
The effect of IGF-1 and regular exercise on 

molecular mechanisms of aging: role of sirtuins 

 
Thesis 

 

 

Erika Koltai 

 

 
Semmelweis University 

Sport Science Doctoral School 

 
   

 
 

Supervisor: Prof. Dr. Zsolt Radák, D.Sc. 

 

Opponents: Dr. Emil Monos professor emeritus, D.Sc. 

Dr. Anikó Pósa senior research fellow, Ph.D. 

 

Committee chairman:  Prof. Dr. József Tihanyi, D.Sc. 

Committee members: † Dr. Róbert Frenkl professor emeritus, D.Sc. 

Prof. Dr. József Pucsok, D.Sc. 

Dr. Tamás Szabó director, C.Sc. 

 

 

Budapest 

2011 



1 

Introduction 

Aging is an unavoidable process, which affects the complete organism and it is 

dependent upon both internal and external factors. One of the most accepted theories of 

aging is Harman’s “free radical theory of aging”. A more recent theory suggests that 

sirtuins have a very important role in aging. Interestingly, there is a connection between 

the free radical and sirtuin theories. It appears that sirtuins can regulate aging in lower 

organisms as well as mammals. The ability to maintain homeostasis decreases with 

aging and one of the reasons is that the redox milieu shifts from the reductive to the 

oxidative state, in part, because of mitochondrial function.  

Sirtuins are NAD dependent histon deacetylases, which can regulate the life span of 

various organisms. Sir2 genes, which were first shown in yeast, have seven mammalian 

homologues: SIRT1 to 7, which modulate aging, metabolism, DNA repair, biogenesis 

of mitochondria and differentiation of muscle fiber types, among others.  

Sir2 readily affects the life span of yeast and available data suggest that mammalian 

aging is also dependent upon the function of this sirtuin. Sirtuins can deacetylate a wide 

range of proteins, not just histones, using NAD as a fuel. Acetylation and deacetylation 

can readily change the activity of proteins, however, this posttranslational modification 

is less well known as phosphorylation. Deacetylation, for instance, can deactivate p53 

by which apoptosis can be reduced and it appears that sirtuins target a wide range of 

proteins. The effects of physical activity on sirtuins is an exciting field to study, partly 

due to the fact the exercise modulates the insulin/IGF-1 pathways in which sirtuins are 

also involved.  

Therefore, in the present investigations we have supplemented IGF-1, which is an 

important hormone which supports the anabolic process, especially during maturation. 

IGF-1 activates the Akt signaling pathway and affects cell growth, proliferation and 

apoptosis. It seems to be paradoxical, that suppressed IGF-1 signaling promotes 

extension of the life span, yet IGF-1 supplementation has been suggested to have a 

neuroprotective role.  

It is well documented that regular exercise significantly reduces the incidence of a 

number of age-associated diseases including, heart and cardiovascular diseases, diabetes 
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II, certain cancers, osteoporosis and neurodegenerative diseases. Exercise can work as a 

preconditioning tool, since during exercise there is a significant increase in free radical 

production, which causes an adoptive response and, as a result, exercise increases the 

resistance against oxidative stress. Moreover, exercise could effect the IGF-1 level and 

thus alter the activity of sirtuins, which could significantly affect the rate of aging. 

Skeletal muscle and brain are especially interesting in aging, as they are constructed 

from non-dividing cells. Skeletal muscle is an important organ in redox homeostasis and 

therefore very important in the prevention of the decline in brain function. 

 

Aims 

The main aim of this research was to focus on the effects of regular exercise on the 

aging process in two organs, skeletal muscle and brain. It was suggested that sirtuins 

play an important role in the age- associated decline in organ function and it was 

hypothesized that IGF-1 treatment alone and combined with regular exercise training 

has beneficial effects on sirtuins and in general, can attenuate the process of aging.  

In the first section of this thesis, the findings on exercise training and sirtuins with aging 

and gastrocnemius muscle will be discussed. Two important questions are whether the 

aging of skeletal muscle is significantly influenced by sirtuins and whether exercise 

training can attenuate the aging process via these NAD dependent deacetylases? The 

following assumptions were made:  

A.1.  Regular exercise training influences the content and activity of 

SIRT1 and the related pathways.  

