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ABSTRACT
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Obesity and metabolic disorders have become a notable world-wide epidemic.
The pathogenesis of metabolic diseases, such as metabolic syndrome and type 2
diabetes, has begun to negatively affect life expectancy of current generations.
Low aerobic capacity has shown to be a strong predictor of mortality both in
rodents and humans. Exercise is known to increase an individual's aerobic
capacity; interestingly, recent studies have suggested that genetic background
may play a significant role in the physical activity level of an individual. The
purpose of this study was to investigate the role of genetic background and
physical activity on skeletal muscle properties, metabolism and lifespan. The
study consisted of three parts: (1) a cross-sectional voluntary running intervention
in high-capacity runner (HCR) and low-capacity runner (LCR) rats, (2) a
longitudinal voluntary running intervention in HCR and LCR rats, and (3) a long-
term follow-up study with physical activity discordant human twins. Our study
showed that low intrinsic aerobic capacity is associated with fast muscular fatigue
and slow metabolic recovery after maximal muscle contractions. At the whole-
body level, low intrinsic aerobic capacity was linked to low body temperature,
which may play a role in the onset of gaining extra weight and, thus, developing
metabolic disorders. High intrinsic aerobic capacity in turn was associated with
elevated SIRT3 protein level in skeletal muscle, which is possibly linked to
increased lifespan. Nevertheless, vigorous physical activity commenced at adult
age did not reduce mortality or increase lifespan in rodents. High long-term
participation in vigorous leisure-time physical activity did predict significantly
reduced mortality in dizygotic twins; however, there was no difference in the
lifespan of monozygotic twins that are genetically identical. HCRs were more
physically active both in control and voluntary running groups when compared
to corresponding LCR groups. Also, the persistent discordances in participation of
vigorous physical activity were significantly more common in dizygotic twin
pairs than in monozygotic pairs stating that genes have an influence on the
persistent voluntary participation in vigorous leisure-time physical activity. Our
results indicated that genetic predisposition plays a significant role in exercise
participation, hence, genetic pleiotropy may partly explain the associations
observed previously between high physical activity and mortality.

Keywords: aerobic capacity, genetic background, lifespan, physical activity,
skeletal muscle
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1 INTRODUCTION

Physical activity and whole-body aerobic capacity have a major role in health
and longevity. However, current environment favors sedentary lifestyle that
together with excessive energy intake are the main causes of overweight and
metabolic diseases that have increased worldwide. Due to obesity, the current
generation of children in America may have shorter life expectancies than their
parents (Olshansky et al. 2005). Interestingly, despite the obesogenic environ-
ment some individuals remain resistant to weight gain. How do these obesity-
resistant individuals remain lean and healthy in the current environment?

Previous studies have shown that high cardiorespiratory fitness and aero-
bic capacity are good predictors of reduced mortality (Myers et al. 2002; Koda-
ma et al. 2009). In rodents, it has been shown that good intrinsic aerobic capaci-
ty, even without particular physical training, is associated with long lifespan
(Koch, Britton & Wisloff 2012). Good aerobic capacity also promotes a so-called
healthy phenotype, whereas low aerobic capacity is associated with obesity and
increased risk of metabolic and cardiovascular diseases (Kiveld et al. 2010;
Wisloff et al. 2005). Since exercise increases individuals’ aerobic capacity, it is of
general interest to study the effects of physical activity on longevity. Former
studies have shown that physically active humans are heathier and may have
longer lifespan compared to their sedentary counterparts (Lollgen, Bockenhoff
& Knapp 2009; Andersen et al. 2002).

However, physical activity level varies substantially between individuals.
Some people are eager to be physically active whereas others prefer sedentary
lifestyle. Recent studies have suggested that there is a genetic component un-
derlying willingness in exercise participation (Kujala et al. 2003; Stubbe et al.
2006). Indeed, animal models have shown a clear importance of genetic back-
ground on physical activity level (Novak et al. 2010; Kelly et al. 2010). Since
physical activity is highly recommended to people despite their genetic back-
ground or physical status, it is important to study the effects of voluntary train-
ing in metabolism, skeletal muscle properties and lifespan with individuals
who differ in their genetic background.
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The present study investigated the effects of genetic background, aging and
physical activity level on skeletal muscle properties, metabolism and lifespan.
The study consisted of three parts: (1) a cross-sectional voluntary running inter-
vention in HCR/LCR rats, (2) a longitudinal voluntary running intervention in
HCR/LCR rats, and (3) a long-term follow-up with physical activity discordant
human twins. In the cross-sectional study, we first explored the effect of intrin-
sic aerobic capacity on skeletal muscle properties in the untrained state. There-
after, rats were divided into control (no running wheel) and runner groups
(running wheel) and samples were collected after a one-year intervention. In
the longitudinal intervention, we studied the effect of voluntary running on
physical activity level and lifespan. In the human study, both dizygotic (DZ)
and monozygotic (MZ) same sex twin pairs that were discordant from their
physical activity level were included. In the twin study we followed the mortal-
ity of the individuals for 23 years.

The purpose of the present experiments was to determine the individual
effects of genetic background, aging and physical activity on skeletal muscle
properties and lifespan. Since there is some evidence of how genetics and phys-
ical activity alone affect lifespan, we combined these two factors within the
same study to increase current understanding about the interplay between
genes and environment.



2 LITERATURE REVIEW

2.1 Aerobic capacity

At the whole-body level, an individual’s aerobic capacity refers to the maximal
amount of physiologic work that an individual can perform as measured by
oxygen consumption (VO2zmax). Aerobic capacity depends on body size and
composition, and is affected by the following factors: age, sex, weight, genetic
background and physical activity level. In humans, the highest aerobic capacity
is normally reached between 15 to 30 years, after which it gradually decreases.
Men have generally higher aerobic capacity compared to women, due to sex-
related differences in body composition, concentration of blood hemoglobin
and heart size (Loe et al. 2013; Lee et al. 2011; Talbot, Metter & Fleg 2000;
Drinkwater 1984; Cureton et al. 1986; George et al. 1995). Also, some environ-
mental factors affect aerobic capacity; e.g. residence in high altitude increases,
whereas several weeks enforced bed-rest lowers one’s aerobic capacity (Fri-
sancho et al. 1995; Wilhite et al. 2013; Capelli et al. 2006). In addition, several
physiological parameters affect the maximal aerobic capacity, including heart
rate, cardiac output, stroke volume and efficiency of oxygen transport at tissue
level.

High aerobic capacity is strongly associated with health and longevity
(Lollgen, Bockenhoff & Knapp 2009; Myers et al. 2002) as well as decreased
risks of cardiovascular disease, stroke, high blood pressure and several meta-
bolic diseases such as type 2 diabetes (Physical Activity Guidelines Advisory
Committee 2008). Aerobic training can help to maintain and improve an indi-
viduals” aerobic capacity.

2.1.1 Physical activity

Endurance exercise training causes adaptations of the cardiorespiratory and
neuromuscular systems that enhance the delivery of oxygen from blood to
muscles cells, as well as increase the amount and efficiency of muscle mito-
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chondria (Jones & Carter 2000; Baar et al. 2002; Pilegaard, Saltin & Neufer 2003).
These adaptations effect an improvement in individuals” aerobic capacity and
endurance performance.

The level of endurance training response depends on the duration of the
exercise bouts, the intensity and frequency with which they are performed
(Jones & Carter 2000; Wenger & Bell 1986). Also, individuals personal training
status, sex and age affect the magnitude of the adaptations to training (Jones &
Carter 2000). There is some evidence from the literature that high intensity
training (80 to 100%of VOa2max) is the most efficient way in developing VOamax
both in humans and rodents (Jones & Carter 2000; Kemi et al. 2005). However,
aforementioned studies show that even modest endurance training increases
VOomax to some extent. Furthermore, other studies have also shown a 5 to 10%
improvement in VO2max and increases in mitochondrial enzyme level with only
a short-term endurance training program (Mier et al. 1997; Hickson 1981; Spina
et al. 1996). Recently very low volume high-intensity interval training (all-out
exercise efforts above 100% of peak workload) has been proposed as a novel,
time-effective exercise regime for improving VOozmax (Saanijoki et al. 2015; Bur-
gomaster et al. 2007).

Hickson et al. reported evidence that during longer-term endurance train-
ing programs, VOamax Will eventually stabilize (Hickson et al. 1981). According
to more recent studies, it is suggested that the later improvements in endurance
performance result from continued improvements in submaximal factors, such
as lactate threshold and exercise economy (Jones 1998; Legaz Arrese et al. 2005).

However, not all individuals respond to physical activity similarly. There
is evidence that a genetic component underlies also the response to exercise,
both in humans and rodents (Hamel et al. 1986; Timmons et al. 2010; Koch, Pol-
lott & Britton 2013). Thus, the optimal exercise volume and intensity for increas-
ing VOomax varies individually.

2.1.2 Genetics

Aerobic capacity, like several other complex physiological traits such as height
and strength, is an example of a quantitative trait that demonstrates continuous
variation (Koch & Britton 2001). Though the question of the heritability of aero-
bic capacity in humans has been addressed, there is no general agreement of
how strong influence genetics have on individuals’ aerobic capacity; some stud-
ies show a strong genetic component of maximal oxygen uptake (Bouchard et al.
2000; Bouchard et al. 1992), whereas other studies report only low estimates of
heritability (Engstrom & Fischbein 1977; Howald 1976). In human studies, it is
often challenging to resolve the relative effects of genetic background and envi-
ronmental factors (e. g. endurance training) to the individual variability of aer-
obic capacity (Kujala et al. 1998; Perusse et al. 1989; Bray 2000).

In rodents, it is possible to selectively breed individuals that differ from
their intrinsic aerobic capacity without losing the genetic variation. Koch and
Britton began developing high-capacity runner (HCR) and low-capacity runner
(LCR) rats from a heterogeneous starting population in 1996. After several gen-
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erations, these selectively bred rat lines started to significantly differ in their
maximal capability to run on a treadmill (Koch & Britton 2001). After 28 genera-
tions, the HCRs and LCRs differ already by 8.3-fold in running distance (Figure
1) (Ren et al. 2013). Furthermore, genetic background appears to play a key role
in why some individuals engage in physical activity and exercise more than
others, both in humans and rodents (Kujala et al. 2003; Stubbe et al. 2006; Novak
et al. 2010; Kelly et al. 2010).

..

L L S L L S L T L L L L O L L

0 2 4 6 8 10 13 16 19 22 25 28
Generation

FIGURE1 Maximal running distance of HCR/LCR rats from generations 0 to 28. Figure
shows "violin-plots" for individual generations for females and males com-
bined. The yellow oval to the left represents the founder population (NIH:H,
n=153 phenotyped, out of 168), green ovals are for HCR and red LCR. Modi-
fied from Ren et al. 2013.

213 Aging

Aging is associated with a decline of maximal aerobic capacity (Buskirk &
Hodgson 1987). Current evidence shows a 10 % per decade decline in VOamax in
both men and women (Astrand 1960; Robinson 1938; Hawkins & Wiswell 2003).
There are several potential aging-related physiological changes in the body that
may contribute to the diminished aerobic capacity.

The cardiovascular system, as a vital blood and oxygen delivery system, is
one key factor affecting an individual’s capacity to perform physical work. The
maximal heart rate has been reported to decline approximately 3-5 % per dec-
ade regardless of sex or exercise activity (Hawkins et al. 2001; Trappe et al.
1996). Also, more peripheral changes in aging contribute to the decline in aero-
bic capacity. Since skeletal muscles are one of the main tissues utilizing oxygen
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during exercise performance, changes in body composition are evident in aero-
bic capacity at the whole-body level. Former studies have established a link be-
tween lean body mass and VOamax in both men and women (Toth et al. 1994;
Hawkins et al. 2001; Rosen et al. 1998).

The age-related decline in maximal aerobic capacity can be delayed via
physical activity. Studies in aging athletes have shown lower decline rates in
VO2max compared to sedentary people, ranging between 5-7 % (Pollock, Miller &
Wilmore 1974; Fuchi et al. 1989; Shephard 1966; Hagberg 1987).

2.1.4 Skeletal muscle

Skeletal muscle comprises about 40% of body mass and is one of the main tis-
sues utilizing oxygen during physical activity. Skeletal muscle is also an im-
portant contributor to aerobic capacity at the whole-body level, as majority (>
80%) of cardiac output is redistributed to skeletal muscle during maximal exer-
cise (McArdle, Katch & Katch 2015, p. 347).

In skeletal muscle, the aerobic capacity of individual muscle fibers is the
maximum rate at which they can utilize oxygen. This in turn depends on mus-
cle properties, such as capillarization and mitochondrial volume and efficiency
(Holloszy 1967; Poole & Mathieu-Costello 1996). Maximal oxygen consumption
(VOzrax), can be calculated also at the muscular level by: Q (CaOz - CvOz), where
Q is skeletal muscle blood flow and CaO; and CvO;are arterial and venous O»
contents (Richardson 2000). There are four main limiting factors of VOamax; (1)
pulmonary diffusing capacity, (2) cardiac output, (3) blood Oa carrying capacity
and (4) skeletal muscle oxygen utilizing capacity (Bassett & Howley 2000). Re-
cent studies have shown that Oz delivery, and not skeletal muscle O extraction,
is seen as the primary limiting factor for VOamax in exercising humans (Gonza-
lez-Alonso & Calbet 2003; Bassett & Howley 2000). Nevertheless, as being one
critical factor for VOamax, metabolic adaptations in skeletal muscle are essential
for improving endurance performance.

Skeletal muscle properties determine the maximum rate at which muscles
can utilize oxygen; however, skeletal muscle composition varies a lot between
individuals. The most prominent parameters affecting skeletal muscle oxygen
utilization are myosin heavy chain composition, skeletal muscle capillarization
and mitochondrial volume and efficiency (Robinson et al. 1994; Pringle et al.
2003; Blomstrand, Radegran & Saltin 1997).

2141 Muscular contraction

Muscular contraction is the activation of tension-generating sites within muscle
fibers. During contraction, actin and myosin filaments slide past each other
causing the length of the sarcomere to decrease.

Muscular contraction can be divided into three different stages: (1) excita-
tion, (2) contraction and (3) relaxation (Figure 2). During excitation the action
potential from the neuron spreads inside the myocyte along T-tubules causing
calcium ions to be released from sarcoplasmic reticulum. Myosin heads bind to



19

actin filaments forming cross-bridges. During contraction, calcium ions bind to
troponin and cross-bridges of myosin are attached to actin filaments generating
a power stroke that moves the filaments past each other. The relaxation phase
starts when calcium-ions are pumped back to the sarcoplasmic reticulum,
adenosine triphosphate (ATP) then binds to myosin head and myosin cross-
bridges are detached from the thin filaments.
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FIGURE 2 Schematic illustrations of the stages of muscle contraction. Modified from
Candela Open Courses; Anatomy and physiology.

Muscular contractions can be described based on three variables: tension length
and speed. According to these variables muscle contraction can be divided to
three different sub-categories:
1) Isometric: muscle tension changes but the muscle-tendon complex
length remains the same
2) Isotonic: muscle tension remains the same but muscle-tendon com-
plex length changes
3) Isokinetic: muscle contraction occurs with the same speed

In spontaneous movements that underlie locomotor activity, muscular contrac-
tions involve all of the three sub-categories at different phases.

21.4.2 Muscular fatigue

Muscular fatigue is characterized with a decline of force production caused by
prolonged activation of skeletal muscle. The capacity of muscle to resist fatigue
is determined by muscle oxidative capacity, which is mainly determined by
muscle mitochondrial volume and efficiency (Bassett & Howley 2000; Holloszy
& Coyle 1984). Muscle fiber type composition in turn affects the oxidative ca-
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pacity of a single fiber: Type I fibers are mainly oxidative and have high mito-
chondrial content, type Ila/x is both oxidative and glycolytic and type IIb is
mainly glycolytic. (Bogdanis 2012; Carroll, Riek & Carson 2002; Burke et al. 1973;
Edstrom & Kugelberg 1968).

At a cellular level, the reduced force can be caused by various metabolic or
ionic changes in the myocyte, such as reduced pH, accumulation of inorganic
phosphate (P;) into myocytes, decreased intracellular calcium ion (Ca2*) release
or reduced sensitivity of the myofilaments to Ca?*-ions (Westerblad et al. 1998;
Allen et al. 1992). These changes in myocellular metabolites during muscular
fatigue are often linked to each other. For example, reduced pH and accumula-
tion of P; lead to reduced Ca?* sensitivity and reduced maximum tension. This
in turn has an important contribution to the force decline, especially with re-
peated maximal muscle stimulation (Westerblad et al. 1991).

2.2 Energy metabolism

Energy metabolism at the whole-body level is the process of generating energy
(in the form of ATP and heat) from nutrients. It comprises numerous intercon-
nected pathways that several enzymes catalyze. The energy production path-
ways in cells can be divided into two categories: (1) glycolytic (anaerobic) and
(2) oxidative (aerobic) energy production.

