitochondrial function in muscle (15). SIRT5-knockout mice are hyperammonemic during fasting and 

SIRT5-overexpressing mice have conversely increased urea production (31). SIRT1-knockout mice are not 

viable in inbred strain backgrounds and show pleiotropic phenotypes in outcrossed lines, including small size, 

developmental defects and sterility (32). In mice overexpression of SIRT1 leads to similar phenotype as calorie-

restricted diet: mice are leaner, more metabolically active and display reductions in blood cholesterol, insulin 

and fasting glucose compared to littermate controls (33). In mammals, HSFs are involved in several 

developmental pathways, and HSF1-knockout mice exhibit growth retardation, prenatal lethality and decreased 

lifespan (34). Taken together, the knockout animal models of sirtuins and HSFs show several divergent 

metabolic defects of which some lead to a shortened lifespan. 

Previous studies have revealed that high aerobic capacity and/or high physical activity levels are strongly 

associated with long lifespan in humans (35, 36). Recently, it was also reported that high intrinsic aerobic 

capacity is strongly linked to longevity in rodents (37). Because of this strong statistical linkage between 

exercise capacity and survivability in both rats and humans, many mechanistic studies have concentrated on the 

effects of exercise on sirtuins and Hsps. It has been shown that prolonged exercise training increases SIRT1 

activity in heart tissue in aged rats (38). SIRT3 has been reported to be upregulated by exercise and chronic 

muscle contractions (39, 40), and resistance training has been shown to increase Hsp levels in skeletal muscle of 

both young and old rats (41). To date, SIRT1 and SIRT6 have proven to be strong determinants of life span in 

mice (42, 43). However, only a few studies have addressed how healthy aging itself affects the expression of 

sirtuins, HSFs and Hsps. There are indications that the activity of sirtuins declines during aging (9), yet more 

animal and humans studies are needed to explore the effects of the whole sirtuin protein family on lifespan (44). 

Here we use rat strains that differ from their intrinsic aerobic capacity; high capacity runners (HCR) and low 

capacity runners (LCR) (45) before and after one-year voluntary running intervention to measure the proteins 

levels of sirtuins, HSFs and Hsps. This setup enabled us to investigate the effects of inborn aerobic capacity, 
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aging per se and exercise on skeletal muscle sirtuin, HSF, and Hsp protein levels. This animal model is well 

suited for aging studies, since in addition to differing from their aerobic capacity HCRs have been shown to 

have 28-48% longer lifespan than LCRs (37). We hypothesized that HCRs display higher expression of sirtuin, 

HSF and Hsp proteins compared to LCRs due to their verified longer median lifespan that is tightly coupled to 

maximal aerobic capacity and their presumed better capability to compensate aging-related oxidative stress. We 

also hypothesized that the studied protein levels are higher in HCRs in response to exercise as HCRs have been 

reported to engage in more voluntary activity on a running wheel and to be spontaneously more active in novel 

environments than LCRs (37, 46, 47).  
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2 Materials and methods 

2.1 Rat strains 

The HCR/LCR contrasting rat model system was produced via two-way artificial selection, starting from a large 

founder population of genetically heterogeneous rats (N:NIH stock), as described previously (45). The 

phenotype for endurance running capacity was assessed at the University of Michigan (Ann Arbor, Michigan, 

USA) with a speed-ramped treadmill running test (15° slope, initial velocity of 10 m min
-1

, increased 1 m min 

every 2 min) when the rats were 11 weeks of age. For this study, 60 female rats (30 HCRs and 30 LCRs) 

produced at generations 23-27 of selection were used. All rats were housed in an environment controlled facility 

(12/12 h light-dark cycle, 22
◦
C) and received water and standard rodent feed (R36, Labfor, Stockholm, Sweden) 

ad libitum.  

2.2 Protocol 

We conducted similar speed-ramped maximal treadmill running tests to the rats as described above at the age of 

9 and 21 months and collected skeletal muscle samples (gastrocnemius muscle) at the same time points (Fig. 1). 

Before the first measurements and sampling, the rats were housed in pairs in standard cages. After the first 

measurements rats were divided evenly into weight and maximal running capacity matched groups (n = 10) and 

randomly assigned to control (standard cage) vs voluntary running groups (cage with an access to a running 

wheel). We collected samples from the non-trained animals at time points that coincided with before (age 9 

months) and after one-year voluntary running intervention (age 21 months). All together, we had six different 

subgroups of rats; HCR_before (no intervention), LCR_before (no intervention), HCR-C_after (control), HCR-

R_after (runner), LCR-C_after (control) and LCR-R_after (runner) (Fig. 1). During this one-year intervention 

the rats were housed 1/cage. Rats in the control groups had a wooden tunnel and all rats had nesting material to 

enrich their environment. 

2.3 Body weight and energy intake 

Body weight and energy intake of the rats were followed throughout the one-year intervention by weighing the 

rats and consumed food every second week. The energy intake was calculated from the feed energy content 

information provided by the manufacturer (Labfor). 
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2.4 Voluntary running distance and spontaneous activity 

Voluntary running distance from the running wheels was followed throughout the one-year intervention with a 

computerized recording system. Running wheel was mounted on a cage (Techniplast 2154F0105, Buguggiate, 

Italy), and the wheel was connected to a computerized recording system (Acer Verinton 6900Pro, 32 bit 

processor produced by Intel, Windows XP). Total wheel laps were recorded continuously, and the total running 

distance per day was determined by multiplying the number of wheel rotations by the circumference of the 

running wheel (Ø 34.5 cm). From daily running distances we calculated an average daily running distance for 

every two-week period. Spontaneous activity was measured for four days at two time points; 13 and 15 months 

of age. For this purpose, we used ground reaction force recordings, as described previously (48). The absolute 

values of the differences between consecutive force values were calculated as described by Silvennoinen et al 

(48). The mean of the absolute values were calculated from every second from total 20 values per second. To 

obtain a single value for total spontaneous activity, the 1-s means were summed for the total measurement time 

and the sum was divided by the body mass (kg) of the measured rat.  From that data, we calculated the activity 

index as a sum on three day activity per each month (48, 49). 