A.2. Exercise-induced changes in SIRT1 can attenuate the aging of skeletal 

muscle. 

A.3. Regular exercise beneficially affects the metabolism of skeletal muscle 

and by this attenuates the aging process.  

The second part of this investigation considers the aging process in the brain of 

experimental animals. The hippocampus was selected because it is a known center for 

memory and learning and is heavily affected by aging- related diseases such as 

Alzheimer disease. The beneficial effects of exercise on brain function are quite clear. 
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However, it is not known whether sirtuins are involved in the resultant beneficial effects 

of exercise on brain. Therefore, how exercise and IGF-1 supplementation could effects 

sirtuins in hippocampus was investigated. The following assumptions were made: 

B.1.  Regular exercise will improve brain function, including spatial learning. 

B.2.  IGF-1 and regular exercise would cause neurogenesis and play a 

neuroprotective role. 

B.3.  Those sirtuins, which are involved in DNA repair, are especially 

important to attenuate the aging process in the brain.  

 

Methods 

Animals and training protocol: Twelve young (three mo) and twelve old (26 mo) 

male Wistar rats were used in the study and grouped into young control (YC), young 

exercised (YE), old control (OC) and old exercised (OC). For those animals in the brain 

study the experimental group was extended by six young and six old animals which 

participated in exercise training similar to the same age groups which received IGF-1 

administration. Exercised rats were introduced to treadmill running for three days. The 

running speed and duration of the exercise were gradually increased, so that, by the last 

week of the six weeks training program, young animals ran at 22 m/min, on a 10% 

incline, for 60 min, whereas old animals ran at 13 m/min, and a 10% incline for 60 min. 

To design the experiment we used our Previous results from our laboratory and data 

from the literature were used to calculate 60% of VO2max. for the animals. 

At the end of the study the animals were anesthetized with intraperitoneal injections of 

ketemine (50 mg/kg) and were sacrificed. This occured two days after the last exercise 

session, to avoid any metabolic effects of the final run. Gastrocnemius muscle and 

hippocampus were carefully excised and stored at -80 
◦
C.  

 

BrdU and IGF-1 supplementation: In order to be able to monitor new cell formation, 

BrdU was injected into each animal for the last four weeks of the program. In the final 

two weeks an Alzet pump was inserted subcutaneously in all animals, and IGF-1 treated 

animals received five microgram/kg/day, while non-treated animals received saline via 
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the pumps. With the help of the Alzet pumps the two week supplementation of IGF-1 or 

saline could be maintained at constant flow, thus avoiding daily injections and their 

possible disturbance of behavioral and cognitive functions of the animals. At the end of 

the study the relative content of IGF-1 was detected, from blood, to check the 

effectiveness of the administration. 

 

Morris Maze Test: Brain function was evaluated by the Morris Maze Test on four 

consecutive days (four trials per day). A platform of six cm in diameter was placed one 

cm below the surface of the water in the center of the northwest quadrant of a circular 

pool. During a given training trial, each rat was introduced into the pool at one of four 

possible starting points and allowed a period of 90 s to find the platform. If this time 

was not enough to find the breathing place the animals were manually placed on the 

platform for 30s. The order of starting points varied in a pseudorandom manner for each 

rat, each day.  

 

Western blots: The tissue samples were homogenized in lysis buffer containing the 

following ingredients: 137 mM NaCl, 20 mM Tris-HCl pH 8.0, 2% NP40, 10% glycerol 

and protease inhibitors. 50 micrograms of protein were electrophoresed on 8-12% v/v 

polyacrylamide SDS-PAGE gels. Proteins were electroforetically transferred onto 

PVDF membranes. The membranes were subsequently blocked with 5% TBS-Tween 

20-skimmed milk and after blocking, PVDF membranes were incubated at room 

temperature with antibodies. The protein bands were visualized on X-ray films based on 

chemiluminescent HRP enzyme reaction. The bands were quantified by ImageJ 

software, and normalized to tubulin, which served as an internal control. 