The anaerobic glycolysis takes place in the cell cytosol by an oxygen inde-
pendent pathway. Compared to aerobic energy production glycolysis is fast yet
produces less energy. Aerobic energy production, called oxidative phosphory-
lation, takes place in the mitochondrial inner membrane. During oxidative
phosphorylation ATP is produced from ADP via the ATP synthase channel.
This is driven by the proton motive force. Oxidative phosphorylation is also
called ‘coupling’ since it connects electron and proton transfer to phosphoryla-
tion (Figure 3).

221 Thermogenesis

Thermogenesis is the process of heat production in organisms. It has two major
functions: (1) thermoregulatory thermogenesis; that regulates the body temper-
ature in warm blooded animals, and (2) metaboregulatory thermogenesis; dur-
ing which an organism decreases its’ metabolic efficiency by dissipating extra
energy as heat rather than storing it as triglycerides.

There are three thermogenic methods to produce the heat: (1) exercise-
associated thermogenesis, (2) non-exercise activity thermogenesis and (3) diet-
induced thermogenesis. In exercise-associated thermogenesis muscular move-
ment causes the increase in temperature whereas non-exercise activity thermo-
genesis mainly occurs in brown adipose tissue via uncoupling proteins (UCP).
In diet-induced thermogenesis energy expenditure is increased shortly after
having a meal due to nutrient processing.
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Body temperature is tightly associated with metabolic rate (Landsberg 2012;
Geiser 1988; Heikens et al. 2011); in fact one degree C rise in temperature is as-
sociated with a 10-13% increment in oxygen consumption (Landsberg 2012).
The elevation in temperature itself is responsible for speeding up metabolism,
since many enzyme-catalyzed reactions are enhanced in higher temperatures
(Landsberg et al. 2009). Hence, the efficiency of an individual to produce heat
may be a key factor in the control of energy metabolism at the whole-body level.

At the cellular level, the efficiency of mitochondria and UCPs play the
main role in thermogenesis (Rousset et al. 2004; Cannon & Nedergaard 2004).
UCP1 is primarily found in the mitochondria of brown adipose tissue, whereas
UCP3 is the main uncoupling protein expressed in skeletal muscle. These pro-
teins generate heat by non-shivering thermogenesis, which is called uncoupling
at the cellular level. In uncoupling the protons bypass the ATP synthase chan-
nel and leak inside mitochondrial matrix via UCPs (Figure 3). Thus, instead of
loading ATP from ADP, energy is dissipated as heat. Besides UCPs, also the
amount and efficiency of mitochondria to produce heat affects body tempera-
ture.
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FIGURE 3 Schematic illustration of oxidative phosphorylation (coupling) and uncoupling
in the mitochondria. Modified from a figure designed by Jaume Fords Martos.

Brown adipose tissue has been considered the main thermogenic organ for a
long time (van den Berg et al. 2011). Nowadays, in addition to brown adipose
tissue, skeletal muscle has been suggested to significantly contribute to thermo-
genesis (Gavini et al. 2014). The contribution of skeletal muscle mitochondrial
uncoupling to weight gain has been demonstrated in several mouse models
(Son et al. 2004; Costford et al. 2008; Choi et al. 2007).
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2.3 Aging and lifespan

Aging is associated with an overall loss of function at the level of the whole or-
ganism that has origins in cellular deterioration. It can be influenced by many
factors that can be classified as intrinsic (e.g. genetic factors) or extrinsic (e.g.
environmental factors). Since aging phenotypes at the 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.
Many of these theories share similarities and overlap with each other to some
extent.

Genetic theory of aging states that an individual's genome determines
lifespan. Validity of this theory is obvious in certain severe genetic diseases
such as progeria and Down’s syndrome (Saigal & Bhargava 2012; Alexander et
al. 2015). Recent qualitative and quantitative genetic analysis of longevity has
revealed that extended lifespan is frequently associated with enhanced meta-
bolic capacity and response to stress (Jazwinski 2000). The autoimmune theory
of aging declares that with age, the immune system tends to lose efficiency and
experiences severe dysfunction, evidenced by autoimmunity, and a decreased
ability to respond to immune challenges, such as infections (Prelog 2006). Innate
immunity has also been linked to the pathogenesis of age-related chronic de-
generative diseases, which have an effect on lifespan (Licastro et al. 2005). Neu-
roendocrine theory suggests that changes in the central nervous system precede
the changes in metabolism and cognitive function (Fabris 1991). The theory of
somatic mutations sees the mutations in mitochondrial DNA as the root of neg-
ative changes related to aging. It has been shown that increasing age in mam-
mals correlates with accumulation of somatic mitochondrial DNA mutations
and decline in respiratory chain function, which promotes the aging process
(Trifunovic & Larsson 2008) .

Nowadays accumulation of oxidative stress and telomere shortening are
two of the most prominent candidates of aging theories (Wei & Lee 2002; Van
Remmen & Richardson 2001; Kruk, Rampino & Bohr 1995; Olovnikov 1996).
The oxidative stress theory (e.g. free radical hypothesis) of aging proposes that
deleterious actions of oxygen-derived radicals are responsible for the functional
deterioration associated with aging. Since mitochondria are responsible for oxi-
dation of various fuel molecules at the final stage of aerobic metabolism in the
animal and human cells, they are also the major producers of reactive oxygen
species (ROS) via incomplete reduction of Oz by the electrons escaped from the
electron transport chain (Wei & Lee 2002). Under normal physiological condi-
tions, cells cope with the oxidative stress elicited by aerobic metabolism by an
antioxidant defense system (Fridovich 1997; Leibovitz & Siegel 1980). However,
the function of this antioxidant defense system declines with aging leading to
accumulation of ROS and mitochondrial DNA damage (Sohal & Dubey 1994;
Pansarasa et al. 1999).
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The importance of chromosome ends i.e. telomeres in aging was first recog-
nized in 1938 by Muller and soon after by McClintock (Muller 1938; McClintock
1941). Nowadays it is known that the ends of chromosomes consist of a repeat-
ed sequence of bases whose length decreases in every cell division. Telomeres
are necessary for cell replication and critical for chromosomal stability. It has
been shown that telomeres are shorter in fibroblasts from an old donor com-
pared to a young donor (Kruk, Rampino & Bohr 1995). Also, Kruk et al. showed
in the same study that the telomeric DNA repair efficiency is lower in cells from
an old donor compared to cells from a young donor. The decline in the telomer-
ic repair system seen with aging is proposed to have a functional significance to
the age-related decline in genomic stability.

2.3.1 Genetics

Aging as a complex process might involve thousands of genes as well as non-
genetic factors. Like many physiological traits related to aging, such as aerobic
capacity and skeletal muscle properties that are to some extent genetically co-
ordinated, there are also genes and gene sets affecting individuals’ lifespan.
Findings from animal studies have provided evidence that even individual
genes can have a significant effect on lifespan.

Many mutations that have been shown to extend lifespan in invertebrates
affect stress-response genes or nutrient sensors. In yeast cells, SIRT1 ortholog
Sir2 was shown to promote longevity, which raised the interest of the role of
sirtuin proteins in mammalian aging (Kaeberlein, McVey & Guarente 1999).
Sirtuins interact with telomeric chromatin as well as several components of the
DNA repair machinery making them potential targets for study of the mecha-
nisms of oxidative stress on aging (Nakagawa & Guarente 2011; Michishita et al.
2008). Sirtuins also act as energy sensor proteins that respond strongly to caloric
restriction; a well-recognized intervention to increase lifespan of lower organ-
isms as well as rodents (Bishop & Guarente 2007; Rogina & Helfand 2004).

In humans, the clustering of late deaths in families with many extremely
long-living individuals has provided support for a genetic component to lon-
gevity (Gudmundsson et al. 2000; Schoenmaker et al. 2006). In twin studies, it
has been estimated that genetic differences account for about a quarter of the
variance in adult human lifespan (Herskind et al. 1996; Skytthe et al. 2003). As
in invertebrates and rodents, certain genetic variants have been shown to asso-
ciate to longevity in humans, such as SIRT3, apolipoprotein E and mitochondri-
al genome variants (Corder et al. 1996; Rose et al. 2003; De Benedictis et al. 1999).

In rodents, high intrinsic aerobic capacity is also strongly associated to
health and longevity (Lollgen, Bockenhoff & Knapp 2009; Myers et al. 2002;
Koch, Britton & Wisloff 2012). However, since aerobic capacity is a polygenic
trait, it is not known which genes or combinations of genes are behind the long
lifespan.
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2.3.2 Skeletal muscle

In humans, mortality rate and pathogenesis of several age-related diseases is
associated with functional capacity and mass of skeletal muscle (Metter et al.
2002; Nair 2005). Epidemiological studies in humans also suggest that skeletal
muscle aging is a risk factor for the development of several age-related diseases
such as metabolic syndrome, Alzheimer’s disease and cancer (Demontis et al.
2013). These findings suggest that muscle tissue may be one key regulator of
systemic aging.

Aging is associated with progressive decline of organ and tissue function
and accumulation of oxidative damage and DNA mutations (Wei & Lee 2002;
Van Remmen & Richardson 2001). Both in humans and rodents, DNA muta-
tions are also highly prominent in the muscle of aged individuals (Wang et al.
2001; Szczesny, Tann & Mitra 2010). Furthermore, the accumulation of dysfunc-
tional mitochondrial proteins during aging is higher, and the levels of the anti-
oxidant enzymes are lower in mouse skeletal muscle compared to other tissues
(Szczesny, Tann & Mitra 2010). These findings raise the possibility that the
muscle acts as an aging-sensitive tissue and the earlier onset of age-related de-
generation in muscle may affect aging at the whole-body level (Demontis et al.
2013). Aging in general is associated with a reduction in mitochondrial function
and capacity (Lopez-Lluch et al. 2008; Anderson & Prolla 2009), which eventual-
ly can be seen as a loss of physical function at the whole-body level.

Since aerobic capacity and muscle functional capacity are also important
predictors of mortality in humans (Myers et al. 2002; Ruiz et al. 2011; Metter et
al. 2002), endurance exercise is a potential way to rescue aging-related mito-
chondrial defects and, therefore, promote health and prolong lifespan. Previous
studies have also shown that exercise can potentially extend lifespan both in
humans and rodents (Ruiz et al. 2011; Holloszy 1993).

2.3.3 Physical activity

Observational follow-up studies report a beneficial association of physical activ-
ity with all-cause mortality as compared to inactivity mortality in humans
(Lollgen, Bockenhoff & Knapp 2009; Blair, Cheng & Holder 2001; Williams
2001). Meta-analyses further demonstrate a dose-response curve especially from
sedentary subjects to those with low and moderate exercise intensity (Lollgen,
Bockenhoff & Knapp 2009; Samitz, Egger & Zwahlen 2011). Lollgen et al high-
lighted a non-linear risk-reduction curve with an increasing amount of physical
activity (Lollgen, Bockenhoff & Knapp 2009) (Figure 4).
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FIGURE 4 Physical activity dose-response relationship to mortality. Data is based on meta
analytical results of multivariate-adjusted estimates for men and women in
studies with three levels of activities (estimates plus 95 % confidence intervals).
Modified from Lollgen et al. 2009.

It seems that there may be a saturation curve when presenting the association
between physical activity level and mortality. A recent study even suggested a
U-shaped association between all-cause mortality and dose of jogging (Schnohr
et al. 2015). In Schnohr’s study, light and moderate joggers had lower mortality
than sedentary subjects, whereas strenuous joggers had similar mortality rate as
the sedentary group. According to these studies it may be sufficient to exercise
moderately to achieve a healthy lifestyle; moderate physical activity seems to
reduce all-cause mortality effectively in both human and rodents without in-
creasing risks due to possible cardiovascular side-effects of high intensity exer-
cise (Baggish & Wood 2011; Navarro et al. 2004).

In rodents, an early study on the effects of exercise on the lifespan of rats
showed that voluntary running shortened the survival of rats (Slonaker & J. R.
1912). However, non-pathogen free rats were used in this study, and chronic
infections may have affected the outcomes. Later, Benedict et al. similarly found
that exercise shortens the lifespan of rats (Benedict & Sherman 1937). In this
study rats started the exercise during middle-age or during old age, varying
from about 12 to 26 months of age at the beginning of intervention. Starting the
exercise intervention at this late age may affect the outcomes of the study; in-
deed, there is some evidence that the age of onset of regular exercise plays a
significant role in the life expectancy in rodents. In a study by Edington ef al.,
exercise increased the longevity of male rats if the exercise was begun at an ear-
ly age (prior to 400 days) (Edington, Cosmas & McCafferty 1972) (Figure 5).
However, in this study the exercise was not voluntary wheel running but a rela-
tively low intensity exercise on a treadmill. Nevertheless, similarly as in rodents,
it seems that physical activity does not improve longevity in humans if com-
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menced in adulthood (Edington, Cosmas & McCafferty 1972; Goodrick et al.
1983; Kujala, Kaprio & Koskenvuo 2002).
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FIGURE 5 Evidence of a possible threshold age on the benefits of exercise for longevity.
Figures represent the relative survival of groups that started the training inter-
vention at different ages. Modified from Edington et al. 1972.

More recently, two studies on specific-pathogen-free male Long-Evans and
Wistar rats confirmed that exercise results in improved survival but does not
improve maximal lifespan (Holloszy et al. 1985; Goodrick 1980). In Goodrick’s
study the rats started the intervention at an age of 1.5 months and in Holloszy’s
at the age of 9 months. However, because male rats do not compensate the in-
creased energy expenditure by increasing food intake, it is not clear whether
their improvement in average longevity was due to decreased availability of
energy (e.g. caloric restriction) or due to exercise. In general, female rats tend to
increase their food intake in response to increased energy expenditure (Hollo-
szy 1993; Titchenal 1988), which makes them better suited for studying the ef-
fects of exercise without the possible interference of caloric restriction. In Hollo-
szy’s study, when female rats were given running wheels at the age of 5 months,
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runners had a significant prolongation of average longevity without an increase
in maximal lifespan (Holloszy 1993) (Figure 6).
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FIGURE 6 Effect of voluntary wheel running compared to sedentary on longevity of fe-
male Long-Evans rats. Modified from Holloszy et al. 1993.

Since male rats that have an access to running wheels do not have an increase in
maximal longevity despite a relative caloric deficit, the possible effect of exer-
cise-induced oxidative stress seemed a possible mechanism to prevent a maxi-
mum lifespan-extending effect of a caloric restriction related to voluntary run-
ning. Holloszy et al. conducted a study to determine if antioxidants would al-
low a maximal longevity-extending effect of exercise to manifest itself in male
rats. However, the antioxidant diet had no effect on longevity of the runners,
stating that the caloric deficit induced by exercise in male rats does not have a
life-extending effect that is countered by oxidative tissue damage (Holloszy
1998). In mice, life-long spontaneous exercise was found not to prolong lifespan
but to improve health span (Garcia-Valles et al. 2013). In this study voluntary
running did prevented several aging-related signs of frailty (such as decreases
in strength, endurance and motor coordination), which was accompanied by a
significant increase in mitochondrial biogenesis in skeletal muscle.

High cardiorespiratory fitness is known to be a strong predictor of re-
duced mortality, even more robust than physical activity level itself when these
two are measured within the same study (Lee et al. 2011). Indeed, studies inves-
tigating reliability of physical activity questionnaire show that they are less val-
id than a quantitative assessment of physical capacity or fitness by exercise test-
ing (Jacobs et al. 1993; Lee et al. 2011). In general, physical activity is effective
for disease preventive purposes. However, the magnitude of effects with simi-
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lar levels of training intensity and frequency differ in individual subjects due to
genetic factors (Timmons et al. 2010; Koch, Pollott & Britton 2013) as well as the
age when regular training was initiated.

2.4 Study populations

A critical point when beginning a research project is to select a proper cell line,
animal model or human population for the particular study question to be in-
vestigated. The HCR/LCR rat model system is widely used to study aerobic
capacity and complex metabolic diseases. Twin cohorts are commonly used in
human studies where the effects of genetic variation need to be controlled.

24.1 HCR/LCR rat model system

HCR/LCR rats are contrasting rat lines that differ from their inborn (genetic)
aerobic capacity. Koch and Britton began developing HCR and LCR rats from a
heterogeneous starting population of 168 rats in 1996 (Koch & Britton 2001).
Selection for low and high capacity was based upon distance run to exhaustion
on a treadmill using a speed-ramped running protocol; the initial speed was 10
m/min and it was increased by 1 m/min every 2 min (slope constantly at 15
degrees). From the starting population the best runners were chosen to breed
the HCR line and the rats that ran the shortest distance were used as founders
for the LCR line. At each generation, within-family selection was practiced us-
ing 13 families for rotational breeding for both the low and high capacity lines.