2.5 Tissue processing 

Gastrocnemius muscle (n = 10/group) samples were collected from HCR/LCR rats before and after one-year 

voluntary running intervention. Distal part of gastrocnemius muscle (2/3 of total muscle volume) was used for 

the analyses. The snap frozen samples were homogenized in liquid nitrogen and processed with either of the 

following protocols:  

2.5.1 Sirtuins, Hsp10, PGC1a, cyt C and citrate synthase: 

The homogenized muscle sample was dissolved in ice-cold buffer (20 mM HEPES [pH 7.4], 1 mM EDTA, 5 

mM EGTA, 10 mM MgCl2, 100 mM, b-glycerophosphate, 1 mM Na3VO4, 2 mM DTT, 1% NP-40 [nonyl 

phenoxypolyethoxylethanol], 0.2% sodium deoxycholate, and 3% protease and phosphatase inhibitor cocktail [P 

78443; Pierce, Rockford, IL]). The muscle homogenate was then centrifuged at 10.000 x g for 10 min at 4°C. 

Total protein content was determined using the bicinchoninic acid protein assay (Pierce Biotechnology, 

Rockford, IL) with an automated KoneLab instrument (Thermo Scientific, Vantaa, Finland).  
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2.5.2 HSFs, Hsp27and Hsp70: 

The muscle homogenates were lysed in lysis buffer (24 mM HEPES [pH 7.4], 100 mM NaCl, 5 mM EDTA, 

0.5% Triton-X-100, 200 mM β-glycerolphosphate, 20 mM PNPP, 100 μM ortovanadate), and protein 

concentration was measured with the Bradford method.  

2.6 Citrate synthase activity 

Citrate synthase activity (U•µg
-1

•min
-1

) in the gastrocnemius muscle (n = 10/group) was studied as it is used as a 

marker of aerobic capacity and mitochondrial density in skeletal muscle (50). Citrate synthase activity was 

measured from the same muscle homogenates that were used to determine the total protein content (Citrate 

Synthase Assay Kit Sigma-Aldrich) with an automated KoneLab instrument (Thermo Scientific). 

2.7 Western blot analyses 

2.7.1 Sirtuins, Hsp10, PGC1a, cyt C and OXPHOS Cocktail: 

Aliquots of muscle homogenate were solubilized in Laemmli sample buffer and heated at 95°C to denaturate 

proteins. Samples containing 30 μg of total protein were separated by SDS-PAGE for 60-90 min at 200 V using 

4–20% gradient gels on Criterion electrophoresis cell (Bio-Rad Laboratories, Richmond, CA). Proteins were 

transferred to PVDF membranes at 300 mA constant current for 2 h on ice at 4°C. The homogeneity of protein 

loading was checked by staining the membrane with Ponceau S. Membranes were blocked in TBS with 0.1% 

Tween 20 (TBS-T) containing 5% nonfat dry milk for 2 h and then incubated overnight at 4°C with 

commercially available polyclonal primary antibodies to measure the following protein contents with stated 

dilutions: SIRT1 (1:2000; ab28170, Abcam), SIRT2 (1:500; ab75436, Abcam), SIRT3 (1:800; ab118334, 

Abcam), SIRT4 (1:1000; ab124521, Abcam), SIRT5 (1:1000; ab13697, Abcam) SIRT6 (1:500; ab62739, 

Abcam), SIRT7 (1:500; 13477, Cayman Chemical Company), Hsp10 (1:2000; SAB4501465, Sigma), PGC-1α 

(1:4000; 516557, Calbiochem), cytochrome C (cyt C) (1:500; sc-8385, Santa Cruz biotechnology, Inc.), Total 

OXPHOS Cocktail (1:1000; ab110413; Abcam) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(1:10000; ab9485, Abcam). After the primary antibody incubation membranes were washed in TBS-T, 

incubated with suitable secondary antibody diluted in TBS-T with 2.5% milk for 1 h followed by washing in 

TBS-T. Proteins were visualized by ECL according to the manufacturer's protocol (SuperSignal West femto 

maximum sensitivity substrate, Pierce Biotechnology) and quantified using ChemiDoc XRS in combination 
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with Quantity One software (version 4.6.3. Bio-Rad Laboratories). Sirtuin protein and OXPHOS Cocktail levels 

were normalized to corresponding Ponceau S stained actin band and after this the mitochondrial sirtuins (SIRT3, 

SIRT4 and SIRT5) were normalized to OXPHOS Cocktail level.  Mitochondrial Hsp10 was first normalized to 

corresponding GAPDH band and thereafter to OXPHOS Cocktail level similarly as mitochondrial sirtuins. 

PGC-1α and cyt C were normalized to corresponding GAPDH band. 

2.7.2 HSFs and Hsp27and Hsp70: 

Samples containing 35 μg of total protein were separated by SDS-PAGE on 7.5 % gels (Bio-Rad Laboratories) 

and transferred to nitrocellulose membranes with the semi-dry method. Transfer efficiency was checked with 

Ponceau S staining, and the membranes were boiled for 15 min before being blocked with 5% milk in PBS-

0.3%-Tween 20 and immunoblotted with the following primary antibodies: α-HSF1 (1:1000; SPA-901, Enzo 

Life Sciences), α-HSF2 (1:200; Clone 3E2, Cayman Chemicals), α-HSP70 (1:5000; SPA-810, Enzo Life 

Sciences), α-HSP27 (1:1000; SPA-800, Enzo Life Sciences), α-GAPDH (1: 15000; ab9485, Abcam). After the 

primary antibody incubation membranes were washed in PBS-T and incubated with suitable secondary 

antibody. The signal was developed using Amersham ECL Plus substrate (GE Healthcare) and quantified using 

ChemiDoc XRS in combination with Quantity One software (version 4.6.3. Bio-Rad Laboratories). HSF and 

Hsp protein levels were normalized to corresponding GAPDH band. 