The oxidative protein damage was quantified by Oxyblot Kit (Chemicon/Millipore) 

which was used according to the manufacturer’s requirements. The level of 

carbonylation was detected by the described western blot method. 

 

Measurement of IGF-1 level: After sacrificing the animals, blood was collected, 

supercharged EDTA was added, and the samples were centrifuged at 3000g, for ten min 

at 4
o
C. Plasma was separated and kept at -80

o
C. A Quantikine Mouse/Rat IGF-1 Assay 
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Kit (R&D System, #MG100) was used to detect IGF-1 levels according to the 

description of the supplier.  

 

Immunohistochemistry for neuron generation detection: One half of the brain tissue 

of each animal was embedded in paraffin followed by formalin fixation. The samples 

were sectioned into 5-μm slices and after deparaffination samples were washed in 

DNAase buffer and 96% EtOH. Then, DNAase I was used to digest DNA. The sections 

were treated with the primer mouse anti-BrdU antibody, with primer Alexa Fluor 488-

conjugated anti-neuronal nuclei (NeuN) antibody and with Alexa Fluor 546-conjugated 

anti-mouse secondary antibody. Hoechst 33342 dye was used for visualization of nuclei. 

The differences were analyzed on the dentate gyrus and hilus CA4 granular cell regions 

of the hippocampus. To visualize the stained tissues on the sections, a Zeiss LSM 510 

Meta confocal laser scanning microscope (Carl Zeiss, Jena, Germany) was used.  

 

Assessment of intrahelical 8-oxodG: At optimal cutting temperature, fixed paraffin-

embedded samples were sliced into 5-μm sections. Sections on microscope slides were 

deparaffinized and the samples were incubated with 8-oxoG antibodies and then Fab2 

secondary antibodies to detect 8-oxoG. The DNA was stained with 10 ng/ml DAPI 

(4’6-diamidino-2-phenylindole dihydrochloride). Sections were mounted in anti-fade 

medium. Confocal microscopy was performed on a Zeiss LSM510 META System using 

the 488-nm laser for excitation of fluorescein. Images were captured at a magnification 

of 60X (oil immersion objective; numerical aperture 1.4). Fluorescent intensities of a 

minimum of 40 fields (approximately 300 cells) per section were determined using 

MetaMorph software. 

 

Assessment of OGG1 and AcOGG1 levels: Sections on microscope slides were 

deparaffinized and the sections were blocked with pre-immune heterologous serum and 

incubated with primary antibodies:  1) affinity purified mouse anti-OGG1 antibody 

(human OGG1 reactive) generated against a synthetic peptide, C-

DLRQSRHAQEPPAK, representing the C-terminus of OGG1 was acquired from 

Antibodies-Online GmbH, 2) the immunogen affinity purified human reactive rabbit 

polyclonal to Ogg1 acetyl K338 + K341 was obtained from AbCam. Affinity purified 
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secondary antibodies (anti goat-F(ab')2-conjugated to fluorescein and anti-rabbit F(ab')2-

rhodamine-conjugated) were incubated for one hour with the sections. DNA was 

visualized by DAPI. Confocal microscopy was performed on a Zeiss LSM510 META 

system using the 488-nm line of the argon laser for excitation of fluorescein and 

helium–neon 543-nm line excitation of rhodamine, combined with appropriate dichroic 

mirrors and emission band filters to discriminate between green and red fluorescence. 

Images were captured at a magnification of 60X. Co-localization was visualized by 

superimposition of green and red images using MetaMorph software. 

 

Statistical analyses: Statistical significance or correlations were assessed by the 

Statistic 8.0 program. After normality control the parametric data were analyzed by one-

way ANOVA, followed by Tukey’s post hoc test. Kruskal-Wallis ANOVA was applied 

to evaluate the differences in non-parametric results. Correlation matrix was used to 

study the correlation between variables. The significance level was set at p < 0.05. 