The original founder population ran to exhaustion in 355 + 11 m on aver-
age. After six generations of selection the rat lines already differed in running
capacity by 171%, with most of the change occurring in the HCR line (Koch &
Britton 2001). After 18 generations of breeding the low and high capacity lines
differed in maximal running capacity by 615 % (Kiveld et al. 2010). VO2max was
12 % higher in HCRs after 7 generations and 24 % higher after 22 generations of
selection compared to LCRs (Gonzalez et al. 2006; Johnsen et al. 2013). Whereas
VOamax is a direct measure of aerobic capacity, maximal running capacity may
be influenced by factors other than VOamax, such as anaerobic capacity, re-
sistance to fatigue, efficiency and oxygen cost of running and motivational fac-
tors leading to larger difference in running capacity between the rat lines that
could be expected solely based on VOazmax results (Koch et al. 2011).

The advantage of the HCR/LCR rat model compared to animal models
produced by mutations is that HCR/LCR rat lines are not inbred but main-
tained as genetically heterogeneous as possible. Compared to inbred strains, in
which almost all allelic variation has been taken to fixation, outbred selected
lines maintain genetic complexity (Koch et al. 2011). Genetic variation allows
combinations of allelic variants at multiple interacting loci to be enriched in re-
sponse to selection pressure (Carlborg et al. 2006).
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HCR/LCR rats have been extensively studied. At the whole-body level, in addi-
tion to poor running capacity, LCRs have lower physical activity level, higher
body weight gain and increased complex disease risk compared to HCRs (Kive-
l& et al. 2010). Furthermore, LCRs have increased cardiovascular disease risk
and higher susceptibility to tachyarrhythmia’s than HCRs (Wisloff et al. 2005).
Previous studies have also shown that LCRs have poor capillarization, less sub-
sarcolemmal and intermyofibrillar mitochondria, and reduced mitochondrial
respiratory capacity in skeletal muscle compared to HCRs (Kiveld et al. 2010;
Rivas et al. 2011; Walsh et al. 2006). In liver tissue, LCRs exhibit reduced hepatic
mitochondrial oxidative capacity that in turn increases susceptibility to hepatic
steatosis and liver injury (Thyfault et al. 2009). In response to a high-fat diet,
LCRs also have increased hepatic lipid accumulation compared to HCRs (Mor-
ris et al. 2011).

On the other hand, compared to LCRs, HCRs represent a lean, healthy
phenotype with decreased metabolic risk factors, higher physical activity level
and increased energy expenditure (Kiveld et al. 2010; Novak et al. 2010). The
difference in fuel selection has been associated to the healthy phenotype of
HCRs, which more efficiently oxidizes fatty acids and branched-chain amino
acids than LCRs (Overmyer et al. 2015). HCRs also seem to be protected against
certain negative metabolic changes related to environmental and hormonal fac-
tors, such as high-fat diet and ovariectomy (Vieira-Potter et al. 2015; Noland et
al. 2007; Morris et al. 2014).

The first studies of survivability revealed that lifespan segregated strongly
with running capacity between the lines (Figure 7). The median age of death
was 30.1 months for HCR rats and 23.5 months for LCR, representing a 28%
difference in lifespan (Koch et al. 2011). There was no significant difference in
maximal lifespan between females and males within lines. Standard necropsy
profiles demonstrated that age-related lesions were not different in incidence or
severity between LCR and HCR rats (Koch et al. 2011).
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FIGURE 7 Survival curves for data combined from HCR/LCR rats from generations 14,
15, and 17 (nLCR = 63; nHCR = 76). Data includes both female and male rats
that lived in standard rat cages. Modified from Koch et al. 2011.

2.4.2 Twin studies

Using twin studies it is possible estimate the contribution of genetics to a given
trait or condition of interest. The classic twin study design relies on studying
twins raised in the same family; the sharing of genetic similarity (MZ pairs) or
dissimilarity (DZ pairs) and intrauterine and subsequent environments make
twins unique subjects for genetic studies (Tan et al. 2015). Depending on the
study question either monozygotic (MZ) or dizygotic (DZ) twins are used or a
combination of the two. MZ (identical) twins derive from a single fertilized egg
and are therefore genetically identical. DZ twins share about 50 percent of their
segregating genes, the same as non-twin siblings.

The classical assumptions in twin study design are: (1) random mating, (2)
equal environments, (3) minimal gene-environment interaction and (4) repre-
sentativeness of the general population. Random mating assumption states that
that people are as likely to choose partners who are different from themselves
as they are to choose partners who are similar for a particular trait. If this as-
sumption failed, DZ twins could share either a greater or lower percentage of
their genes than expected. In twins research it is also assumed that twins raised
in the same family experience the same environment. Classical twin design hy-
pothesizes that genes and environment have only separate and distinct contri-
butions to certain trait. However, also interactions between genes and environ-
ment appear to influence the development and intensity of traits. Finally, twin
studies in general assume that twins are no different from the general popula-
tion in terms of the trait. When these assumptions made in the classical twin
design are met, it is a powerful tool for partitioning genetic from environmental
factors on a studied trait. (Rijsdijk & Sham 2002).
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In the classical twin study design, the observed resemblance in MZ twins ver-
sus DZ twins allows the disintegration of the phenotypic variation into additive
genetic (A), common or shared environmental (C), and unique environmental
or residual effects (E) (Figure 8). Additive genetic influences result from the
sum of allelic effects across multiple genes; in MZ pairs the correlation for allel-
ic effects is 1 and in DZ pairs 0.5. The environmental effects shared by the twins
consist of an intrauterine environment, home environment and family socioec-
onomic status. The unique environmental factors are unshared with the twin
pair, such as personal lifestyle and experiences, or stochastic biological effects.
The variance of each twin is due to their genetics, shared environmental effects
and residual factors that are unique to each twin, i.e. A+C+E. (Tan et al. 2015).

r=1

r=1.0 MZ; r=0.5 DZ

FIGURE 8 Path diagram for the classical twin study design. The figure shows the additive
genetic influences (A), common or shared environmental effects (C) and
unique environmental or residual effects (E) between a MZ and DZ twin pair
(r=correlation). Modified from Tan et al. 2015.

In research, particularly discordant twin pairs offer a valuable setup for studies.
Discordance in twin studies means that a clear difference exists between a twin
pair in a certain trait, such as smoking status or physical activity level. The in-
formation from discordant twins is used in a design that is referred to as the
co-twin control method. The value of this design is that one of the twins serves
as control for the other which enables to distinguish between associations that
reflect causality and associations that result from the confounding effects of
genes or environmental factors (van Dongen et al. 2012). A unique advantage of
the MZ twin design is the ability to study biological discordance against a ge-
netically equivalent background.

Twin studies are a valuable source of information about the genetic basis
of complex traits. Generally, twins can be used to obtain insights into the genet-
ic epidemiology of complex traits and diseases, to study the interaction of geno-
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type with sex, age and lifestyle factors, and to study the causes of co-morbidity
between traits and diseases. There are several national twin registers world-
wide, which can offer unique opportunities for selected sampling for quantita-
tive trait loci linkage and association studies (Boomsma, Busjahn & Peltonen
2002).



3 PURPOSE OF THE STUDY

The purpose of this thesis was to study the effects of genetic background, phys-
ical activity and aging on skeletal muscle properties and lifespan. Since it was
already shown in rodents that intrinsic aerobic capacity is a major determinant
of longevity, we further investigated how genetic aerobic capacity combined
with acquired aerobic capacity via voluntary running affects lifespan. Addi-
tionally, we utilized a human twin cohort to study how genetic background and
physical activity affect lifespan in a human population. Former human studies
have suggested an association between high physical activity level and long
lifespan, yet the genetic background of the subjects has not been controlled in
these studies. With the HCR/LCR rat model we included both cross-sectional
and longitudinal intervention study setups. With human twins we utilized a
long-term observational follow-up study.

The specific aims were to study:

1. The effect of intrinsic aerobic capacity on skeletal muscle metabo-
lism and contractile properties during maximal electrical stimula-
tion (I).

Hypothesis: Low intrinsic aerobic capacity is associated with fa-
tigue sensitivity and poor intramuscular pH homeostasis during
maximal electrical stimulation, followed by slow metabolic recov-

ery.

2. The effects of intrinsic aerobic capacity, voluntary running and ag-
ing on body temperature and heat generation during glucose toler-
ance test (IV).

Hypothesis: HCR rats have intrinsically higher body temperature
compared to LCRs due to their higher mitochondrial capacity to
produce heat. Aging decreases body temperature levels due to ag-
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ing-related loss of mitochondrial function and decreased expression
of the uncoupling proteins in skeletal muscle and brown adipose
tissue, but the difference between the HCR/LCR rat lines is still ev-
ident. Voluntary running increases body temperature in both rat
lines due to increased mitochondrial biogenesis, thus aiding pre-
vention of age-related decrease in mitochondrial function. Glucose
injection increases body temperature, especially in HCRs, since
brown adipose tissue as an insulin sensitive tissue may have a ma-
jor role in dissipating extra energy as heat.

. The effects of intrinsic aerobic capacity, voluntary running and ag-

ing on skeletal muscle SIRT, heat-shock factor (HSF) and heat-shock
protein (Hsp) contents (III).

Hypothesis: HCRs have higher expression of Hsps, SIRT and HSF
proteins compared to LCRs due to their verified longer lifespan and
proposed better capability to compensate aging-related oxidative
stress. The response of voluntary running to the studied protein
levels is higher in HCRs, since HCRs are known to engage in more
voluntary activity on a running wheel and to be spontaneously
more active than LCRs.

. The effect of genetic background and adulthood physical activity

on mortality (II).

Hypothesis: Physical activity increases the mean lifespan both in
rodents and human twins. Depending on the genetic background,
some individuals are voluntarily more active than others, thus the
most active ones have the longest increase in mean lifespan. HCRs
that have an access to running wheel have longer lifespan than cor-
responding controls - similarly LCRs in the running group have
longer lifespan compared to the controls, though this difference in
lifespan is expected to be smaller than in HCRs due to the less ac-
tive behavior of LCRs.



4 MATERIALS AND METHODS

4.1 Animal model

The HCR/LCR contrasting rat model was produced by two-way artificial selec-
tion, starting from a founder population of 168 genetically heterogeneous rats
(N:NIH stock) (Koch & Britton 2001). N:NIH was derived from 8 inbred strains
that were outcrossed into making N:NIH stock. Briefly, endurance running ca-
pacity was assessed on a treadmill and the total distance ran during the test was
used as a measure for intrinsic aerobic capacity. From the founder population of
168 rats 153 were phenotyped. Rats with the highest running capacity from
each generation were bred to produce the HCR line, and rats with the lowest
capacity were bred to produce the LCR line.

For the study protocol described here, 169 female rats (84 HCR and 85
LCR) were obtained from generations 23-27. Each rat was phenotyped for max-
imal treadmill running capacity at the University of Michigan (Ann Arbor,
Michigan, USA) with a speed-ramped treadmill running test (15° slope, initial
velocity of 10 m X min’, increased 1 m X min? every 2 min), when rats were ~ 3
months of age. Rats were housed in an environmentally controlled facility
(12/12 h light-dark cycle, 22°C) and received water and standard feed ad libitum.

4.1.1 Ethics statement

Experimental procedures with the rats conformed to the European Guidelines
for the Care and Use of Laboratory Animals (directive 2010/63/EU) and were
approved by the National Animal Experiment Board, Finland (Permit number
ESAVI-2010-07989/Ym-23).
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4.1.2 Intervention (II-IV)

Until the age of 9 months, rats were housed in standard cages, 2/cage. After
collecting the first treadmill running and glucose tolerance tests each group
(HCR and LCR) was divided into two sub-groups matched for body weight and
maximal running capacity; two sub-groups were placed in standard cages (con-
trols: HCR-C and LCR-C) and two sub-groups were placed in cages with run-
ning wheels (voluntary running groups: HCR-R and LCR-R)(Figure 9). During
the voluntary running intervention, rats in all four groups were housed 1/cage.
Voluntary running was followed through a computerized system.

Before intervention <— One-year voluntary running intervention —>  After intervention

Age 9 months Age 21 months
Cross-sectional Sample
Sample P
study Collecting l" Collecting
nHCR = 44 27 Fan=y
= - 2 nHCR =16
PLCR=45 | won -1z &l oRR 15
= Vo nlCR =13
t nLCRR =15
Longitudinal TEST1 TEST 2 Intervention
stud Glucose tolerance test Glucose tolerance test continues
~HOD = 39 (Placebo test) AR (Placebotest)
nLCR =40 AHCR =19 (5) = : WHCR =18 ) Lifespan
nHCR-R =20 (5) . . nHCR-R =20 (5)
nLCR  =20(5) nLCR =20 (4)
nLCR-R =20 (5) nLCR-R =20 (5)
Treadmill running Treadmill running
tests tests

FIGURE 9 Schematic representation of the study protocol. The present study consisted of
cross-sectional and longitudinal study setups with a one-year intervention of 4
sub-groups: HCR (control), HCR-R (runner), LCR (control) and LCR-R (run-
ner). The n of each group is marked in the figure; in tests 1 and 2 the first num-
ber states the n during the glucose tolerance test and the number in parenthe-
ses describes the n during the placebo test.

4.1.21 Cross-sectional study (I, III, IV)

The cross-sectional study provided information of the HCR/LCR rats at the
tissue level before voluntary training (untrained stage, study I) and after one
year of voluntary running intervention (Figure 9, studies III and IV). There were
two time points in the study: when the rats were aged 9 and 21 months. Right
before these time points the maximal treadmill running capacity of the rats was
tested by similar speed-ramped treadmill running tests as described above. The
rats were sacrificed at these time points and tissue and blood samples were col-
lected.

41.2.2 Longitudinal study (II)
Information of the lifespan of HCR/LCR rats was collected from the longitudi-

nal study. Before these time points, maximal treadmill running capacity of the
rats was tested at 9 and 21 months of age. A glucose tolerance test was per-



37

formed in all of the rats at the same time points and to one sub-group of rats
also as a placebo test (Figure 9).

Voluntary running was followed through a computerized system
throughout the lifespan. Follow-up began on the day of randomization and
ended at death. Animals were euthanized when any one of the predetermined
humane end-point criteria were observed.

4.1.2.2.1 End-point criteria (II)

Humane end-point criteria were utilized in the longitudinal study. The criteria
for euthanasia were: movement disabilities, difficulty to maintain an upright
position, assuming a crouched position for >48 h, laborious breathing, dehydra-
tion, severe loss of body mass (>20% total body mass), chronic diarrhea or con-
stipation for >48 h, test results that indicate loss of internal organ function, any
prolonged leak from a body orifice, self-harming behavior, and unresponsive-
ness to external stimuli. When one of these end-point criteria was met, the ani-
mal was euthanized and tissue samples were collected.

4.1.3 31P-MRS measurements (I)

31P-Magnetic resonance spectroscopy (*'P-MRS) is a method that enables meas-
uring the concentrations of the major phosphorus compounds in a contracting
muscle, i.e., PCr and P; non-invasively. With these parameters, one can estimate
the energy production efficiency of the muscle, such as the speed of PCr degra-
dation and resynthesis, provided that simultaneous force output is recorded
(Giannesini et al. 2001).

The non-invasive MRS investigation setup used in our study was modi-
fied from the protocol designed by Giannesini et al. (Giannesini et al. 2005).
Rats were deprived of food for 2 h before measurements. Basal body tempera-
ture and mass were measured at rest before each investigation. Rats were anes-
thetized in an induction chamber with 4% isoflurane mixed in 30% Oz and 70%
N20. The right lower hind-limb was shaved and conductive electrolyte gel was
applied at the heel and knee levels to optimize electrical stimulation of the tri-
ceps surae muscle complex. Each rat was placed in a home-built cradle de-
signed for non-invasive functional investigation of the right triceps surae. The
cradle had a built-in strain-gauge sensor (HBM, 1-LY41-6/1000, Darmstadt,
Germany) and two transcutaneous electrodes to elicit and measure maximal
twitch responses under isometric conditions. The foot was positioned on the
pedal and the lower hind-limb was centered on a flat radio frequency (RF) coil
used for MRS measurement (Figure 10).
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FIGURE 10 Schematic representation of the setup for measuring rat triceps surae muscle
complex function with MR investigation. Triceps surae contractions were in-
duced indirectly via electrical stimulation at the heel and knee levels. Muscle
performance was measured with a force transducer which was attached to the
pedal. Information about the leg position was acquired with a 1H-MRS surface
coil and muscle metabolic functions were studied with 3P-MRS surface coil.