2.8 Ethics statement 

This study was approved by the National Animal Experiment Board, Finland (Permit number ESAVI-2010-

07989/Ym-23). 

2.9 Conflict of interest 

The authors declare no conflict of interest. 

2.10 Statistical analyses 

Statistical analyses for all variables were carried out using SPSS for Windows 22 statistical software (SPSS Inc., 

Chicago, IL, USA). The Shapiro-Wilk test was used to investigate within group normality for a given parameter 

of interest. Levene's test was conducted to assess the homogeneity of the variance assumption. When the 

normality or equality of variance assumptions were not met, statistical comparisons of parameters between LCR 
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and HCR groups were made using Mann-Whitney test. Univariate analysis was done by combining the data 

from both studied rat strains to analyze the strain (HCR or LCR), age (before [age 9 months] or after [age 21 

months] the intervention) and running (access to running wheel or a standard cage) effects to the measured 

parameters. P-values less than 0.05 were considered statistically significant.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

11 

 

3 Results 

3.1 Body weight and energy intake 

LCRs were heavier during the whole intervention compared to the corresponding HCRs in both studied groups 

(LCR-C vs. HCR-C and LCR-R vs. HCR-R, p < 0.05, Fig. 2A). Energy intake was greater in runner groups 

compared to the corresponding controls in both rat strains (p < 0.05, Fig. 2B). In HCRs, HCR-R consumed more 

feed compared to HCR-C during 11.5-20 months, whereas in LCRs, LCR-R had higher energy intake during 

11.5-12 and 13.5-20 months (p < 0.05). The control groups of both rat strains had a similar energy intake. 

3.2 Voluntary running and spontaneous activity 

HCRs run more voluntarily compared to the LCR runners during the whole intervention (p < 0.05, Fig. 3A).  

HCRs also had higher spontaneous activity compared to LCRs during control and running intervention, showing 

a strain effect at time point 15 months (p < 0.050, Fig. 3B). Rats from both strains that had the opportunity to 

voluntary run had a clearly higher spontaneous activity at both studied time points than the corresponding 

controls (Running effect p < 0.05, Fig. 3B). 

3.3 Western blot analyses 

Univariate analysis showed a strain effect for SIRT3 on the gastrocnemius muscle with HCRs having higher 

protein level compared to LCRs (p < 0.050, Fig. 4A, Table 1). Also, Hsp10 normalized to GAPDH showed a 

strain effect with HCRs having higher protein level than LCRs (p < 0.010, data not shown). Strain, aging or 

voluntary running had no significant effect on other studied sirtuins or Hsp10 normalized to OXPHOS Cocktail 

level (Fig. 4 and 5, Table 1). 

Hsp27 levels in the gastrocnemius muscle increased with aging (p < 0.001, Fig. 6A, Table 1). No changes were 

detected for Hsp70 levels (Fig. 6B, Table 1). Univariate analysis further showed that both strain and age had a 

marked impact on HSF1 and HSF2 levels (p < 0.050, Fig. 6C and 6D, Table 1), with HCRs expressing higher 

protein levels of these transcription factors than LCRs and an increase in both proteins with aging. 

There was a clear strain effect on both cyt C and PGC-1α contents in the gastrocnemius muscle with HCRs 

higher protein levels compared to LCRs (p < 0.010, Fig 7A and 7B, Table 1). Aging significantly increased 

PGC-1α level (p < 0.05, Fig. 7B, Table 1).  
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3.4 Citrate synthase activity 

HCRs had higher citrate synthase activity compared to LCRs (strain effect p < 0.05). Aging or voluntary 

running had no significant effect on citrate synthase activity (HCR_before 2939±679 vs. HCR_after 3267±1081 

and HCR-R_after 3554±835; LCR_before 2767±866 vs. LCR_after 2863±917 and LCR-R_after 3545±1328 [U• 

µg
-1

•min
-1

, mean ± SD]).   



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

13 

 

4 Discussion 

Our results revealed that HCR rats had higher SIRT3 protein content in skeletal muscle compared to LCR rats. 

Also, HSF1 and HSF2 proteins showed a similar strain effect with HCRs having higher levels compared to 

LCRs. Aging increased the protein levels of HSF1, HSF2 and Hsp27. 

The main finding from this study is that HCRs have higher SIRT3 protein content in skeletal muscle compared 

to LCRs (Fig. 4A, Table 1). SIRT3 in general is linked to elevated metabolism, fatty-acid oxidation and 

oxidative phosphorylation (14, 51), which have been established in HCRs (52-54). A recent study of Overmyer 

et al showed that HCRs have lower mitochondrial protein acetylation in gastrocnemius muscle during rest and 

exercise than LCRs; however, they did not find a difference in the SIRT3 level (54). Since the rats utilized in 

Overmyer’s study were three month old male rats, whereas our rats were nine month old females, it is possible 

that the age and gender difference may contribute to the different results. Nonetheless, SIRT3 has been proposed 

to be the most prominent deacetylase in the mitochondria (55), and Overmyer et al suggested that the clear 

difference seen in the acetylation level might be due to SIRT3 activation, but not protein level per se. The higher 

SIRT3 level and/or activation of HCRs may promote increased deacetylation in mitochondria, thereby 

increasing the activity of enzymes of oxidative pathways. Thus, compared to LCRs, HCRs are able to more 

efficiently continue ATP production through oxidative phosphorylation especially during exercise (54). 

Furthermore, in a previous study with humans, the strongest association between sirtuins and aging has been 

found in the SIRT3 gene polymorphism in mitochondria (56). Rose et al searched for variability in the 

evolutionary conserved domain of the SIRT3 gene and identified a silent G/T transversion at the position 477 of 

the coding region (G477T polymorphism). They found that the TT genotype increased survival in the elderly 

even though this variant does not alter the amino acid sequence (56). In our study, we found that HCRs, that are 

shown to have longer lifespan than LCRs, expressed higher levels of SIRT3 protein, indicating that not only the 

SIRT3 variant but also the protein level may be linked to a longer lifespan. 