 

Results 

Study A: The effects of aging on gastrocnemius muscle 

A1: Exercise increases the activity of SIRT1  

SIRT1 is localized in the cytosol and the nucleus. Therefore, the level and activity in 

both cell compartments were measured. Aging significantly increased the level of 

SIRT1 in the cytosol, while the specific activity of the enzyme did not change with 

aging. In the nucleus, similar phenomena were observed, i.e. an age-associated increase 

in the protein content of the enzyme with an unaltered relative activity. The age-

associated increases in SIRT1 levels were decreased with exercise training. However, 

exercise training increased the relative activity of SIRT1 in the cytoplasmic and nuclear 

extracts in both age groups. 

 

A2: Aging and sirtuin dependent changes 

The levels of NAMPT, one of the rate limiting enzymes in NAD
+
 biosynthesis, 

decreased in the aged group of animals. In accordance with this finding, NAD
+
 levels 
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were significantly lower in skeletal muscles of aged animals. Exercise increased 

NAMPT levels in young and old groups. It is noteworthy that NAMPT levels in old-

exercised animals demonstrated a wide range of variation but the average levels were 

nearly identical with levels found in young control rats. Importantly, these data suggest 

that the age-associated decreases in NAD
+
 and NAMPT levels were reversed with 

regular exercise, leading to increased specific activity of SIRT1. 

AMPK plays an important role in metabolism and as an up-stream regulator of 

mitochondrial biogenesis; hence the activity AMPK can be a good indicator of cellular 

metabolism, even in the aging model. The AMPK levels in young animals were not 

elevated further with exercise training. On the other hand, in old animals, exercise 

prevented the age- associated loss in AMPK content. Along with AMPK levels, the 

pAMPK levels also decreased with aging. Regular physical activity tends to increase the 

level of pAMPK, but the values did not reach significance. 

In addition, the master regulator of mitochondrial biogenesis, the PGC-1α content, also 

decreased with aging, while regular exercise training prevented this decrease, showing 

that exercise is an important tool to fight the aging- associated loss of mitochondrial 

biogenesis.  

The data further revealed that aging increases the levels of lysine acetylation in nucleus 

and cytosol, and regular exercise training decreases the differences between the results 

found for the young and old groups’ protein acetylation levels. The increased levels of 

acetylation were related to the decreased activity of SIRT1. Therefore, the exercise 

related age-dependent attenuation of acetylation levels could be related to the activity- 

enhancing effects of exercise on SIRT1. 

 

A3: Exercise increases the resistance against oxidative stress 

Reactive oxygen species (ROS) interact with biomolecules and the greatest amount of 

oxidative modification is present in amino acid residues, which increase significantly as 

a result of aging. Accordingly, it was found that aging increased the level of carbonyl 

groups in the proteins of the gastrocnemius, and regular exercise training attenuated this 

increase. No alterations were observed in the young animals. 
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The accumulation of oxidized proteins is dependent upon the rate of oxidative stress and 

the activity of the proteasome system, which is responsible for the degradation of 

damaged proteins. In the present study the activity of proteasome was increased with 

aging but it was not altered by exercise training. 

Figure 1 summarizes the finding on the suggested pathways and how aging, SIRT1 and 

exercise regulates the aging of skeletal muscle.  

 

 

Figure 1. 

The suggested model in the gastrocnemius muscle 

Sematic figure from a part of a skeletal muscle cell. → activation, ┤ inhibition. 

 

The results of investigation B: the effects of exercise and IGF-1 

supplementaion on brain function and physiology  

 

B1: Pradoxon between brain function and neuron generation 

The levels of circulating IGF-1 decreased with aging and exercise training did not 

significantly alter the level of IGF-1. The two week IGF-1 supplementation 

significantly increased the level of IGF-1 in aged groups. However, significant effects 

were not seen for young animals. 
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Aging significantly reduced the performance of spatial memory, since  a significant 

difference between young and old rats at the 4
th

 day of Morris Maze test was found. 

Regular treadmill running improved the memory of aged rats, while significant effects 

were not visible in young rats. Surprisingly IGF-1 treatment eliminated the beneficial 

effects of exercise in the old group as measured by the Morris Maze test. 