The pedal was held constant at a 30 degree angle. Supramaximal square-wave
pulses (1-ms duration, current range: 10-19 mA, altered to maximize twitch
force) were delivered transcutaneously with a constant current stimulator
(Digitimer Stimulator DS7, Digitimer Ltd., Hertfordshire, U.K.) to obtain the
maximal isometric twitch responses. Throughout the experiment, anesthesia
was maintained by a gas inhalation through a facemask continuously supplied
with 1.2-1.75% isoflurane in 30% Oz and 70% N>O. Corneas were protected
from drying by application of ophthalmic cream (Viscotears, Novartis Pharma-
ceuticals, U.K.). The facemask was connected to open-circuit gas anesthesia
equipment. During anesthesia, animal body temperature was maintained with
a heated pad.

4.1.3.1 Electrical muscle stimulation (I)

The stimulation protocol consisted of baseline (8 min), stimulation (6 min) and
recovery (8 min) measurements. Repeated isometric muscle twitches were elic-
ited through electrical stimulation to the triceps surae muscle complex at a fre-
quency of 3.33 Hz (in total 1200 stimuli). Force signals from the strain-gauge
sensor were amplified, converted to digital signals by a 32-bit analog-to-digital
converter (Power 1401, CED Ltd., Cambridge, U.K.), and processed using dedi-
cated software (Signal software, CED Ltd.).
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4.1.3.1.1 Signal Analysis (I)

From each individual twitch response, maximal force was analyzed throughout
the 6 min stimulation period. Thereafter, twitch properties were averaged over
15 second epochs (in total 24 averages of 50 stimuli). In addition, twitch force
was normalized with their maximum value during the stimulation to compute
relative rate of reduction (% of maximum sec?) during the time-course of
transcutaneous electrical stimulation. A linear trend line was adjusted over 100
twitch responses in individual time-intervals that showed rapid linear reduc-
tion in the analyzed variables.

414 Treadmill running tests

Treadmill running tests were performed first at the University of Michigan (at
the age of 3 months) and similarly at the University of Jyvéaskyld (at the age of 9
and 21 months). Rats were tested with a speed-ramped treadmill running test
(15° slope, initial velocity of 10 m x min’, increased 1 m X min” every 2 min).
The maximum speed of the treadmill at the University of Jyvaskyld was 60
m/min, limiting the maximal endurance performance to be 1470 m with the
speed-ramped protocol used. If a rat reached this maximal speed of the tread-
mill, the test was finished and the endurance capacity was marked to be the
maximum of the treadmill (1470 m).

4.1.5 Glucose tolerance and placebo tests (IV)

The glucose tolerance and placebo tests were performed twice, first at the age of
9 months and thereafter at the age of 21 months. Rats were deprived of food for
5 h before measurements. The running wheels of the runner rats were blocked 5
h before the measurements disabling the movement of the wheel to avoid the
possible acute effects of running on the measurements. Body weight was meas-
ured before each test. At time point 0, either 2 g/kg of glucose (20 % solution)
or equal volume of placebo (physiological saline solution) was injected into the
peritoneal cavity. Blood glucose was measured from samples obtained from
saphenous vein at time points F (fasting), 0, 30, 60, and 120 min after the injec-
tion. Blood samples for further analyses were collected before starting the glu-
cose/ placebo protocol (fasting sample).

4151 Body temperature (IV)

Body temperature was measured with a rectal probe (Fluke 52 k/J Thermome-
ter) at pre-intervention measurements, baseline measurements and during the
glucose tolerance and placebo tests.



40
4.1.5.1.1 Pre-intervention measurement (IV)

Body temperature was assessed after 2 h of fasting from the same rats as used
for the intervention before dividing the rats into separate intervention groups (n
= 10/group). The measurement was repeated twice in separate days and the
average of the two measurements was used in the statistical analyses.

4.1.5.1.2 Baseline measurements (IV)

Body temperature was measured as described above during baseline measure-
ments to study the effects of line, aging and voluntary running on body tem-
perature before and after one-year voluntary running intervention. Measure-
ments were done after 5 h of fasting from the same rats as used in the interven-
tion (n = 5/group). The average of the two fasting (F) time point measurements
from each rat both during glucose tolerance and placebo tests were used in the
statistical analyses.

4.1.5.1.3 Heat generation (IV)

Body temperature (Fluke 52 k/] Thermometer) was measured at time points 0, 30,
60, and 120 min after the injection. To compare the estimate of heat generation
during placebo and glucose tolerance tests we calculated the area under curve
(AUC) values of rectal temperature of each group during both tests between time
points 0-120 min normalized with 0 min level. AUC values were used for the sta-
tistical analyses of the effect of strain, running and treatment on heat generation.

4.1.6 Spontaneous activity (II, IV)

4.1.6.1 Life-long follow-up (II)

Total spontaneous physical activity was measured every three months for four
days throughout each rat’s lifespan. For this purpose, a ground reaction force
recording was used, as described previously (Silvennoinen, Rantalainen & Kai-
nulainen 2014). From that data, the absolute values of the differences between
consecutive force values were calculated as described by Silvennoinen et al (Sil-
vennoinen, Rantalainen & Kainulainen 2014). The mean of the absolute values
were calculated for 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, activity index was calculated the as a sum of
three day activity from 8 a.m. to 8 a.m. per each month.

4.1.6.2 Activity during glucose tolerance and placebo tests (IV)

Spontaneous activity of the rats was followed throughout the glucose tolerance
and placebo tests with ground reaction force recordings as described above
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(4.1.5.1 Life-long follow-up). The rat cages were placed on top of individual
ground reaction force plates 30 min before the start of the experiments and re-
moved from the plate after the last blood glucose measurement. From this data
an activity index was calculated, and the data used in statistical analyses were
presented as 30 min averages. The total activity during the tests was calculated
as a sum of the activity index from the whole test period.

4.1.7 Blood analyses (II, IV)

Blood glucose was measured in fresh samples (HemoCue Glucose 201 RT). In-
sulin was measured with ELISA from frozen (-80 °C) serum samples (Mercodia,
Rat Insulin ELISA). HOMA-IR was calculated as the product of fasting glucose
and insulin levels, divided by a constant (Cacho et al. 2008), with the following
equation: (Glucose (mmol/I) * Insulin (ng/1))/2.430.

4.1.8 Tissue processing (III, IV)

Gastrocnemius muscle (n=4-10/group) samples were collected from HCR/LCR
rats before and after the one-year voluntary running intervention. The snap-
frozen samples were homogenized in liquid nitrogen and processed with either
of the following protocols:

Protocol 1: HSFs and Hsps 27 and Hsp70 (I1I):

The muscle homogenates (n=4-5/group) were lysed in lysis buffer (24 mM
HEPES [pH 7.4], 100 mM NaCl, 5 mM EDTA, 0.5% Triton-X-100, 200 mM -
glycerolphosphate, 20 mM PNPP, 100 pM ortovanadate), and protein concen-
tration was measured with the Bradford method.

Protocol 2: Other studied proteins (111, IV):

The homogenized muscle sample (n=9-10/group) was dissolved in ice-cold
buffer (20 mM HEPES [pH 7.4], 1 mM EDTA, 5 mM EGTA, 10 mM MgCl,, 100
mM, b-glycerophosphate, 1 mM NazVOs, 2 mM DTT, 1% NP-40, 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 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).

Protocol 1 was a standard protocol in the biochemistry laboratory in the
University of Turku, whereas protocol 2 was the standard protocol in
University of Jyvaskyld. Hence HSFs, Hsps27 and Hsp70 that were analyzed in
the University of Turku were processed with a different protocol than the rest
of the studied proteins.
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4.1.9 Western blot analyses (III, IV)
41.9.1 HSF1, HSF2 and Hsp27 (11I)

Samples containing 35 pg 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 antibod-
ies: a-HSF1 (1:1000; SPA-901, Enzo Life Sciences), a-HSF2 (1:200; Clone 3E2,
Cayman Chemicals), a-HSP27 (1:1000; SPA-800, Enzo Life Sciences), a-GAPDH
(1: 15000; ab9485, Abcam). After the primary antibody incubation, membranes
were washed in PBS-T and incubated with a 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 Hsp27 protein levels were nor-
malized to the corresponding GAPDH band.

4.1.9.2 Other studied proteins (III, IV)

Aliquots of muscle homogenate were solubilized in Laemmli sample buffer and
heated at 95°C to denaturate proteins (except for total OXPHOS Cocktail heated
at 50°C). Samples containing 30 pg of total protein were separated by SDS-
PAGE for 60 to 90 min at 200 V using 4-20% gradient gels on Criterion electro-
phoresis 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 ho-
mogeneity of protein loading was checked by staining the membrane with Pon-
ceau S. Membranes were blocked in TBS with 0.1% Tween 20 (TBS-T) contain-
ing 5% non-fat dry milk for 2 h and then incubated overnight at 4°C with com-
mercially available polyclonal primary phosphospecific antibodies to measure
the following protein contents with stated dilutions: GAPDH (1:1000; ab9485,
Abcam), tubulin (1:1500; T6199, Sigma), PGC-1a (1:4000; 516557, Calbiochem),
cytochrome ¢ (1:500; sc-8385, Santa Cruz biotechnology, Inc.), UCP2 (1:300;
ab67241 Abcam), Total OXPHOS Cocktail (1:1000; ab110413; Abcam), SIRT3
(1:800; ab118334). All antibodies were diluted in TBS-T containing 2.5% non-fat
dry milk.

After the primary antibody incubation, membranes were washed in TBS-T,
incubated with a 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 accord-
ing to the manufacturer's protocol (SuperSignal West femto maximum sensitivi-
ty substrate, Pierce Biotechnology) and quantified using ChemiDoc XRS in
combination with Quantity One software (version 4.6.3. Bio-Rad Laboratories).
The UCP3 and pACC membranes described above were incubated in Restore
Western blot stripping buffer (Pierce Biotechnology) for 30 min and re-probed
with GAPDH by immunoblot analysis as described above. Results were nor-
malized to the corresponding level of GAPDH, tubulin or PonceauS stained
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actin band. Thereafter, the mitochondrial SIRT3 was normalized to OXPHOS
Cocktail level.

4.2 Human subjects (II)

The Finnish Twin Cohort retains records of all same-sex twin pairs born in Fin-
land before 1958, if both co-twins were alive in 1967 (Kaprio & Koskenvuo 2002).
In 1975, a baseline questionnaire was sent to twin pairs that were both alive at
that time. A second questionnaire was sent in 1981 to all twin pairs; and a third
questionnaire was sent in 1990 to all twins aged 33-60 years that had responded
to at least one of the earlier questionnaires. The determination of zygosity was
based on an accurate, validated questionnaire (Sarna et al. 1978).

The twin study setup included a 15-y segment, where participation in
physical activity was reported at three time-points (1975, 1981 and 1990), and in
total 23-year follow-up to evaluate mortality (from 1990 to 2013).

4.2.1 Ethics statement

A statement from the ethics committee of the Department of Public Health,
University of Helsinki approved our study. The study was conducted according
to the declaration of Helsinki. All participants gave their informed consent by
providing questionnaire responses. The participants were provided regular
feedback on the purpose and conduct of the study and were informed that they
may withdraw from the study at any time.

4.2.2 Assessment of leisure-time physical activity level

Leisure physical activity was assessed with identical validated questions on
surveys conducted in 1975 and 1981and with modified questions on the survey
conducted in 1990. Assessments of vigorous physical activity were based on
intensity categories applied at all three time points. The categories were: 1)
walking, 2) alternately walking and jogging, 3) jogging (light running), and 4)
running. Vigorous activity was defined as levels 2, 3, or 4 (more intensive than
normal walking), performed at least 3-5 times per month in 1975 and 1981, or at
least for 30 min each week in 1990.

To characterize the amount of long-term leisure time physical activity
performed, MET index was calculated, based on a series of structured questions
that covered leisure physical activity and any physical activity performed dur-
ing the journey to and from work (Kujala et al. 1998, Waller, Kaprio & Kujala
2008). MET index was calculated by assigning a multiple of resting metabolic
rate to each activity and by calculating intensity x duration x frequency of activ-
ity. The MET index was expressed as the sum of leisure MET-hours per day at
each time-point (1975, 1981, and 1990). Lastly, mean MET index was calculated
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for long-term leisure-time physical activity; i.e., the MET indexes for 1975, 1981,
and 1990 were added together and divided by three.

4.2.3 Inclusion criteria

Inclusion criteria for the human twin study were: complete data on leisure-time
physical activity required for calculating the metabolic equivalent of task (MET)
index from three postal surveys conducted in 1975, 1981, and 1990. A total of
11 325 individuals (5113 males and 6212 females) met these criteria for all three
time points, including 4190 complete twin pairs (1388 MZ pairs, 2547 DZ pairs,
and 255 pairs with unknown zygosity).

Of the 4190 same-sex twin pairs 179 (4.3%) persistently discordant pairs
were identified for participation in vigorous physical activity. These activity-
discordant twin pairs comprised 5.3% (134 of 2547) of all DZ pairs and 2.4% (34
of 1388) of all MZ pairs (p < 0.001; Fisher’s exact test for a difference in persis-
tent discordances between MZ and DZ pairs). For the analysis of mortality, only
persistently discordant pairs with known zygosity were included (34 MZ pairs
and 134 DZ pairs).

4.3 Statistical analyses

Statistical analyses for variables were carried out using SPSS for Windows 22
statistical software (SPSS Inc., Chicago, IL, USA) or in Mplus 7. 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 vari-
ance assumption. When assumptions were met, independent-samples t-test was
used. When the normality or equality of variance assumptions were not met,
statistical comparisons of parameters between groups were made using the
Mann-Whitney test. Univariate analysis was performed to analyze the line, age
and running effects to the measured parameters.

Within-group comparisons between before and after intervention parame-
ters were performed using Wilcoxon’s test. Mixed-model analysis controlled for
age, running (yes/no), treatment (placebo/glucose), time point (F, 0, 30, 60 and
120 min) and spontaneous activity, was used to determine the effect of line
(HCR or LCR) on the measured body temperature levels. Separate analysis for
both rat lines of the effect of running, treatment, time point and spontaneous
activity on rectal temperature were performed using 4x5 longitudinal covari-
ance structure analyses in Mplus 7 for both glucose tolerance and placebo tests.

In the mortality study, Mplus version 7 was used. Mortality analyses of
rats were conducted in individual study groups (e.g., HCR-R vs. LCR-R); in
pooled groups (HCR vs. LCR); and according to training (e.g., HCR-R vs. HCR-
Q). Hazard ratios (HR) and 95% confidence intervals (CI) were calculated with
the Cox proportional hazard model with the StatalC13 statistical package. Fol-
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low-up started on the day of randomization and ended at death. Results were
adjusted for age at randomization and body weight.

In the human study, Mplus version 7 was used to estimate Intraclass Cor-
relation Coefficients (ICC) and to partition the total variance into genetic and
environmental components with standard techniques. All-cause mortality dur-
ing follow-up was analyzed. The exact dates of death, causes of death, and emi-
gration from Finland were available from the Population Register Centre of Fin-
land. A total of 243 177 person-years were accumulated during follow-up, from
the 1990 individual response date to the end of July 2013, the date of emigration,
or death. First, individual-based mortality in relation to leisure-time physical
activity participation was analyzed, adjusted for age and sex. HRs and 95% Cls
with the Cox proportional hazard model were calculated, and clustering for
family members applied. Next, the model for baseline levels of education was
adjusted, smoking status, alcohol use, BMI, and work-related activity, by add-
ing one covariate at a time to the model. These adjustments did not significantly
change the HRs.

Individuals that did not participate in vigorous activity were used as the
reference group in all analyses of leisure time physical activity. In addition,
pairwise analyses were performed with the same models for all twin pairs. All
twins (collectively) were analyzed at first, and then, MZ and DZ pairs separate-
ly. Identical analysis strategy was used for assessing work-related physical ac-
tivity categories, except that data was not adjusted for work-related physical
activity. Data were analyzed with the StatalC13 statistical package (Stata Corp,
College Station, Texas, U.S.A.). P-values less than 0.05 were considered statisti-
cally significant.



5 RESULTS

5.1 Cross-sectional study: HCR/LCR rats

5.1.1 Intrinsic aerobic capacity and skeletal muscle properties (I)
5111  3P-MRS (I)

31P-magnetic resonance spectroscopy (MRS) results demonstrated that phos-
phocreatine (PCr) resynthesis after stimulation was significantly slower in LCRs
when comparing the slope values of linear trend lines adjusted between 7-9
min time points (p < 0.05, Figure 11A). LCRs also maintained the intramuscular
pH poorly compared to HCRs (Figure 11B). At the beginning of the stimulation
protocol both rat lines had an equivalent pH value of 7.00. At end of the test
period, HCRs had a pH of 6.78 on average, whereas LCRs had a more reduced
pH of 6.55.
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FIGURE 11 PCr and pH levels during 31P-MRS acquisition protocol (I). PCr (A) and pH (B)
levels in the triceps surae muscle complex during stimulation (6 min) and re-
covery (8 min) measurements. PCr resynthesis was significantly slower in
LCRs compared to HCRs (p < 0.05) when comparing the individual slope val-
ues. LCRs also had significantly lower PCr level at the 2 min time point (p <
0.05). Intramuscular pH was lower in LCRs throughout the protocol except for
the 1 and 9 min time points. *p < 0.050, °p < 0.001, values are expressed as
mean + SEM.