In addition to SIRT3, the muscle tissue level of its target protein Hsp10 (after normalization to GAPDH) was 

higher in HCRs than in LCRs (strain effect, p < 0.010, data not shown). Though originally identified as a 

mitochondrial chaperone, Hsp10 is also known to be present in cytosol, cell surface, extracellular space and 

peripheral blood and to have various other cellular functions (21, 57). The ability of HSP10 to change its 

location is believed to be related to the protection of cells from various kinds of stressors such as infections and 
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inflammation that are potential threats for healthy aging (21). It may be speculated, that cellular Hsp10 shares a 

role in healthy aging beside SIRT3. 

Unlike what we hypothesized, there were no differences in the protein levels of other studied sirtuins than 

SIRT3 between the rat strains. In previous studies SIRT1 deacetylase activity has been shown to be similar in 

non-trained and trained HCR and LCR rats when the training consisted of 12 week treadmill running, whereas 

SIRT4 level was decreased with exercise in gastrocnemius muscle (58, 59). It was speculated, that decreased 

SIRT4 level resulted in increased free fatty acid utilization. However, in these studies the results of HCR and 

LCR rats were reported separately, so there was no comparison between the rat strains on the studied sirtuins. 

SIRT1 is known to deacetylate PGC-1α, which links SIRT1 to oxidative metabolism (6). Indeed, the activity of 

SIRT1, but not its expression, has been observed to regulate mitochondrial biogenesis both in human and rat 

skeletal muscle (60, 61). Another study found that acute endurance exercise increases the levels of SIRT1 and 

PGC-1α in rat skeletal muscle (62). In our study, we did not detect an increase in SIRT1, either caused by aging 

or long-term voluntary running, but HCRs displayed higher PGC-1α and cyt C levels than LCRs (strain effect, p 

< 0.010, Fig. 7). Our results from elevated levels of PGC-1α, cyt C and citrate synthase activity in HCRs 

skeletal muscle are consistent with previous findings of increased mitochondrial copy number, protein 

expression of mitochondrial respiratory complexes and citrate synthase activity of HCRs in soleus and EDL 

muscles compared to LCRs (63). Since PGC-1α plays a key role in mitochondrial biogenesis and cyt C is an 

indicator of mitochondrial density, the elevated PGC-1α and cyt C levels may aid HCRs to maintain their high 

muscle oxidative capacity during aging (64, 65). 

Although we did not detect an aging-related effect on sirtuins, aging significantly increased Hsp27, HSF1 and 

HSF2 levels (Table 1, Fig. 6). In non-stressed cells, the proteins of many Hsps are hardly detectable and they 

increase dramatically in response to acute stress. Once induced, Hsps directly modulate the execution of the 

apoptotic signaling pathway (24, 66). Thus, Hsps have a cytoprotective function: they allow the cells to adapt to 

gradual changes in their environment and to survive under otherwise lethal conditions (66). Aging in general is 

linked to accumulation of oxidative stress (1), and it appears also to attenuate the heat shock response in the 

myocardium of old animals (67, 68). However, in skeletal muscle, old animals seem to retain their capability to 

accumulate Hsps when subjected to heat shock (69). HSF1 and HSF2 are important for protecting cells from 

protein-damaging stress associated with misfolded proteins and aging as well as aging-related diseases (18, 19). 

Interestingly, Hsp27 has been shown to increase the cellular anti-oxidant defense (70). Elevated HSF1, HSF2 
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and Hsp27 levels reported here may indicate that muscle cells of aged animals respond to aging-related 

accumulation of oxidative stress and attempt to compensate the stress by increasing the amount of components 

required for the protective molecular machinery (41). Moreover, aging increased the level of PGC-1α and had a 

tendency to increase cyt C level (Fig. 7, Table 1), not showing the expected aging-related decrease of 

mitochondrial function and content that has been established previously (71, 72). One reason for these 

unexpected results may be the fact that aging-related loss of muscle fibers is associated with a selective atrophy 

of type 2 (mainly glycolytic) muscle fibers, resulting in higher relative amount of type 1 (oxidative) fibers in 

aged muscle (73, 74). Hence aging-related changes in skeletal muscle, especially ones in relation to oxidative 

capacity, are controversially reported in the literature (75). It may be speculated that the shift in fiber-type ratio 

is also affecting our results. Furthermore, it is possible, that there would have been an aging effect in 

mitochondrial markers if we had chosen a later time point. 

Our second hypothesis was that the exercise response to the studied protein levels would be more profound in 

HCRs than in LCRs, due to their higher running activity. As expected, HCRs did run significantly more than 

LCRs (Fig. 3A). Surprisingly, voluntary running had no significant effect on the studied proteins. It has been 

established in previous studies, that endurance training increases PGC-1α and cyt C levels as well as 

mitochondrial content and respiratory capacity in skeletal muscle (76). It seems that in gastrocnemius muscle, 

there was no pressure to increase the oxidative capacity to significant extent, at least not at the very late time 

point chosen in our study. PGC-1α  is known to respond to exercise acutely (77), so as in our study the running 

distance decreased gradually over time during the one year intervention (Fig. 3A), also the pressure for change 

decreased. It is possible that we would have seen an adaptive increase in the studied mitochondrial markers if 

we had chosen an earlier time point or used other muscle instead of gastrocnemius to measure these parameters. 

Our data showed that high intrinsic aerobic capacity is linked to high SIRT3 protein levels in skeletal muscle. 