Aging significantly reduced the level of neurogenesis, as assessed by the incorporation 

of BrdU into the newly formed cells. The hippocampus of young animals contained 

significantly larger numbers of newly formed cells than old animals. IGF-1 treatment 

and exercise together enhanced the level of neurogenesis in old hippocampus, while 

eliminating the beneficial effects of exercise. 

 

B2: DNA damage and repair in the hippocampus 

The level of 8-oxoG was significantly elevated in the neuronal DNA of old animals 

when compared to the data from young animals. Exercise training and IGF-1 

supplementation did not alter the concentration of 8-oxoG. Similar to 8-oxoG levels, the 

content of OGG1, the enzyme which cleaves 8-oxoG, increased significantly with 

aging. Aging decreased the level of OGG1 acetylation. This study is one of the first to 

show that in vivo acetylation of OGG1 takes place, and that exercise training does not 

influence the acetylation of OGG1 in the hippocampus. 

Ku70 is responsible for the repair of the double strand break and the rate of repair was 

increased in aged hippocampus compared to young. The level of Ku70 tends to decrease 

with exercise and IGF-1 further increased the differences between control and exercise 

trained IGF-1 treated animals.  

 

B3: The effects of aging, exercise and IGF-1 supplementation on sirtuins in 

hippocampus 

It is important to note that IGF-1 increased neurogenesis and eliminated the beneficial 

effects of exercise on brain function. This could mean that neurogenesis does not always 

result in better function. The activity of OGG1 and Ku70 can be altered by acetylation, 

so the level of NAD dependent deacetylases was checked. The levels of SIRT1 
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decreased with aging and this change was associated with increased levels of protein 

acetylation. IGF-1 treatment did not affect the levels of SIRT1 and protein acetylation. 

With aging there is a gradual increase in lactic acid levels in the brain and this increase 

is, at least in part, due to the activity of LDH. Increased levels of LDH were detected in 

the aged hippocampus, which is in accordance with earlier observations. Interestingly, 

exercise training tended to decrease the levels of LDH in aging hippocampus. 

Based on these observation, we have constructed a hypothetical figure to summarize the 

findings (see Figure 2).  

 

 

Figure 2. 

Hypothetic model of the pathways in the brain 

Sematic figure of a part of a neuron. → activation, ┤ inhibition. 

 

Conclusions 

Exercise training increased the activity of SIRT1 in the skeletal muscle of young and 

old rats. Aging decreased the levels of NAD and NAMPT, which could stimulate the 

activity of SIRT1, and regular exercise attenuated the decrease in NAD and NAMPT 

levels. The degree of lysine acetylation could reflect the changes in SIRT1 activity. 

However, the detailed mechanism of acetylation needs further investigation. The 
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observations that aging increases the levels of carbonyl groups and of HIF1, 

demonstrate the shift towards an oxidized cellular milieu. Regular exercise can attenuate 

this kind of alteration and maintain the normal cellular milieu. Aging effects the 

function of mitochondria and exercise training prevents the age-associated decreases in 

AMPK, PGC-1α and UCP3 levels, thus rejuvenating the biogenesis of mitochondria. 

The present data suggest that regular exercise attenuates the aging process through 

NAD-NAMPT-SIRT1 pathways in skeletal muscle. 

In the case of brain, it was assumed that the exercise-induced amelioration of spatial 

memory is a result of complex mechanisms independent of neurogenesis. Regular 

exercise with IGF-1 treatment results in increased neurogenesis which does not cause an 

improvement in spatial memory. The data suggest that the age- associated increase in 8-

oxoG levels is due to the decreased acetylation of OGG1. This is the first study, to the 

best of knowledge of the investigators, which has measured the levels of OGG1 

acetylation in vivo. Aging increases the level of protein acetylation in the aging 

hippocampus, and this increase is probably due to the decreased levels of SIRT1, and 

thus could have an important effect on brain function.  

In summary, the results of this study have demonstrated that regular exercise can 

attenuate the aging process in skeletal muscle and brain.  
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