5.1.1.2

Twitch properties (I)

LCRs tended to show higher maximal twitch force than HCRs during the first
epochs (0-30 s), although this trend was not significant (Figure 12A). Later dur-
ing the stimulation, LCRs showed a significantly lower twitch force from 2 min
45 s onwards compared to HCRs (p < 0.05, Figure 12A) The rate of reduction in
the normalized twitch force (force % of maximumemin?) occurred more rapid-
ly in LCRs than HCRs when the slope values of individual time-intervals were
compared (p < 0.05, Figure 12A).

There was no significant difference in maximal twitch force at the begin-
ning of the stimulation protocol (Figure 12B), whereas at the end of the stimula-
tion protocol LCRs showed significantly lower maximal twitch force compared
to HCRs (p < 0.05, Figure 12C).
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FIGURE 12 Twitch force during 6 min stimulation protocol, rate of change in relative force
and initial and end values of the twitch properties (I). Force (A) measured sim-
ultaneously with MRS acquisition. From 2 min 45 s onwards LCRs had signifi-
cantly lower twitch force compared to HCRs (p < 0.05). The rate of change in
relative (% of maximal) twitch force was calculated in individual time-intervals
(100 twitches) during the electrical stimulation (slope value). LCRs exhibited
faster reduction in in normalized twitch force compared to HCRs (p < 0.05).
The mean twitch force curves from the initial (0-15 s) (B) and last (345-360 s)
epoch (C) during electrical stimulation. At the end of the stimulation protocol,
LCRs showed significantly lower maximal twitch force compared to HCRs (p <
0.05). *p < 0.050, values are expressed as mean + SEM.

5.1.2 One-year voluntary running intervention (III, IV)
5.1.2.1 Body mass and gastrocnemius muscle mass (IV)

Body mass and gastrocnemius muscle mass (relative to body mass) of the stud-
ied rat groups are listed in Table 1. Before the intervention, HCRs had lower
body mass and higher relative gastrocnemius muscle mass compared to LCRs
(line effect p < 0.001). Aging had a significant effect on both body mass and rel-
ative gastrocnemius muscle mass (p < 0.050); before the intervention HCRs had
higher relative gastrocnemius muscle mass compared to HCRs after the inter-
vention, while LCRs before the intervention had higher relative gastrocnemius
mass compared to both LCR and LCR-R after intervention.
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TABLE1 Background information for Western blot analyses (III, IV).

Group Body mass (g) Gastrocnemius/Body mass (mg/g)
HCR_before 232430 5.32+0.65
HCR _after 260 + 36 4.57 £0.58
HCR-R_after 268 + 34 4.78 £0.49
LCR_before 302 +26 4.73 +0.43
LCR_after 320+ 37 4.21+045
LCR-R_after 345 + 48 4.00 £ 0.59
p-value Line < 0.001*** Line < 0.001%***

Age < 0.050* Age <0.001***

Body and relative tissue mass (tissue mass/body mass) of the rats used for western blot
analyses. n = 4-10/ group, values are expressed as mean + SD.

5.1.2.2 Skeletal muscle protein analysis (III, IV)

Our study showed that HCR rats had higher SIRT3, HSF1 and HSF2 content in
skeletal muscle than LCRs (gastrocnemius, p < 0.05, Figure 13A, C and D). Aging
significantly increased Hsp27, HSF1 and HSF2 levels (p < 0.05, Figure 13B-D).
Univariate analysis showed a clear line effect in PGC-1a, cyt ¢, UCP2 and
OXPHOS protein levels (p < 0.05, Figure 14) with HCRs having higher protein
levels compared to LCRs. Aging also increased the level of PGC-1a (p < 0.05)
and there was a tendency for an increase in cyt c level with aging (p = 0.087).
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FIGURE 13 Western blot analyses from the gastrocnemius muscle (III). SIRT3 (A), n=9-
10/ group. Hsp27, HSF1 and HSF2 (B, C, D), n=4-5/ group. Univariate analysis
of the effects of rat line (HCR and LCR) and aging within both rat lines. *p <
0.050, **p < 0.010, ***p < 0.001, values are expressed as arbitrary units (AU)
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FIGURE 14 Western blot analyses from the gastrocnemius muscle (IV). n=9-10/ group.
Univariate analysis of the effects of rat line (HCR and LCR) and aging within
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5.1.2.3 Thermogenesis (IV)

The results showed that, in the untrained state, HCRs had higher body
temperature compared to LCRs showing 1.3°C higher temperature level on
average (p < 0.001, Figure 15A). Aging decreased the body temperature level of
HCRs to similar levels than observed in LCRs. The opportunity to run
voluntarily had a marked impact on the body temperature of HCRs (p < 0.001,
Figure 15B) aiding them to maintain body temperature at a similar level to
younger rats. Neither aging nor voluntary running had a marked impact on
body temperature of LCRs.
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FIGURE 15 Measurements of body temperature (IV). Pre-intervention measurement of
body temperature (3A). n =10/ group, ***p < 0.001. Baseline measurement of
body temperature (3B). n = 4-5/group, **p < 0.010 post hoc test between HCR
and HCR-R. Univariate analysis of rat line (HCR and LCR) and the effect of
running before and after the one-year intervention. Values are expressed as
mean + SEM.

Glucose injection lowered the body temperature of LCRs (treatment p < 0.050).
Compared to LCRs, HCRs were spontaneously more active (line p < 0.001). Be-
fore the intervention heat generation was positive during placebo and negative
during the glucose test, and the LCR control group had the largest negative re-
sponse to glucose injection (Figure 16A). Univariate analysis showed an effect
of treatment on heat generation (p < 0.001). After the intervention, the treatment
still had a significant effect on heat generation (p < 0.010, Figure 16B) and the
effect of line was nearly significant (p = 0.064). After the intervention responses
to both placebo and glucose injections in all groups were negative, with both
LCR groups having a bigger negative response to glucose injection compared to
HCR groups.

Univariate analysis revealed that HCRs had higher total activity during
both placebo and glucose tolerance tests compared to LCRs before the one-year
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voluntary running intervention (line effect p < 0.001, Figure. 16C). Similarly,
after the one-year intervention HCRs had higher total activity during both test
protocols compared to LCRs (line effect p < 0.001, Figure 16D).
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FIGURE 16 Heat generation and total activity during placebo and glucose tolerance tests
before (A and C) and after (B and D) the one-year voluntary running interven-
tion (IV). 4A and 4B: AUC Heat generation. Before the one-year intervention
treatment had a significant effect on heat generation (p < 0.001). After the in-
tervention treatment was still significant (p < 0.010) and line effect was nearly
significant (p = 0.064). 4C and 4D: Total activity. HCRs had higher total activity
compared to LCRs both before and after one-year intervention (line effect p <
0.001). Values are expressed as mean + SEM.

Mixed model analyses from intervention measurements revealed, that rat line
had a clear impact on body temperature both before and after the intervention
(p < 0.01, Table 2). Longitudinal covariance analysis showed that, before the
one-year voluntary running intervention, the spontaneous activity level and
protocol time point (F, 0, 30, 60 or 120 min) had the largest effect on body tem-
perature of HCRs (p < 0.05, Table 2), whereas in LCRs treatment (place-
bo/glucose injection) and spontaneous activity had highest impact on body
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temperature (p < 0.001). After the intervention, both running and spontaneous
activity had a significant contribution to the body temperature levels of HCRs
(p < 0.05). In LCRs, treatment and time point had a marked impact on body
temperature after the intervention (p < 0.05).

TABLE2 Body temperature during test protocols: effect of measured parameters (IV).

Factor P
Before intervention Line <0.000%**
HCR Running 0.510
Treatment 0.067
Time point 0.036*
Spontaneous activity 0.037*
LCR Running 0.955
Treatment <0.007**
Time point 0.402
Spontaneous activity < 0.001%**
After intervention Line <0.010**
HCR Running < 0.001***
Treatment 0.815
Time point 0.387
Spontaneous activity 0.014*
LCR Running 0.330
Treatment 0.013*
Time point 0.010*
Spontaneous activity 0.370

Mixed-model and longitudinal covariance structure analysis of how the measured parame
ters affect body temperature levels. Parameters: running (yes/no), treatment (glucose/
placebo injection), time point (F, 0, 30, 60 or 120 min) and spontaneous activity before

and after the voluntary running intervention. n = 4-5 /group.

5.2 Longitudinal study: HCR/LCR rats and human twins (II)

For the longitudinal study, 79 female rats (39 HCR and 40 LCR) were obtained
and testing began when the rats were ~9 months old. Figure 17A shows the
study design. Rats were randomly assigned LCR and HCR rats to control (C)
and running (R) sub-groups that were matched within their line for body
weight (at the age of 9 months, Table 3) and endurance capacity (at the age of 3
months, Table 3): 19 HCR-C and 20 LCR-C, housed in standard cages; and vol-
untary runners: 20 HCR-R and 20 LCR-R, housed in cages equipped with a
running wheel to permit voluntary running throughout adulthood (Figure 17A).

LCR rats weigh significantly more than HCR rats already at young age
(age 3 months, P < 0.001, data not shown) and this difference remained signifi-
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cant throughout adult life (Table 3). HCRs exhibited better endurance perfor-
mance than LCRs in all of the three time points (p < 0.001) and rats in the run-
ner groups had higher endurance capacity at time point 21 months compared to
the corresponding control groups (HCR-C vs. HCR-R, p < 0.001 and LCR-C vs.
LCR-R, p <0.005, Table 3).

Total spontaneous physical activity was measured (horizontal and vertical
movements) every three months throughout each rat’s lifespan using a custom-
designed force-plate system. The activity index was clearly higher among the
runners than among the corresponding controls (Figure 17B). Consistent with
previous reports, the HCR-C group exhibited higher spontaneous activity than
the LCR-C group by 19% (p < 0.01, Figure 17B). In addition, for cages equipped
with running wheels, the average wheel distance per day was longer in HCR-R
than in the LCR-R group at time points from 12 to 29 months (p < 0.05, Figure
17C).

After one year of voluntary running, the LCR-R group had a significantly
lower HOMA-IR index than the LCR-C group (3.5+3.0 vs. 5.7+2.8, P < 0.05).

TABLE 3  Best running distances (m) and body weights (g) at time points 3, 9 and 21
months. n =16-20 /group.

Age (months) 3 9 9 21 21

Best running Weight Bestrunning  Weight Best running
Parameter distance (m) (8) distance (m) (8) distance (m)
Groups
HCR-C 2142 £440 230+23 1167 +262 247 + 25 431 + 220
HCR-R 2186 +£355 240+30 952+ 354 286 + 44 1295 + 235
LCR-C 300 + 45 290+25 130+48 349 + 48 79 +32
LCR-R 304 + 54 288+26 155+70 352 £49 138 £ 68
P-values
HCR-C vs. LCR-C <0.001 <0.001 <0.001 <0.001 <0.001
HCR-C vs. HCR-R ns. n.s. <0.05 <0.01 <0.001

LCR-C vs. LCR-R n.s. n.s. n.s. n.s. < 0.05
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FIGURE 17 Rat study protocol and measurements (II). (A) Schematic of the study protocol.
Rats were bred for high (HCR, black) or low (LCR, grey) intrinsic aerobic ca-
pacity, then assigned to control (C) or running (R) sub-groups. (B) Average
daily spontaneous activity measured over 4 days between 13 and 15 months of
age (activity index). Rats per group: 13 months: HCR-C=18, HCR-R=12, LCR-
C=20, and LCR-R=11; 15 months: HCR-C=19, HCR-R=13, LCR-C=19, and LCR-
R=10. (C) Average running distance per day. Rats per group: 12 months: HCR-
R=15 and LCR-R=15; 21 months: HCR-R=16 and LCR-R=14; 30 months: HCR-
R=4 and LCR-R=2. Error bars are + SEMs.
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5.2.1 Lifespan: Rat study (II)

Cox proportional hazards model showed that LCR rats had a higher risk of
death than HCR rats, and the adjusted hazard ratio (HR) for HCR-R was 1.7 (95%
CL 1.1-2.6, P = 0.028). Surprisingly, when combined, the pool of LCR and HCR
runner rats had an increased risk of death compared to control groups (HR =
2.1; 95% CI: 1.3-3.4); p < 0.001. This finding persisted after adjustments for line,
age at randomization, and body weight at 9 months of age (multivariate-
adjusted HR = 2.3, 95% CI: 1.4-3.6; p < 0.001).

The decreased survivability for runners vs. controls was similar for both
HCR and LCR lines. The survival curves in Figure 18 shows the mean lifespan
among runners was consistently 19% shorter than among controls in both the
HCR (mean 26.4 vs. 31.5 months, p < 0.05) and LCR (23.8 vs. 28.4 months, p <
0.01) groups.
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FIGURE 18 Effects of genetic background and environment on lifespan (II). Control rats (C)
had longer lifespans than rats in the runner groups (R) of the same line (HCR-C
vs. HCR-R, P < 0.05 and LCR-C vs. LCR-R, P < 0.01). Mean lifespans were also
significantly differed between rat lines (HCR-C vs. LCR-C, P < 0.05). Values in
the table are means + SDs.



5.2.2 Lifespan: Twin study (II)
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The activity-discordant DZ pairs showed a difference in mortality (HR=0.58, 95%
confidence interval [CI]: 0.39-0.88; Figure 19A). However, no difference was
observed in the pairwise analysis of the smaller group of activity-discordant
MZ pairs (HR =1.00, 95% CI: 0.52-1.94; Figure 19B).

Probability of survival
0.70
L

055
1

040
L

No vigorous activity

Continues vigorous activity

40

Number at risk
No vig activity 29
Continues vig activity 29

T
50 60 70

Age
82 11 48
81 114 54

80

10
11

B ¢ i |
(=g
0
©
o
®
=
z
3 P
s 2
£ o
=
®
-y
2
o
w
v
o
No vigorous activity
2 Continues vig activity
d T T T T T
40 50 60 70 80
Age
Number at risk
No vig activity 10 24 25 12 3
Continues vig activity 10 24 24 1 2

FIGURE 19 Kaplan-Meier survival curves of mortality in the human study (II). Follow-up
started from the date of the 1990 questionnaire response to the end of July 2013.
Groups comprised individuals with no vigorous activity (grey) vs. those with
persistent vigorous activity (black dash line) at baseline (start of follow-up). (A)
Survival of 134 discordant DZ twin pairs; (B) survival of 34 discordant MZ

twin pairs.



6 DISCUSSION

This study investigated the role of genetic background and physical activity on
skeletal muscle properties, metabolism and lifespan. The main finding was that
genetic background is a stronger determinant of lifespan than physical activity
level. Despite the positive effects on glucose metabolism in rodents and human
twins, physical activity does not improve longevity, particularly when com-
menced in adulthood.

We also found that high intrinsic running capacity in rodents is associated
with better fatigue tolerance and faster recovery after stimulated, maximal
muscle contractions. High intrinsic aerobic capacity is also linked to higher
body temperature and this trait can be maintained via voluntary running. Fur-
thermore, we showed that high intrinsic aerobic capacity is linked to elevated
SIRT3 content in skeletal muscle.

6.1 Skeletal muscle properties

At the skeletal muscle level, in the untrained state, LCRs are more sensitive to
fatigue and have slower metabolic recovery compared to HCRs after maximal
muscle contractions (Figure 11). A novel finding was that LCRs become more
rapidly fatigued during maximal isometric muscle stimulation (Figures 11A
and 12), not only during an aerobic running test, where motivation and running
economy can also have a great impact on the performance. Furthermore, as we
hypothesized, LCRs had poor intramuscular pH homeostasis compared to
HCRs (Figure 11B).

It is likely that the slower PCr recovery of LCRs is partly due to lower mi-
tochondrial content of the muscle compared to HCRs (Kiveld et al. 2010). Di-
minished oxidative capacity of the mitochondria may also play a role in the
present findings; it has been shown that, despite similar mitochondrial density,
LCRs have reduced mitochondrial respiratory capacity in skeletal muscle com-
pared to HCRs (Walsh et al. 2006). The larger contractile-mediated decrease in
pH in the triceps surae of LCRs was likely related to the larger glycolytic ca-
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pacity in fast-twitch muscle fibers (type 2b) of LCRs compared to HCRs (Termin,
Staron & Pette 1989; Fuchtbauer et al. 1991; Kiveld et al. 2010). Additionally,
HCRs may have more efficient hydrogen ion buffering and a delayed decline in
Ca?* release due to higher oxidative capacity in skeletal muscle (Kiveld et al.
2010; Rivas et al. 2011), which might help resist fatigue.