According to our former study at the age of 21 months all the HCRs in the control group (HCR-C) were 

surviving, whereas the survivability percent for the other studied groups were the following: 95% for HCR-R, 

90% for LCR-C and 65% for LCR-R group (78). In our cross-sectional study we had same number of samples 

from both rat strains at time point 21 months randomly selected from a larger group size to compare the 

differences at muscular level. However, we did not detect any differences in the protein levels of the other 

studied sirtuins between HCR and LCR rats with aging or voluntary exercise. We were not able to measure the 

activities of sirtuins, and thus, it is possible that there are age-related or exercise-induced differences in the 
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activities of the proteins studied as well as other proteins that we were not able to detect with the methods 

utilized in this study. Since HSF1, HSF2 and Hsp27 levels increased with aging in both rat strains, our study 

suggests that aged muscles remain responsive to stress and can compensate for aging-related accumulative 

oxidative stress by increasing the amount of protective molecular machinery. To the best of our knowledge, this 

study provides the first evidence for a direct link between elevated SIRT3 protein levels and intrinsic aerobic 

capacity, which may be associated with an extended lifespan in mammals.   



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

17 

 

Acknowledgements 

This work was supported by the Finnish Ministry of Education and Culture, the Finnish Cultural Foundation 

Central Fund and the National Doctoral Programme of Musculoskeletal Disorders and Biomaterials (TBDP). 

We thank Mervi Matero, Eliisa Kiukkanen, and Laura Pitkänen (University of Jyväskylä, Finland) for excellent 

animal care. We are grateful to Ma Hongqiang for his crucial help in collecting the samples and to Leena Tulla 

for organizing the samples. We thank Juha Hulmi for his guidance and advice in planning the western blot 

analyses. We thank Aila Ollikainen and MSc students Juho Hyödynmaa, Aino Poikonen and Hilkka Kontro for 

their assistance in western blot analyses. The LCR-HCR rat model system was funded by the Office of Research 

Infrastructure Programs/OD grant R24OD010950 and by grant R01DK099034 (to LGK and SLB) from the 

National Institutes of Health.  We acknowledge the expert care of the rat colony provided by Molly Kalahar and 

Lori Heckenkamp.  Contact LGK (lgkoch@umich.edu) or SLB (brittons@umich.edu) for information on the 

LCR and HCR rats: these rat models are maintained as an international resource with support from the 

Department of Anesthesiology at the University of Michigan, Ann Arbor, Michigan.   



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

18 

 

References 

1. Wei YH, Lee HC. Oxidative stress, mitochondrial DNA mutation, and impairment of antioxidant enzymes in 

aging. Exp Biol Med (Maywood). 2002 Oct;227(9):671-82. 

2. Van Remmen H, Richardson A. Oxidative damage to mitochondria and aging. Exp Gerontol. 2001 

Jul;36(7):957-68. 

3. Kruk PA, Rampino NJ, Bohr VA. DNA damage and repair in telomeres: relation to aging. Proc Natl Acad Sci 

U S A. 1995 Jan 3;92(1):258-62. 

4. Olovnikov AM. Telomeres, telomerase, and aging: origin of the theory. Exp Gerontol. 1996 Jul-

Aug;31(4):443-8. 

5. Kaeberlein M, McVey M, Guarente L. The SIR2/3/4 complex and SIR2 alone promote longevity in 

Saccharomyces cerevisiae by two different mechanisms. Genes Dev. 1999 Oct 1;13(19):2570-80. 

6. Guarente L. Introduction: sirtuins in aging and diseases. Methods Mol Biol. 2013;1077:3-10. 

7. Finkel T, Deng CX, Mostoslavsky R. Recent progress in the biology and physiology of sirtuins. Nature. 2009 

Jul 30;460(7255):587-91. 

8. Verdin E, Hirschey MD, Finley LW, Haigis MC. Sirtuin regulation of mitochondria: energy production, 

apoptosis, and signaling. Trends Biochem Sci. 2010 Dec;35(12):669-75. 

9. Nakagawa T, Guarente L. Sirtuins at a glance. J Cell Sci. 2011 Mar 15;124(Pt 6):833-8. 

10. Michishita E, McCord RA, Berber E, Kioi M, Padilla-Nash H, Damian M, et al. SIRT6 is a histone H3 

lysine 9 deacetylase that modulates telomeric chromatin. Nature. 2008 Mar 27;452(7186):492-6. 

11. Bishop NA, Guarente L. Genetic links between diet and lifespan: shared mechanisms from yeast to humans. 

Nat Rev Genet. 2007 Nov;8(11):835-44. 

12. Rogina B, Helfand SL. Sir2 mediates longevity in the fly through a pathway related to calorie restriction. 

Proc Natl Acad Sci U S A. 2004 Nov 9;101(45):15998-6003. 

13. Bodkin NL, Alexander TM, Ortmeyer HK, Johnson E, Hansen BC. Mortality and morbidity in laboratory-

maintained Rhesus monkeys and effects of long-term dietary restriction. J Gerontol A Biol Sci Med Sci. 2003 

Mar;58(3):212-9. 

14. Hirschey MD, Shimazu T, Goetzman E, Jing E, Schwer B, Lombard DB, et al. SIRT3 regulates 

mitochondrial fatty-acid oxidation by reversible enzyme deacetylation. Nature. 2010 Mar 4;464(7285):121-5. 

15. Nasrin N, Wu X, Fortier E, Feng Y, Bare' OC, Chen S, et al. SIRT4 regulates fatty acid oxidation and 

mitochondrial gene expression in liver and muscle cells. J Biol Chem. 2010 Oct 15;285(42):31995-2002. 

16. Ho L, Titus AS, Banerjee KK, George S, Lin W, Deota S, et al. SIRT4 regulates ATP homeostasis and 

mediates a retrograde signaling via AMPK. Aging (Albany NY). 2013 Nov;5(11):835-49. 

17. Park J, Chen Y, Tishkoff DX, Peng C, Tan M, Dai L, et al. SIRT5-mediated lysine desuccinylation impacts 

diverse metabolic pathways. Mol Cell. 2013 Jun 27;50(6):919-30. 

18. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient control of glucose 

homeostasis through a complex of PGC-1alpha and SIRT1. Nature. 2005 Mar 3;434(7029):113-8. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

19 

 

19. Westerheide SD, Anckar J, Stevens SM,Jr, Sistonen L, Morimoto RI. Stress-inducible regulation of heat 

shock factor 1 by the deacetylase SIRT1. Science. 2009 Feb 20;323(5917):1063-6. 

20. Vihervaara A, Sergelius C, Vasara J, Blom MA, Elsing AN, Roos-Mattjus P, et al. Transcriptional response 

to stress in the dynamic chromatin environment of cycling and mitotic cells. Proc Natl Acad Sci U S A. 2013 

Sep 3;110(36):E3388-97. 

21. Jia H, Halilou AI, Hu L, Cai W, Liu J, Huang B. Heat shock protein 10 (Hsp10) in immune-related diseases: 

one coin, two sides. Int J Biochem Mol Biol. 2011;2(1):47-57. 

22. Beckmann RP, Mizzen LE, Welch WJ. Interaction of Hsp 70 with newly synthesized proteins: implications 

for protein folding and assembly. Science. 1990 May 18;248(4957):850-4. 

23. Kampinga HH, Hageman J, Vos MJ, Kubota H, Tanguay RM, Bruford EA, et al. Guidelines for the 

nomenclature of the human heat shock proteins. Cell Stress Chaperones. 2009 Jan;14(1):105-11. 

24. Jakob U, Gaestel M, Engel K, Buchner J. Small heat shock proteins are molecular chaperones. J Biol Chem. 

1993 Jan 25;268(3):1517-20. 

25. Liu DJ, Hammer D, Komlos D, Chen KY, Firestein BL, Liu AY. SIRT1 knockdown promotes neural 

differentiation and attenuates the heat shock response. J Cell Physiol. 2014 Sep;229(9):1224-35. 

26. Lu Z, Chen Y, Aponte AM, Battaglia V, Gucek M, Sack MN. Prolonged fasting identifies heat shock 

protein 10 as a Sirtuin 3 substrate: elucidating a new mechanism linking mitochondrial protein acetylation to 

fatty acid oxidation enzyme folding and function. J Biol Chem. 2015 Jan 23;290(4):2466-76. 

27. Mostoslavsky R, Chua KF, Lombard DB, Pang WW, Fischer MR, Gellon L, et al. Genomic instability and 

aging-like phenotype in the absence of mammalian SIRT6. Cell. 2006 Jan 27;124(2):315-29. 

28. Xiao C, Kim HS, Lahusen T, Wang RH, Xu X, Gavrilova O, et al. SIRT6 deficiency results in severe 

hypoglycemia by enhancing both basal and insulin-stimulated glucose uptake in mice. J Biol Chem. 2010 Nov 

19;285(47):36776-84. 

29. Vakhrusheva O, Smolka C, Gajawada P, Kostin S, Boettger T, Kubin T, et al. Sirt7 increases stress 

resistance of cardiomyocytes and prevents apoptosis and inflammatory cardiomyopathy in mice. Circ Res. 2008 

Mar 28;102(6):703-10. 

30. Park SH, Zhu Y, Ozden O, Kim HS, Jiang H, Deng CX, et al. SIRT2 is a tumor suppressor that connects 

aging, acetylome, cell cycle signaling, and carcinogenesis. Transl Cancer Res. 2012 Jun 1;1(1):15-21. 

31. Nakagawa T, Lomb DJ, Haigis MC, Guarente L. SIRT5 Deacetylates carbamoyl phosphate synthetase 1 and 

regulates the urea cycle. Cell. 2009 May 1;137(3):560-70. 

32. McBurney MW, Yang X, Jardine K, Hixon M, Boekelheide K, Webb JR, et al. The mammalian SIR2alpha 

protein has a role in embryogenesis and gametogenesis. Mol Cell Biol. 2003 Jan;23(1):38-54. 

33. Bordone L, Cohen D, Robinson A, Motta MC, van Veen E, Czopik A, et al. SIRT1 transgenic mice show 

phenotypes resembling calorie restriction. Aging Cell. 2007 Dec;6(6):759-67. 

34. Xiao X, Zuo X, Davis AA, McMillan DR, Curry BB, Richardson JA, et al. HSF1 is required for extra-

embryonic development, postnatal growth and protection during inflammatory responses in mice. EMBO J. 

1999 Nov 1;18(21):5943-52. 

35. Lollgen H, Bockenhoff A, Knapp G. Physical activity and all-cause mortality: an updated meta-analysis with 

different intensity categories. Int J Sports Med. 2009 Mar;30(3):213-24. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

20 

 

36. Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise capacity and mortality among 

men referred for exercise testing. N Engl J Med. 2002 Mar 14;346(11):793-801. 

37. Koch LG, Kemi OJ, Qi N, Leng SX, Bijma P, Gilligan LJ, et al. Intrinsic Aerobic Capacity Sets a Divide for 

Aging and Longevity. Circ Res. 2011 Sep 15. 

38. Ferrara N, Rinaldi B, Corbi G, Conti V, Stiuso P, Boccuti S, et al. Exercise training promotes SIRT1 activity 

in aged rats. Rejuvenation Res. 2008 Feb;11(1):139-50. 

39. Gurd BJ, Holloway GP, Yoshida Y, Bonen A. In mammalian muscle, SIRT3 is present in mitochondria and 

not in the nucleus; and SIRT3 is upregulated by chronic muscle contraction in an adenosine monophosphate-

activated protein kinase-independent manner. Metabolism. 2012 May;61(5):733-41. 

40. Palacios OM, Carmona JJ, Michan S, Chen KY, Manabe Y, Ward JL,3rd, et al. Diet and exercise signals 

regulate SIRT3 and activate AMPK and PGC-1alpha in skeletal muscle. Aging (Albany NY). 2009 Aug 

15;1(9):771-83. 

41. Murlasits Z, Cutlip RG, Geronilla KB, Rao KM, Wonderlin WF, Alway SE. Resistance training increases 

heat shock protein levels in skeletal muscle of young and old rats. Exp Gerontol. 2006 Apr;41(4):398-406. 