Results from skeletal muscle protein analysis showed that HCRs had
higher SIRT3 protein content in skeletal muscle compared to LCRs (Figure 13A).
SIRT3 in general is linked to elevated metabolism, fatty acid oxidation and oxi-
dative phosphorylation (Sack & Finkel 2012; Hirschey et al. 2010), which previ-
ously have been established in HCRs (Gavini et al. 2014; Novak et al. 2010;
Overmyer et al. 2015; Kiveld et al. 2010).

These findings from skeletal muscle properties in the untrained state are
associated with reduced running capacity along with previously found lower
mitochondrial content, increased body mass and higher complex disease risk of
LCRs (Kiveld et al. 2010). The higher SIRT3 level of HCRs in turn may promote
increased deacetylation in mitochondria, thus, increasing the activity of en-
zymes of oxidative pathways. Hence, compared to LCRs, HCRs are able to
more efficiently continue to produce ATP through oxidative phosphorylation,
especially during exercise (Overmyer et al. 2015). As LCRs are considered as an
animal model for metabolic syndrome, it is also worth noting that skeletal mus-
cle from obese subjects or from type 2 diabetic patients’” show reduced mito-
chondrial oxidative capacity (Mogensen et al. 2007; Kelley et al. 2002; Bakkman
et al. 2010).

Aging significantly increased Hsp27, HSF1 and HSF2 levels in skeletal
muscle of both HCR and LCR rats (Figure 13B-D). In normal, non-stressed cells
Hsp levels are either not expressed or expressed at very low levels. Once in-
duced, these Hsps directly modulate the execution of the apoptotic signaling
pathway. Thus, Hsps have a cytoprotective function: they allow the cells to
adapt to gradual changes in their environment and to survive in otherwise le-
thal conditions (Schmitt et al. 2007).

Aging, in general, is linked to the accumulation of oxidative stress (Wei &
Lee 2002) and it also appears to attenuate the heat shock response in the myo-
cardium of old animals (Demirel et al. 2003; Locke & Tanguay 1996). However,
in skeletal muscle, old animals seem to retain their capability to accumulate
Hsp protein when subjected to heat shock (Locke 2000). Both HSF1 and HSF2
are essential for protecting cells from protein-damaging stress associated with
misfolded proteins and therefore aging (Ostling et al. 2007; Westerheide et al.
2009), whereas Hsp27 has been shown to increase the cellular anti-oxidant de-
fense (Mehlen et al. 1996).

Elevated Hsp27, HSF1 and HSF2 levels reported here may indicate that
muscle cells of aged HCR/LCR rats responded to aging-related accumulation of
oxidative stress and attempted to compensate the stress by increasing the
amount of protective molecular machinery in both of the studied rat lines
(Murlasits et al. 2006). Aging also increased the level of PGC-1a and had a ten-
dency to increase cyt c level, not showing the expected aging-related decrease
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of mitochondrial function and content that has been well established previously
(Figure 14) (Conley, Jubrias & Esselman 2000; Huang & Hood 2009; Johnson,
Robinson & Nair 2013). According to our present results, it seems that the mito-
chondrial number and/or capacity in the gastrocnemius muscle were not re-
duced at the time point (21 months) chosen in our study. It is possible, that we
would have seen the aging effect in mitochondrial markers if we had chosen a
later time point.

Unfortunately the maximal isometric muscle stimulation measurements
could not be repeated after one-year of the voluntary running intervention, and
hence we lack the information whether voluntary running can retrieve the fast
fatigability and slow recovery of LCRs. Nevertheless, one-year of voluntary
running had no significant effect on the studied protein levels. It has been estab-
lished in previous studies, that endurance training increases PGC-1a and cyt ¢
levels, as well as mitochondrial content and respiratory capacity in skeletal
muscle (Holloszy & Coyle 1984). Also, SIRT3 has been reported to be upregu-
lated by exercise and chronic muscle contractions (Gurd et al. 2012, Palacios et
al. 2009). It seems that in the gastrocnemius muscle, there was no stimulus to
increase the markers of oxidative capacity to a significant extent, at least not at
the time point chosen in our study. Moreover, PGC-1a is known to respond to
exercise acutely (Baar et al. 2002). It appears in our study that the running dis-
tance decreased gradually over time (Figure 17C) concomitantly with the stimu-
lus for adaptation.

6.2 Thermogenesis

In the untrained state, HCRs had on average 1.3°C higher body temperature
compared to LCRs (mean HCR 38.0 vs LCR 36.7) (p < 0.001, Figure 15A). Since a
normal body temperature range in rats is 35.9-37.5°C (Animal care and use
committee, John Hopkins University, Baltimore, Maryland, USA), HCRs seem
to have elevated body temperature compared to reference values. Nonetheless,
in other animal models it has been shown that rodents with inherited obesity
have low body temperatures (Levin, Comai & Sullivan 1981; Trayhurn, Thurlby
& James 1977). LCRs are prone to gain excess weight and develop metabolic
disorders (Noland et al. 2007; Koch & Britton 2005; Kiveld et al. 2010), and here
we show for the first time that, similarly to inherited obesity, LCRs have lower
body temperature than HCRs.

Aging diminished the difference in the heat generation between
HCR/LCR rat lines when comparing the control groups only (HCR vs. LCR)
(Figure 15B). This was due to decreased body temperature of HCRs while aging
did not have a marked impact on the body temperature of LCRs. For an un-
known reason, HCRs seem to lose their ability to maintain high thermogenesis
during aging in control conditions (e.g. no running wheel). In a previous study,
the thermogenic activity in brown adipose tissue mitochondria was greatly re-
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duced in old rats, even though the UCP content in the brown adipose tissue
mitochondria was similar as in young rats (Yamashita et al. 1994). In our study,
we were not able to measure the thermogenic activity of brown adipose tissue
or muscle tissue, which might have explained the elevated heat generation in
HCRs compared to LCRs at a younger age.

As shown here and in a previous study, HCRs are spontaneously more ac-
tive than LCRs (Figure 17B) and spontaneous activity also contributes to body
temperature level, proposing it to be a potential cause for the higher thermo-
genesis of HCRs (Novak et al. 2010). However, when body temperature was
measured, the total activity of the rats was very similar during both placebo
and glucose tolerance test showing no effect of treatment on activity level. Nev-
ertheless, there was a clear difference in the heat generation between the two
protocols and a significant treatment effect on body temperature (Figure 16C-D,
Table 2). These findings suggest that heat generation is not solely explained by
spontaneous activity level.

One-year of voluntary running increased the baseline body temperature in
both rat lines (Figure 15B). Further analyses showed that running had a marked
impact on the body temperature of HCRs, which is in-line with their running
performance compared to LCRs (Table 2). Voluntary running aids older HCRs
to maintain thermogenesis at similar levels as in untrained, younger HCRs. Ele-
vated body temperature itself may partly cause the heightened oxidative me-
tabolism in HCRs, as enzyme-catalyzed reactions are enhanced in higher tem-
peratures (Landsberg et al. 2009).

Our data suggests that aging does not necessarily decrease the levels of
thermogenesis-related proteins, whereas heat generation at the whole-body lev-
el may be reduced. Since HCRs have more OXPHOS proteins and higher PGC-
la and UCP2 levels in skeletal muscle (Figure 14), it could be speculated that
higher proton leak may also be one reason for HCRs higher thermogenesis.
Previous findings have shown that female HCR have higher muscle heat dissi-
pation during activity, explaining their low economy of activity and higher total
energy expenditure compared to LCRs (Gavini et al. 2014). However, in this
study critical factor was activity related thermogenesis, whereas no significant
contribution of resting metabolic rate was found when body size and composi-
tion were considered (Gavini et al. 2014). Nonetheless, in our study it seems
that the spontaneous activity level is not solely determining the level of ther-
mogenesis (Figure 16). Since it is known that HCRs have higher mitochondrial
content and function in skeletal muscle (Kiveld et al. 2010; Rivas et al. 2011;
Walsh et al. 2006), it may be speculated that the higher thermogenesis of HCRs
is an adaptation to maintain the large mitochondria reservoir viable also during
resting state. On the other hand, it has been proposed that low body tempera-
ture is also one reason for the onset of obesity in humans (Landsberg et al. 2009)
even though recent studies have not found a difference in the core temperatures
of lean and obese subjects (Heikens et al. 2011; Hoffmann et al. 2012). Neverthe-
less, adult humans have substantial depots of metabolically active brown adi-
pose tissue, suggesting that thermogenesis may play a key role in the mainte-
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nance of a leaner and more metabolically healthy phenotype (Cypess et al. 2009;
Virtanen et al. 2009).

However, it is worth noting that lifespan is generally negatively correlated
with body temperature (Rikke & Johnson 2004). Some life-extending manipula-
tions in rodents, such as caloric restriction, can decrease body temperature by 1-
5 °C (Rikke & Johnson 2004). Furthermore, a modest prolonged reduction of
core body temperature (0.3-0.5°C) increased median life expectancy in mice 12-
20 % even without caloric restriction (Conti et al. 2006). Nonetheless, in the
HCR/LCR animal model, HCRs have higher body temperature associated with
longer lifespan than LCRs (Koch, Britton & Wisloff 2012).

The free radical hypothesis of aging nowadays includes two divergent
ideas about how differences in energy metabolism might be associated with
longevity. The 'rate of living-free-radical theory' suggests that higher rates of
metabolism (i.e. higher free radical production) should be negatively linked to
lifespan (Sohal, Mockett & Orr 2002), whereas the 'uncoupling to survive' hy-
pothesis suggests that the correlation should be positive (Brand 2000). The latter
hypothesis is based on the fact that mitochondria are incompletely coupled, dis-
sipating part of the energy as heat (Figure 3). In a previous study, it was esti-
mated that mitochondrial proton cycling causes up to 20-25% of basal metabolic
rate in rats (Rolfe et al. 1999). It was suggested that the function of the energy-
dissipating proton leak is not primarily to increase thermogenesis, but to de-
crease the production of ROS. Indeed, proton leak is proposed to be a key factor
in aiding to decrease oxidative damage to DNA and in slowing ageing (Brand
2000, Speakman et al. 2004). It seems that HCRs are good candidates supporting
the 'uncoupling to survive' hypothesis since their higher OXPHOS, PGC-1a and
UCP2 levels are combined with higher thermogenesis and longer lifespan than
LCRs.

Previous studies have also shown that core body temperature declines
with age both in rodents and in humans (Waalen & Buxbaum 2011; Roth et al.
2002; Sanchez-Alavez, Alboni & Conti 2011), which has raised speculation of
possible anti-ageing effects of low body temperature. In our studies, HCRs in
the control group had lower body temperature at the 21-month time point than
HCR-Rs, and this was accompanied with longer lifespan (Figures 15B, 18). Ac-
cording to our results it can be speculated that voluntary running may interfere
with a natural aging-related reduction in body temperature of HCRs, possibly
contributing to a decrease in lifespan. However, it remains controversial wheth-
er high body temperature and high rate of metabolism are beneficial to health
and longevity, and more studies are needed to investigate the role of metabolic
rate on aging and longevity.
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6.3 Lifespan

In agreement with previous rodent studies, exercise initiated in adulthood did
not reduce mortality or increase lifespan (Edington, Cosmas & McCafferty 1972;
Goodrick et al. 1983) (Figures 18 and 19B). In the present study, voluntary run-
ning actually decreased lifespan by approximately 5 months in both of the stud-
ied rat lines (Figure 18). However, our results support the notion that inherited
aerobic capacity is a strong determinant of longevity (Koch et al. 2011; Kujala et
al. 2003).

As noted in HCR/LCR rats, the persistent discordance in participation in
vigorous physical activity was significantly more common in DZ twin pairs
(sharing 50% of their DNA sequence on average) than in MZ pairs (identical
DNA sequence), stating that genes have an influence on the persistent volun-
tary participation in vigorous leisure-time physical activity. Our results indicate
that genetic predisposition plays a significant role in exercise participation,
which is consistent with previous data in rodents (Koch, Britton & Wisloff 2012;
Kelly et al. 2010; Novak et al. 2010) and humans (Stubbe et al. 2006; de Geus et
al. 2014). These results are also consistent with previous suggestion that genetic
pleiotropy may partly explain the associations observed between high physical
activity and mortality (Kujala et al. 2003).

High long-term participation in vigorous leisure-time physical activity did
predict significantly reduced mortality in DZ twins. This finding is in agree-
ment with epidemiological data, but causal relation between high physical ac-
tivity and reduced mortality remains speculative as genetic pleiotropy may ex-
plain this association. Our findings are also consistent with previous studies
that show, despite positive effects on glucose metabolism (HOMA-IR) in ro-
dents and human twins (Rottensteiner et al. 2015; Changsun et al. 2013), that
physical activity does not improve longevity in twins or rodents, particularly
when commenced in maturity (Goodrick et al. 1983; Kujala, Kaprio & Kosken-
vuo 2002; Edington, Cosmas & McCafferty 1972).

Interestingly, in HCR/LCR rats, high endurance capacity in treadmill
running test in older age (21 months) was not beneficial for longevity in either
of the rat lines (Table 3). Rats in the running groups had significantly longer
maximal running distances compared to the corresponding control groups, yet
their lifespan was decreased (Figure 18). In contrast, during standard conditions
(e.g. no voluntary running), previous findings from HCR/LCR rats show that
intrinsic aerobic capacity measured as maximal oxygen consumption (VO2max)
assessed longitudinally at 15, 20, 25, and 34 months of age predicted lifespan
both between LCR and HCR lines but also within each line (Koch et al. 2011).

Unfortunately we were not able to report the specific cause of death in our
study, and this limitation impedes the speculation of the possible causes for the
decreased lifespan in the runner groups. Previous study on the divide in medi-
an lifespan between the LCR and HCR rats showed no difference in incidence
or severity for age-related lesions, suggesting no overt disease conditions occur-
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rence in either rat line (Koch et al. 2011). From our study, deaths caused by de-
velopment of spontaneous tumors with aging did not explain the group differ-
ences in lifespan (21-45% of deaths within groups).

To conclude, long-term participation in vigorous leisure-time physical ac-
tivity did not predict reduced mortality in rats differing from their intrinsic aer-
obic capacity or in pairwise analysis among MZ twin pairs. This may have been
due to the sequence-level genetic similarity, since it was difficult to find pairs
who were discordant for physical activity. This finding is consistent with the
lack of evidence from randomized controlled trials that high physical activity
would reduce mortality in baseline healthy individuals. This result is consistent
with the hypothesis that genetic pleiotropy may explain at least some of the as-
sociation between high physical activity and reduced mortality. Further study,
in both animals and humans, is required to determine whether longevity can be
increased by exercise-enhanced aerobic capacity.

6.4 Future directions

Based on the findings of our studies I-IV, high intrinsic aerobic capacity is asso-
ciated with slow fatigability and high SIRT3 protein level in skeletal muscle. At
the whole-body level, high aerobic capacity is linked to high spontaneous activ-
ity and high body temperature. These traits seem to help HCRs to stay lean and
healthy, thus, avoiding excess weight gain and metabolic disorders that are typ-
ical in LCRs.

The results from study I showed that low aerobic capacity was associated
with fast fatigability during maximal isometric muscle stimulation. It will be of
interest for future studies to investigate whether exercise training can retrieve
the fast fatigability and slow recovery after maximal muscle stimulation of the
LCR. Also, combining aging with physical activity would give valuable infor-
mation about how much aging-related skeletal muscle function decline can be
compensated via exercise in individuals with different genetic backgrounds.

At the whole-body level, for the first time our study showed that in the
untrained state that HCRs have approximately 1.3°C higher body temperature
compared to LCRs. This may be linked to higher proton leak, decreased oxida-
tive damage and in slower ageing of HCRs. According to our results it can be
speculated that voluntary running may interfere with the natural aging-related
reduction in body temperature of HCRs, causing a decrease in lifespan. How-
ever, it is still controversial whether high body temperature and high rate of
metabolism are beneficial to health and longevity. More studies investigating
the effects of thermogenesis and metabolic rate on health parameters combined
with longevity data need to be conducted to obtain valid data about possible
associations between these parameters. Nevertheless, as more evidence of obe-
sity being associated with low body temperature in rodents emerges, it would
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be worth studying the potential role of intrinsically low body temperature at
the onset of obesity in humans.

As noted both in previous studies and our present study, HCRs are spon-
taneously more active compared to LCRs. Our twin study also confirmed earli-
er assumptions that genes have an influence on the participation in vigorous
leisure-time physical activity in humans. However, based on our findings and
previous literature, exercise initiated in adulthood did not reduce mortality or
increase lifespan in rodents or identical twins. In the future, to obtain more
knowledge about how genetics and physical activity affect lifespan, large scale,
randomized controlled intervention trials should be carried out. Combining
data from several twins cohorts with both physical activity questionnaires and
objective measurements (e.g. accelerometers, heart-rate measurements, VOomax)
starting from childhood would provide more specific answers on how intrinsic
and adaptive endurance capacity affect lifespan.

Also, more studies are needed to determine whether physical activity af-
fects lifespan differently when started early in life compared to starting later in
adult life. As our study provided the first evidence of a possible link between
elevated SIRT3 protein levels and longevity, it would be of common interest to
investigate whether high SIRT3 expression is also linked to long lifespan in
humans.

In the future, sequencing whole-genomes of large cohorts together with
physical activity and longevity data enables studying which particular
genes/gene sets are responsible for high endurance capacity, high physical ac-
tivity level and longevity and to what extent these genes are interconnected.



7 MAIN FINDINGS AND CONCLUSIONS

The main results and conclusions of this thesis are summarized as follows:

1. In the untrained state, low intrinsic aerobic capacity was associated
with fast muscular fatigue and slow metabolic recovery after maximal
muscle contractions. It seems that the lower content and/or reduced
respiratory capacity of mitochondria together with a larger relative
amount of type 2b glycolytic muscle fibers contribute to these undesir-
able characteristics of skeletal muscle of LCRs. At the skeletal muscle
protein level, this study showed a direct link between elevated SIRT3
protein levels and high intrinsic aerobic capacity, which may be associ-
ated with an extended lifespan in mammals. At the whole-body level,
LCRs had lower body temperature compared to HCRs, similarly as in
animal models of inherited obesity. The lower body temperature of
LCRs may play a role in the onset of gaining extra weight and, thus,
developing metabolic disorders.

2. Aging significantly increased Hsp27, HSF1 and HSF2 levels in skeletal
muscle in both HCR and LCR rats. Elevated heat-shock protein levels
may indicate that muscle cells of aged animals responded to aging-
related accumulation of oxidative stress and attempted to compensate
the stress by increasing the amount of protective molecular machinery.
Interestingly, aging diminished the difference in body temperature be-
tween HCR/LCR rats. This was due to decreased body temperature of
HCRs; for an unknown reason, HCRs seem to lose their ability to main-
tain high thermogenesis with aging in control conditions.

3. One-year voluntary running also aided HCRs to maintain thermogene-
sis to similar levels as in untrained, younger HCRs. This result sug-
gests that voluntary running is crucial in maintaining the high levels of
thermogenesis that, in turn, may play a key role in the maintenance of
a leaner and more metabolically healthy phenotype in HCRs.
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4. Vigorous physical activity initiated in adulthood did not reduce mor-
tality or increase lifespan, neither in rodents nor in human MZ twins;
however, intrinsic aerobic capacity was a strong determinant of lon-
gevity. High long-term participation in vigorous leisure-time physical
activity did predict significantly reduced mortality in DZ twins; how-
ever, there was no difference in the lifespan of MZ twins. We also con-
firmed earlier findings, that HCRs were more physically active both in
control and voluntary running groups when compared to correspond-
ing LCR groups. Also, the persistent discordances in participation of
vigorous physical activity were significantly more common in DZ twin
pairs than in MZ pairs, stating that genes have an influence on persis-
tent voluntary participation in vigorous leisure-time physical activity.
Our results indicated that genetic predisposition plays a significant
role in exercise participation, and genetic pleiotropy may partly ex-
plain the associations observed between high physical activity and
mortality.
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YHTEENVETO (FINNISH SUMMARY)

Fyysinen aktiivisuus ja aerobinen suorituskyky vaikuttavat merkittdvasti yksi-
I6n terveyteen ja elinikddn. Nykyinen ymparistd kuitenkin suosii inaktiivisia
eldmaitapoja, ja sen seurauksena liikalihavuus ja siihen liittyvat sairaudet, kuten
metabolinen oireyhtymd ja tyypin 2 diabetes, yleistyvidt maailmanlaajuisesti
kiihtyvdd vauhtia. Ylipainon liitdnndissairaudet ovat suuri terveydellinen ja
taloudellinen uhka, ja lisdksi ndma sairaudet vaikuttavat jo nykyiseen
elinajanodotteeseen. Kuitenkin osa ihmisistd kykenee vilttamaan ylipainon ke-
hittymisen vaikka elinolot sitd suosisivat. Tiedemaailmassa onkin herdnnyt
kiinnostus selvittdd perimén ja fyysisen aktiivisuuden vaikutuksia elinik&an.

Aiemmissa tutkimuksissa on havaittu vahva yhteys yksilon aerobisen
suorituskyvyn ja elinidn valilld. Aerobista suorituskykyéd pystytdan mittaamaan
laboratoriossa maksimaalisen hapenottokyvyn avulla. Maksimaalinen hapenot-
tokyky mittaa hengitys- ja verenkiertoelimiston kykya kuljettaa happea ja lihas-
ten kykyéd kayttdd sitd energiantuotantoon maksimaalisessa rasituksessa. Koe-
eldimilld on havaittu, ettd perinnollisesti korkea aerobinen suorituskyky on yh-
teydessid terveyteen ja pitkddn elinikddn jopa ilman varsinaista fyysistd harjoit-
telua. Sitd vastoin perinnéllisesti matala aerobinen suorituskyky on yhteydessa
ylipainoon, suurentuneeseen metabolisten ja syddn- ja verisuonitautien riskiin
sekd lyhentyneeseen elinikdan.

Fyysinen harjoittelu nostaa yksilon aerobista suorituskykya - taméan vuok-
si onkin tdrkedd selvittdd fyysisen harjoittelun vaikutusta elinikdidn. Aiemmissa
tutkimuksissa on havaittu, ettd fyysisesti aktiiviset ihmiset ovat terveempii ja
elavat pidempéddn verrattuna vahemman liikkuviin ihmisiin. Fyysisen aktiivi-
suuden mddrd ja kiinnostus liikkua vapaa-ajalla kuitenkin vaihtelevat yksiloi-
den vililla suuresti. Viimeaikaiset tutkimukset ovatkin antaneet viitteitd siit4,
ettd geeniperimalld on merkittdvéa vaikutus yksilon fyysisen aktiivisuuden méa-
raan. Koe-eldimilld on jo pystytty osoittamaan, ettd geeniperimailld ja fyysiselld
aktiivisuudella on selva yhteys. Koska liikuntaa suositellaan kaikille riippumat-
ta geeniperimaéstd, on tarkedd tutkia fyysisen aktiivisuuden vaikutuksia luusto-
lihaksen ominaisuuksiin, metaboliaan ja elinikddn yksiloilld, jotka eroavat toi-
sistaan geneettiseltd taustaltaan.

Koe-eldimilld on mahdollista tutkia ilman harjoittelua hankittua, synnyn-
néistd aerobista suorituskykyd. Tahadn tarkoitukseen on kehitetty kaksi eri linjaa,
jotka eroavat perinnolliseltd kestdvyysjuoksukyvyltddn: HCR (high-capacity
runner) ja LCR (low-capacity runner). HCR-rotilla on korkea aerobinen suori-
tuskyky, ne ovat fyysisesti aktiivisia, terveitd ja eldvidt pidempddn verrattuna
LCR-rottiin. LCR-rotat lihovat helposti ja niilld on suurentunut riski sairastua
metabolisiin sairauksiin. Ihmisilld geeniperimén ja lilkunnan vaikutusta pysty-
tddan tutkimaan kaksosasetelmalla. Tutkimuksissa kdytetddn sekd epdidenttisid
ettd identtisid kaksospareja.

Tamaén vaitoskirjatyon tarkoituksena oli tutkia geneettisen taustan, ikdan-
tymisen ja fyysisen aktiivisuuden vaikutuksia luustolihaksen ominaisuuksiin,
koko kehon metaboliaan ja elinikddn. Viitoskirjatyo koostui kolmesta eri osa-
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tutkimuksesta: (1) HCR/LCR rottien poikittaisesta juoksuinterventiokokeesta,
(2) HCR/LCR -rottien pitkittdisestd juoksuinterventiokokeesta (3) pitkittdisestd
seurantatutkimuksesta kaksosilla. HCR/LCR -rottien poikittaisessa tutkimuk-
sessa kerdttiin tietoa perinnollisen aerobisen suorituskyvyn vaikutuksesta luus-
tolihaksen ominaisuuksiin ilman liikunnan vaikutuksia. Tamén jidlkeen rotat
jaettiin kontrolli (tavallinen rottahdkki) ja juoksijaryhmiin (hdkeissd juoksupyo-
rd vapaaehtoista juoksuharjoittelua varten). Seurantandytteet kerdttiin vuosi
juoksuintervention aloittamisen jalkeen. Pitkittdisessa HCR/LCR -rottien juok-
suinterventiokokeessa tutkittiin juoksemisen ja fyysisen aktiivisuuden vaiku-
tusta elinikdén. Kaksosilla tehdyssd seurantatutkimuksessa tutkittiin samaa su-
kupuolta olevia epdidenttisid ja identtisid kaksospareja, jotka erosivat toisistaan
liikkuntatottumuksiltaan. Tutkimuksessa selvitettiin fyysisen aktiivisuuden ja
elinidn yhteyttd kerdamallad tulokset kaksosten elinidstd 23 vuoden ajalta.

Tutkimuksissa havaittiin, ettd rotilla perinnollisesti matala aerobinen suo-
ristuskyky on yhteydessd luustolihaksen nopeaan védsymiseen ja hitaaseen pa-
lautumiseen maksimaalisten lihassupistusten jdlkeen. Luustolihastasolla havait-
tiin my6s suora yhteys kohonneen SIRT3-proteiinitason ja korkean aerobisen
suorituskyvyn vililld, mikd voi puolestaan olla yhteydessd pitkddn elinikddn.
Koko kehon tasolla alhainen aerobinen suorituskyky oli yhteydessd matalaan
kehonldmpoon. Sama ilmid on aiemmin havaittu perinnéllisesti liikalihavilta
eldimiltd. Matala kehonldmp6 voi osaltaan vaikuttaa LCR:lle tyypillisen ylimé&é-
rdisen painonnousun toimien ndin yhtend tekijana ylipainon laukaisussa ja me-
tabolisten sairauksien kehittymisessa.

Aikuisidssa aloitettu fyysinen aktiivisuus ei vahentanyt kuolleisuutta tai
lisénnyt elinik&d rotilla tai identtisilld kaksosilla. Kuten aiemmissa tutkimuksis-
sa oli havaittu, yksilon aerobinen suorituskyky kuitenkin ennusti elinikdd hyvin.
Korkea fyysinen aktiivisuus oli yhteydessa pitkdan elinikdédn, kun tarkasteltiin
geeniperimaltddn eroavia, epdidenttisid kaksospareja. Tarkasteltaessa identtisia
kaksosia, joilla geeniperiméd on sama, tdtd eroa ei nihty. Tuloksemme vahvisti-
vat aiemman havainnon, ettdi HCR-rotat ovat selvasti LCR-rottia aktiivisempia
liikkkumaan hékissd niin spontaanisti kuin juoksupyoréssdkin. Vastaava ilmio
havaittiin kaksosilla; liikuntatottumuksilta eroaminen oli huomattavasti ylei-
sempdd epdidenttisilld kaksosilla verrattaessa identtisiin kaksosiin.

Tamd viitoskirja osoittaa, ettd perinnollisesti korkea aerobinen suoritus-
kyky on yhteydessd luustolihaksen hyvéddn vdsymisensietokykyyn, nopeaan
palautumiseen sekd korkeaan ikddntymiseen liittyvan SIRT3-proteiinin tasoon
luustolihaksessa. Sen sijaan perinnollisesti matala aerobinen suorituskyky on
yhteydessd matalaan kehonldmpo6on, joka voi osaltaan johtaa ylipainon ja sen
liitanndissairauksien kehittymiseen. Tutkimuksemme koe-eldin mallilla ja kak-
sosilla antaa viitteitd siitd, ettd geeniperimilld on selvd vaikutus liikuntatottu-
muksiin. Tulostemme perusteella geneettinen vaihtelu voi osaltaan selittda ai-
emmissa tutkimuksissa havaittua yhteyttd liikunnan ja pitkdn elinidn valilla.
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Abstract

AIM: Muscular fatigue is a complex phenomenon affected by muscle fiber type and several metabolic and ionic changes
within myocytes. Mitochondria are the main determinants of muscle oxidative capacity which is also one determinant of
muscle fatigability. By measuring the concentrations of intracellular stores of high-energy phosphates it is possible to
estimate the energy production efficiency and metabolic recovery of the muscle. Low intrinsic aerobic capacity is known to
be associated with reduced mitochondrial function. Whether low intrinsic aerobic capacity also results in slower metabolic
recovery of skeletal muscle is not known. Here we studied the influence of intrinsic aerobic capacity on in vivo muscle
metabolism during maximal, fatiguing electrical stimulation.

METHODS: Animal subjects were genetically heterogeneous rats selectively bred to differ for non-trained treadmill running
endurance, low capacity runners (LCRs) and high capacity runners (HCRs) (n=15-19). We measured the concentrations of
major phosphorus compounds and force parameters in a contracting triceps surae muscle complex using >'P-Magnetic
resonance spectroscopy (*'P-MRS) combined with muscle force measurement from repeated isometric twitches.

RESULTS: Our results demonstrated that phosphocreatine re-synthesis after maximal muscle stimulation was significantly
slower in LCRs (p<<0.05). LCR rats also became promptly fatigued and maintained the intramuscular pH poorly compared to
HCRs. Half relaxation time (HRT) of the triceps surae was significantly longer in LCRs throughout the stimulation protocol
(p=0.05) and maximal rate of torque development (MRTD) was significantly lower in LCRs compared to HCRs from 2 min
30 s onwards (p=0.05).

CONCLUSION: We observed that LCRs are more sensitive to fatigue and have slower metabolic recovery compared to HCRs
after maximal muscle contractions. These new findings are associated with reduced running capacity and with previously
found lower mitochondrial content, increased body mass and higher complex disease risk of LCRs.
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Introduction intracellular calcium ion (CaZJ') release or reduced sensitivity of the
myofilaments to Ca**-ions [5,6]. These changes in myocellular
metabolites during muscle fatigue are often linked to each other.
For example reduced pH and accumulation of Pi lead to reduced
Cla®* sensitivity and reduced maximum tension. This in turn has
an important contribution to the force decline, especially with
repeated maximal muscle stimulation [7].

In addition to muscle fiber type composition and myocellular
metabolic and ionic changes the capacity to resist fatigue is
determined by muscle oxidative capacity [8-10]. Muscle oxidative
capacity in turn is mainly determined by the amount and quality

Muscular fatigue is characterized with decline of force
production caused by prolonged activation of skeletal muscle. It
is known that muscle fiber types, characterized by differences in
myosin heavy chain (MHC) composition, vary in force-generating
capacity and resistance to fatigue [1-4]. Hence muscle fiber type
composition is one key factor affecting the sensitivity of muscle to
fatigue. At a myocellular level the reduced force can be caused by
various metabolic or ionic changes, such as reduced pH,
accumulation of inorganic phosphate (Pi) into myocytes, decreased
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of myocellular mitochondria. These parameters vary between
individuals due to differences in genotype and in the amount of
physical activity [11-14]. Besides being a major contributor to
muscle oxidative capacity, mitochondria have a crucial role in
integrating the key metabolic fluxes in the cell. Phosphocreatine
(PCr) and creatine (Cr) provide an intracellular, high-energy
phosphate buffering system, essential to maintain adenosine-
triphosphate (ATP) levels in tissues with high energy demands.
Internal stores of high-energy phosphates provide additional ATP
at the onset of exercise in skeletal muscle.

With *'P-Magnetic resonance spectroscopy (*'P-MRS) it is
possible to measure the concentrations of the major phosphorus
compounds in a contracting muscle, z.e., PCr and Pi [15,16]. With
these parameters one can estimate the energy production
efficiency of the muscle, such as the speed of PCr degradation
and resynthesis, provided that the simultaneous force output is
recorded [17]. Until recently, this method required invasive
systems to induce muscle contraction electrically, which in turn
necessitated the sacrifice of the animal after the experiment.
Giannesini and colleagues (2005) designed and constructed a new
experimental setup for noninvasive MRS investigation of muscle
function in contracting rat triceps surae muscle complex (gastroc-
nemius, soleus and plantaris) [18]. This maximal intermittent
isometric fatigue protocol provides a reliable way to study the
development of muscle fatigue of the whole muscle without
occlusion of the blood flow. Due to the noninvasive approach,
muscle metabolic properties can be followed through an individ-
ual’s life-span, which enables the evaluation of inherited muscle
properties together with effects of environmental factors (e.g.
exercise training) with aging.