42. Kanfi Y, Naiman S, Amir G, Peshti V, Zinman G, Nahum L, et al. The sirtuin SIRT6 regulates lifespan in 

male mice. Nature. 2012 Feb 22;483(7388):218-21. 

43. Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog ED, et al. Sirt1 extends life span and delays 

aging in mice through the regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab. 2013 Sep 

3;18(3):416-30. 

44. Jia G, Su L, Singhal S, Liu X. Emerging roles of SIRT6 on telomere maintenance, DNA repair, metabolism 

and mammalian aging. Mol Cell Biochem. 2012 May;364(1-2):345-50. 

45. Koch LG, Britton SL. Artificial selection for intrinsic aerobic endurance running capacity in rats. Physiol 

Genomics. 2001 Feb 7;5(1):45-52. 

46. Novak CM, Escande C, Burghardt PR, Zhang M, Barbosa MT, Chini EN, et al. Spontaneous activity, 

economy of activity, and resistance to diet-induced obesity in rats bred for high intrinsic aerobic capacity. Horm 

Behav. 2010 Aug;58(3):355-67. 

47. Waters RP, Renner KJ, Pringle RB, Summers CH, Britton SL, Koch LG, et al. Selection for aerobic capacity 

affects corticosterone, monoamines and wheel-running activity. Physiol Behav. 2008 Mar 18;93(4-5):1044-54. 

48. Silvennoinen M, Rantalainen T, Kainulainen H. Validation of a method to measure total spontaneous 

physical activity of sedentary and voluntary running mice. J Neurosci Methods. 2014 9/30;235(0):51-8. 

49. Biesiadecki BJ, Brand PH, Koch LG, Britton SL. A gravimetric method for the measurement of total 

spontaneous activity in rats. Proc Soc Exp Biol Med. 1999 Oct;222(1):65-9. 

50. Hoppeler H. Exercise-induced ultrastructural changes in skeletal muscle. Int J Sports Med. 1986 

Aug;7(4):187-204. 

51. Sack MN, Finkel T. Mitochondrial metabolism, sirtuins, and aging. Cold Spring Harb Perspect Biol. 2012 

Dec 1;4(12):10.1101/cshperspect.a013102. 

52. Gavini CK, Mukherjee S, Shukla C, Britton SL, Koch LG, Shi H, et al. Leanness and heightened nonresting 

energy expenditure: role of skeletal muscle activity thermogenesis. Am J Physiol Endocrinol Metab. 2014 

Mar;306(6):E635-47. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

21 

 

53. Novak CM, Escande C, Burghardt PR, Zhang M, Barbosa MT, Chini EN, et al. Spontaneous activity, 

economy of activity, and resistance to diet-induced obesity in rats bred for high intrinsic aerobic capacity. Horm 

Behav. 2010 Aug;58(3):355-67. 

54. Overmyer KA, Evans CR, Qi NR, Minogue CE, Carson JJ, Chermside-Scabbo CJ, et al. Maximal oxidative 

capacity during exercise is associated with skeletal muscle fuel selection and dynamic changes in mitochondrial 

protein acetylation. Cell Metab. 2015 Mar 3;21(3):468-78. 

55. Lombard DB, Alt FW, Cheng HL, Bunkenborg J, Streeper RS, Mostoslavsky R, et al. Mammalian Sir2 

homolog SIRT3 regulates global mitochondrial lysine acetylation. Mol Cell Biol. 2007 Dec;27(24):8807-14. 

56. Rose G, Dato S, Altomare K, Bellizzi D, Garasto S, Greco V, et al. Variability of the SIRT3 gene, human 

silent information regulator Sir2 homologue, and survivorship in the elderly. Exp Gerontol. 2003 

Oct;38(10):1065-70. 

57. Sadacharan SK, Cavanagh AC, Gupta RS. Immunoelectron microscopy provides evidence for the presence 

of mitochondrial heat shock 10-kDa protein (chaperonin 10) in red blood cells and a variety of secretory 

granules. Histochem Cell Biol. 2001 Dec;116(6):507-17. 

58. Hart N, Sarga L, Csende Z, Koch LG, Britton SL, Davies KJ, et al. Resveratrol attenuates exercise-induced 

adaptive responses in rats selectively bred for low running performance. Dose Response. 2013 Jun 4;12(1):57-

71. 

59. Hart N, Sarga L, Csende Z, Koltai E, Koch LG, Britton SL, et al. Resveratrol enhances exercise training 

responses in rats selectively bred for high running performance. Food Chem Toxicol. 2013 Nov;61:53-9. 

60. Gurd BJ, Yoshida Y, McFarlan JT, Holloway GP, Moyes CD, Heigenhauser GJ, et al. Nuclear SIRT1 

activity, but not protein content, regulates mitochondrial biogenesis in rat and human skeletal muscle. Am J 

Physiol Regul Integr Comp Physiol. 2011 Jul;301(1):R67-75. 

61. Koltai E, Szabo Z, Atalay M, Boldogh I, Naito H, Goto S, et al. Exercise alters SIRT1, SIRT6, NAD and 

NAMPT levels in skeletal muscle of aged rats. Mech Ageing Dev. 2010 Jan;131(1):21-8. 

62. Suwa M, Nakano H, Radak Z, Kumagai S. Endurance exercise increases the SIRT1 and peroxisome 

proliferator-activated receptor gamma coactivator-1alpha protein expressions in rat skeletal muscle. 

Metabolism. 2008 Jul;57(7):986-98. 

63. Stephenson EJ, Stepto NK, Koch LG, Britton SL, Hawley JA. Divergent skeletal muscle respiratory 

capacities in rats artificially selected for high and low running ability: a role for Nor1? J Appl Physiol (1985). 

2012 Nov;113(9):1403-12. 

64. Handschin C, Spiegelman BM. Peroxisome proliferator-activated receptor gamma coactivator 1 

coactivators, energy homeostasis, and metabolism. Endocr Rev. 2006 Dec;27(7):728-35. 

65. Booth FW. Cytochrome c protein synthesis rate in rat skeletal muscle. J Appl Physiol (1985). 1991 

Oct;71(4):1225-30. 

66. Schmitt E, Gehrmann M, Brunet M, Multhoff G, Garrido C. Intracellular and extracellular functions of heat 

shock proteins: repercussions in cancer therapy. J Leukoc Biol. 2007 Jan;81(1):15-27. 

67. Demirel HA, Hamilton KL, Shanely RA, Tumer N, Koroly MJ, Powers SK. Age and attenuation of 

exercise-induced myocardial HSP72 accumulation. Am J Physiol Heart Circ Physiol. 2003 Oct;285(4):H1609-

15. 

68. Locke M, Tanguay RM. Diminished heat shock response in the aged myocardium. Cell Stress Chaperones. 

1996 Dec;1(4):251-60. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

22 

 

69. Locke M. Heat shock transcription factor activation and hsp72 accumulation in aged skeletal muscle. Cell 

Stress Chaperones. 2000 Jan;5(1):45-51. 

70. Mehlen P, Kretz-Remy C, Preville X, Arrigo AP. Human hsp27, Drosophila hsp27 and human alphaB-

crystallin expression-mediated increase in glutathione is essential for the protective activity of these proteins 

against TNFalpha-induced cell death. EMBO J. 1996 Jun 3;15(11):2695-706. 

71. Conley KE, Jubrias SA, Esselman PC. Oxidative capacity and ageing in human muscle. J Physiol. 2000 Jul 

1;526 Pt 1:203-10. 

72. Johnson ML, Robinson MM, Nair KS. Skeletal muscle aging and the mitochondrion. Trends Endocrinol 

Metab. 2013 May;24(5):247-56. 

73. Thompson LV. Effects of age and training on skeletal muscle physiology and performance. Phys Ther. 1994 

Jan;74(1):71-81. 

74. Lexell J. Human aging, muscle mass, and fiber type composition. J Gerontol A Biol Sci Med Sci. 1995 

Nov;50 Spec No:11-6. 

75. Houmard JA, Weidner ML, Gavigan KE, Tyndall GL, Hickey MS, Alshami A. Fiber type and citrate 

synthase activity in the human gastrocnemius and vastus lateralis with aging. J Appl Physiol (1985). 1998 

Oct;85(4):1337-41. 

76. Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exercise and their metabolic 

consequences. J Appl Physiol. 1984 Apr;56(4):831-8. 

77. Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M, et al. Adaptations of skeletal muscle to 

exercise: rapid increase in the transcriptional coactivator PGC-1. FASEB J. 2002 Dec;16(14):1879-86. 

78. Karvinen S, Waller K, Silvennoinen M, Koch LG, Britton SL, Kaprio J, et al. Physical activity in adulthood: 

genes and mortality. Sci Rep. 2015 Dec 15;5:18259. 

   



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

23 

 

Figure legends 

Figure 1   

Schematic representation of the study protocol. Before the voluntary running intervention we collected samples 

from HCR/LCR rats from untrained state (HCR_before and LCR_before, n=10/group). We had one-year 

voluntary running intervention with 4 sub-groups: HCR-C (control), HCR-R (runner), LCR-C (control) and 

LCR-R (runner) from which we collected samples after the intervention (n=10/group). 

Figure 2   

Body weight and energy intake during one-year intervention. n = 10/group. *
, #

p < 0.05, Values are expressed as 

mean ±SEM. 

Figure 3   

Voluntary running and spontaneous activity during one-year intervention. n = 7-10/group. Values are expressed 

as mean ± SEM. 

Figure 4  

Protein levels of mitochondrial sirtuins SIRT3, SIRT4 and SIRT5 and Hsp10 in gastrocnemius muscle. n = 9-

10/group. Sirtuin protein and OXPHOS Cocktail levels were first normalized to corresponding Ponceau S 

stained actin band after which SIRT3, SIRT4 and SIRT5 were normalized to corresponding OXPHOS Cocktail 

level. Hsp10 was first normalized to GAPDH level and thereafter to corresponding PonceauS normalized 

OXPHOS Cocktail level. Values are expressed as arbitrary units (AU) mean ± SD. 

Figure 5  

Protein levels of nuclear (SIRT1, SIRT6 and SIRT7) and both nuclear and cytoplasmic (SIRT2) sirtuins in 

gastrocnemius muscle. n = 9-10/group. Values are expressed as arbitrary units (AU) mean ± SD. 

Figure 6  

Hsp and HSF protein levels in gastrocnemius muscle. n = 4-5/group. Values are expressed as arbitrary units 

(AU) mean ± SD.  
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Figure 7  

Cyt C and PGC-1α protein levels in gastrocnemius muscle. n = 9-10/group. Values are expressed as arbitrary 

units (AU) mean ± SD.  
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Table 

Table 1 Univariate analysis of strain, age and running effects of the studied protein levels. 

  Variance analysis p 

Protein Strain Age Running 

SIRT1 0.412 0.326 0.727 

SIRT2 0.232 0.825 0.677 

SIRT3 0.020* 0.712 0.906 

SIRT4 0.766 0.591 0.952 

SIRT5 0.191 0.573 0.385 

SIRT6 0.691 0.739 0.969 

SIRT7 0.328 0.494 0.582 

    

Hsp10 0.169 0.288 0.933 

Hsp27 0.141 <0.001*** 0.381 

Hsp70 0.454 0.316 0.091 

HSF1 <0.001*** 0.003** 0.274 

HSF2 0.005** 0.020* 0.114 

    

PGC-1α 0.003** 0.049* 0.108 

Cyt C <0.001*** 0.087 0.187 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Highlights 

 

 

 We study the impact of intrinsic aerobic capacity and aging on sirtuins. 

 Exploring the role of sirtuins in healthy aging is important for future studies. 

 Our study shows that SIRT3 protein level is linked to high inborn aerobic capacity. 

 Our study suggests that SIRT3 level possibly is interconnected to longevity. 