Recent studies reveal that low aerobic capacity is associated
with various metabolic and morphological properties in skeletal
muscle, which in turn have pronounced effects on whole body
level in health and disease [19-23]. Since impaired oxidative
metabolism underlies several complex diseases, such as type 2
diabetes and cardiovascular disease [24,25], it is generally thought
that the ability to increase oxygen transport and utilization
capacity by exercise training stimulus helps to prevent or
ameliorate developing complex disease. The level of exercise
capacity, however, differs substantially between individuals. The
primary assumption is that this heterogeneity is a consequence of
variation distributed across a large number of genes for both the
intrinsic (untrained) aerobic capacity and that accrued from
exercise training. To address the intrinsic component, Koch and
Britton developed a contrasting animal model system by selectively
breeding rats for low and high endurance treadmill running
capacity in the untrained condition [10]. These genetically
heterogeneous and widely segregated rat strains, termed low
capacity runner (LCR) and high capacity runner (HCR), are well
suited divergent models for evaluating the interplay of genetic and
environmental factors as determinants of health and disease.

Since intrinsic aerobic capacity has pronounced effects in
health, complex disease risk and life expectancy [19,22,26] the
differences on whole body level of HCR/LCR rats should also be
observable in tissue level. In this study the focus is on skeletal
muscle. By strict measurement criteria, LCRs fatigue sooner
during maximal treadmill running test compared to HCRs [10]
but it is not known whether these strains differ in parameters
related to maximal muscle stimulation. Therefore, the purpose of
this study was to examine the effects of intrinsic aerobic capacity
on skeletal muscle metabolism i vivo during maximal, fatiguing
stimulation in non-trained LCR/HCR rats. We hypothesize that
low intrinsic aerobic capacity is associated with fatigue sensitivity,
slow metabolic recovery and poor intramuscular pH homeostasis.
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We also hypothesize, that compared to HCRs, the twitch
parameters of LCRs are more typical of fast twitch muscles due
to larger relative amount of type 2b muscle fibers [19,27,28].

Materials and Methods

The HCR/LCR contrasting rat model system was produced via
two-way artificial selection, starting from a founder population of
genetically heterogeneous rats (N:NIH stock) in 1996, as described
previously [10]. 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 minfl, increased 1 m min every 2 min) when the rats
where 11 weeks of age (model Exer-4; Columbus Instruments,
Columbus, OH). Rats were subsequently shipped to University of
Jyviskyla when 16 weeks old. For experiments described here, 34
female HCR and LCR rats (mHCR =19, nLLCR = 15) weighing
194-332 g were used. Rats were from the 23rd generation of
selection and 8 months of age when studied. Rats were housed 2/
cage in an environmentally controlled facility (12/12 h light-dark
cycle, 22°C) and received water and standard feed ad lbitum.

Ethics Statement

This study was approved by the National Animal Experiment
Board, Finland (Permit number ESAVI-2010-07989/Ym-23). The
31P-MRS acquisition protocol was performed under isoflurane
anesthesia.

Animal Preparation

The non-invasive MRS investigation setup was modified from
the protocol designed by Giannesini et al. [18]. Rats were deprived
of food for 2 h before measurements. Basal body temperature and
masswere measured at rest before each investigation. Rats were
anesthetized in an induction chamber with 4% isoflurane mixed in
30% Oy and 70% NyO. The right lower hindlimb was shaved and
conductive electrolyte gel was applied at the heel and knee levels to
optimize electrical stimulation of triceps surae muscle complex.
Each rat was placed in a home-built cradle designed for non-
invasive functional investigation of the right triceps surae. The
cradle had a built-in strain-gauge sensor (HBM, 1-LY41-6/1000,
Darmstadt, Germany) and two transcutaneous electrodes to elicit
and measure maximal twitch responses under isometric condi-
tions. The foot was positioned on the pedal and the lower hind
limb was centered on a flat radio frequency (RF) coil used for
MRS measurement (Fig. 1). The pedal was held constant at a 30
degree angle. Supramaximal square-wave pulses (1-ms duration,
current range: 10-19 mA, altered to maximize twitch force) were
delivered transcutaneously with a constant current stimulator
(Digitimer Stimulator DS7, Digitimer Ltd., Hertfordshire, U.K.) to
obtain the maximal isometric twitch responses. Throughout the
experiment, anesthesia was maintained by a gas inhalation
through a facemask continuously supplied with 1.2-1.75%
isoflurane in 30% Oy and 70% N,O. Corneas were protected
from drying by application of ophthalmic cream (Viscotears,
Novartis Pharmaceuticals, U.K.). The facemask was connected to
open-circuit gas anesthesia equipment. During anesthesia, animal
body temperature was maintained with a heated pad.

31P-MRS Acquisition and Data Processing

Investigations were performed in a 4.7 T horizontal magnet
(Magnex Scientific, Abdington, U.K.). A flat surface transmit/
receive RF coil (26-mm-diameter 'H- and 20-mm-diameter *'P-
coil) was used. The triceps surae muscle complex was carefully
placed in the center of the coil combination, and the volume on
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complex
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Figure 1. Schematic representation of the setup for measuring
rat triceps surae muscle complex function with MR investiga-
tion. Triceps surae contractions were induced indirectly via electrical
stimulation at the heel and knee levels. Muscle performance was
measured with a force transducer which was attached to the pedal.
Information about the leg position was acquired with a 'H-MR surface
coil and muscle metabolic functions were studied with 'P-MRS surface
coil.

doi:10.1371/journal.pone.0048345.g001

coil was shimmed using 'H nuclear magnetic resonance (NMR)
signal followed by pilot images with gradient echo pulse sequence
to ensure that the position of the muscle was correct. *'P-MR
spectra from the triceps surae were continuously acquired with
pulse-acquire technique using 130 us long, 90 degree block pulse
for excitation, 1.855 s time to repeat, 4 kHz bandwidth covered
with 2000 points. Prior to stimulation, a baseline spectrum was
collected (256 averages, 8 min) and during the stimulation and
recovery, a total of 15 spectra were acquired, resulting in temporal
resolution of 56 seconds. Areas of PCr and Pi were obtained by a
time-domain fitting routine using the AMARES-MRUI Fortran
code [29]. PCr and Pi values were normalized to their initial
values. Intramuscular pH was calculated from the chemical shift
difference between Pi and PCr [30]. The recovery of PCr level was
compared by adjusting a linear trend line between time points 7—
9 min and comparing the individual slope values. The chosen
time-interval showed rapid linear increase in the analyzed
variable.

Stimulation Protocol and Signal Analysis

The stimulation protocol consisted of baseline (8 min), stimu-
lation (6 min) and recovery (8 min) measurements. Repeated
isometric muscle twitches were elicited through electrical stimu-
lation of triceps surae muscle complex at a frequency of 3.33 Hz
(in total 1200 stimuli). Force signal from the strain-gauge sensor
was amplified, converted to digital signals by a 32-bit analog to
digital converter (Power 1401, CED Ltd., Cambridge, U.K.), and
processed using dedicated software (Signal software, CED Ltd.).
From each individual twitch response, 1) maximal force, 2)
maximal rate of torque development (MRTD) and 3) half-
relaxation time (HRT) were analyzed throughout the stimulation
period. The twitch properties were then averaged over 15 second
epochs (in total 24 averages of 50 stimuli). In addition, twitch force
and MRTD values were normalized with their maximum value
during the stimulation to compute relative rate of reduction (% of
maximum s~ ') during the time-course of transcutaneous electrical
stimulation. A linear trend line was adjusted over 100 twitch
responses in individual time-intervals that showed rapid linear
reduction in the analyzed variables.
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Statistical Analyses

All values are expressed as mean * standard error of the mean
(SEM). Statistical analyses for all variables were carried out using
SPSS for Windows 13.0 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 assumptions were met independent-samples t-
test was used. A statistical comparison of body mass and mean
distance run to exhaustion was made using independent-samples t-
test. The recovery of PCr level was compared with independent-
samples t-test by comparing the individual slope values. Since the
normality or equality of variance assumptions were not met,
statistical comparisons of other studied parameters between LCR
and HCR groups were made using Mann-Whitney test by
comparing LCRs and HCRs at every time point. The twitch
property values from the first last epochs (Table 1) were also
compared using Mann-Whitney test. The rate of reduction in
relative twitch force and MRTD (Table 2) were analyzed using
Mann-Whitney test by comparing the individual slope values. P-
values less than 0.05 were considered statistically significant.

Results

Background Data

LCR rats were 26% heavier compared to HCRs, the mean
body mass of LCRs was 289%7 g and for HCRs 229%5 g
(p<<0.001). The mean distance run at exhaustion was 305*4 m
for LCRs versus 2093+25 m for HCRs (p<<0.001), representing a
586% difference in running distance.

*'P-MRS

PCr. *'P-MRS results demonstrated that PCr resynthesis after
stimulation was significantly slower in LCRs when comparing the
slope values of linear trend lines adjusted between time points 7—
9 min (p<<0.05) (Fig. 2A). In both rat strains, the decrease of PCr
from the resting level (t=0) started right after stimulation. PCr
level also began to increase in both strains immediately after the
stimulation protocol was over (t=6). LCR rats had significantly
lower PCr value in time point 2 min of stimulation compared to
HCR rats.

Pi. Pi levels increased similarly in both rat strains during
stimulation period and reached the highest level after 4 minutes of
stimulation (Fig. 2B). During recovery period Pi decreased and
almost reached back to the starting level. There were no significant
differences in the levels of Pi between the groups.

Table 1. Comparison of initial and end values of the twitch
properties.

Parameter Epoch LCR HCR P
Twitch force First 2.87+0.25 251%+0.13 0.206
(N) Last 1.01+0.11 1.29%+0.10 <0.05
MRTD First 184+17 167+10 0.477
(N s-1) Last 75£8 98+9 <0.01
HRT First 16.5+£0.4 14.1+0.3 <0.001
(ms) Last 15.2+0.4 13.5+0.5 <0.01

Initial values of twitch force, MRTD and HRT from First epoch (0-15 s) and from
Last epoch (345-360 s) during the electrical stimulation. Values are expressed
as mean * SEM.

doi:10.1371/journal.pone.0048345.t001
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Table 2. Rate of change in twitch properties.

Parameter LCR HCR P

Slope —0.19+0.02 —0.13%+0.06 <0.05
(Force % of max min-1)
Slope —0.17£0.02

(MRTD % of max min-1)

—0.12+0.01 <0.05

The rates of change in relative (% of maximal) twitch force and MRTD in
individual time-intervals (100 twitches) during the electrical stimulation. Values
are expressed as mean * SEM.

doi:10.1371/journal.pone.0048345.t002

pH. LCRs maintained the intramuscular pH more poorly
compared to HCRs (Fig. 2C). LCRs had significantly lower pH
values between stimulation periods 3-5 min and the levels
remained lower than the corresponding pH levels of HCRs
during the whole protocol, except for the time points 0 and 9 min.
At the beginning of the stimulation protocol both rat strains had
an equivalent pH value of 7.00. At end of the test period, HCRs
had on average a pH of 6.78, whereas LCRs had more reduced
pH of 6.55.

Twitch Properties

Initial and End Values of the Twitch Properties. Mean
twitch force curves from the first epoch (0-15 s) and from the last
epoch (345-360 s) are presented in figures 3A and 3B. The
corresponding twitch property values are presented in Table 1.
During the first epoch, when the effect of fatigue is minimal, LCRs
seemed to show higher initial maximal twitch force, although this
was not statistically significant. However, the initial MRDT did
not differ between LCRs and HCRs. As the effect of fatigue LCRs
showed lower maximal twitch force and MRTD compared to
HCRs during the last epoch (p<<0.05). LCRs also had significantly
lower MRTD in the last epoch (p<<0.01) and higher HRT values
both in first and last epoch (p<<0.01) compared to HCRs.

Twitch Properties during Electrical Stimulation. LCRs
tended to show higher maximal twitch force than HCRs during
the first epochs (0-30 s), although this trend was not significant.
Later during the stimulation, LCRs showed a significantly lower
twitch force from 2 min 45 s onwards compared to HCRs
(p=0.05) (Fig. 4A). Similarly, LCRs had tendency for higher
MRTD (N5~ ') in the beginning of the stimulation protocol than
HCRs (Fig. 4B), but this difference did not reach significance.
However, the MRTD was significantly lower in LCRs compared
to HCRs from 2 min 30 s onwards (p=0.05). The half relaxation
time (Fig. 4C) of the triceps surae was significantly longer in LCRs
throughout the stimulation protocol (p=0.05).

Rate of Change in Twitch Properties. The rate of
reduction in the normalized twitch force and MRTD during
transcutaneous electrical stimulation occurred more rapidly in
LCRs compared to HCRs (p<<0.05) when the slope of individual
twitch responses were compared (Table 2).

Discussion

In the present study we examined noninvasively the character-
istics of triceps surae muscle complex metabolism in two
genetically heterogeneous rat strains (HCR/LCR) that widely
differ for intrinsic (i.e. non-trained) aerobic capacity. Consistent
with a lower maximal treadmill running capacity, we found that
the skeletal muscle in LCRs become promptly fatigued during
maximal muscle stimulation @ wviwo. LCRs have also slower
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Figure 2. PCr, Pi and pH levels during 3'P-MRS acquisition
protocol. PCr (A), Pi (B) and pH (C) levels in triceps surae muscle
complex during stimulation (6 min) and recovery (8 min) measure-
ments. PCr resynthesis was significantly slower in LCRs compared to
HCRs (p<<0.05) when comparing the individual slope values. LCRs also
had significantly lower PCr level in time point 2 min (p<<0.05). There
were no statistical differences between HCR and LCR groups in Pi levels.
Intramuscular pH was lower in LCRs throughout the protocol except for
the time points 1 and 9 min. Values are expressed as mean = SEM.
doi:10.1371/journal.pone.0048345.9002

metabolic recovery after continued contractions compared to
HCRs.

We hypothesized, that LCRs would have slow metabolic
recovery, which is one sign of poor mitochondrial function and/
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Figure 3. Initial and end values of the twitch properties. The
mean twitch force curves from initial epoch (0-15 s) (A) and from last
epoch (345-360 s) (B) during electrical stimulation. The corresponding
twitch property values are presented in Table 1. LCRs seemed to have
slightly higher initial maximal twitch force and MRTD (n.s.). At the end
of the stimulation protocol LCRs showed significantly lower maximal
twitch force and MRTD compared to LCRs (p<0.05). LCRs had
significantly higher HRT values both in first and last epoch (p<<0.01)
than HCRs.

doi:10.1371/journal.pone.0048345.g003

or capacity [30,31]. In previous studies we have shown, that LCRs
have poor capillarization and less subsarcolemmal and inter-
myofibrillar mitochondria in skeletal muscle compared to HCRs
[19]. Rivas et al in turn found that the most significant differences
in mitochondrial content between these rat strains were in white
muscle type [32]. It is likely that the slower PCr recovery of LCRs
is partly due to lower mitochondrial content of the muscle
compared to HCRs. Diminished oxidative capacity of the
mitochondria may also play a role. Indeed, it has been shown
that despite similar mitochondrial density, LCRs have reduced
mitochondrial respiratory capacity in skeletal muscle compared to
HCRs [33]. This is consistent with the finding, that skeletal muscle
from obese subjects or from type 2 diabetic patients show reduced
mitochondrial oxidative capacity [20,23,25,34].

A novel finding from the present study was that LCRs become
promptly fatigued during maximal isometric muscle stimulation
(Fig. 4 and Table 2), not only during an aerobic running test. In
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Figure 4. Twitch properties during electrical stimulation. Force
(A), MRTD (B) and HRT (C) measured simultaneously with MRS
acquisition during 6 min stimulation protocol. From 2 min 45 s
onwards LCRs had significantly lower twitch force compared to HCRs
(p=0.05). The MRTD values were significantly lower in LCRs compared
to HCRs from 2 min 30 s onwards (p=0.05). LCRs had higher HRT than
HCRs throughout the stimulation protocol (p=0.05). Values are
expressed as mean * SEM.

doi:10.1371/journal.pone.0048345.9004

the present study we used protocol with intermittent isometric
twitches used by Giannesini et al [18]. Isometric muscle
stimulation method enabled us to hold the muscle still during
the whole stimulation period, which is vital to *'P-MRS
investigation when using surface coils. Another advantage of the
isometric fatigue protocol is the constant muscle length that
ensures measured force parameters are not affected by change in
the muscle length. The non-invasive muscle stimulation method
has been proven to stimulate solely the triceps surae muscle
complex and not the antagonist muscles. In fact, Giannesini et al
(2005) found in their study, using To-weighted MR images, that
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the transcutaneous stimulation system activates specifically the
gastrocnemius muscle of triceps surae [18]. Since our stimulation
system is similar to that used in Giannesini’s studies we assume,
that also our transcutaneous stimulation mainly stimulates
gastrocnemius muscle.

Muscle fibers vary in force-generating capacity, contraction
speed and resistance to fatigue [2,3]. Previous analysis of MHC
composition revealed that LCRs express more 2b MHC: isoform
compared to HCRs, where 2a/x MHC was more pronounced
[19]. MHC types define the muscle fiber type, which in turn
belong to motor units having distinct functional properties: type 2a
fibers correspond to fast-contracting fatigue-resistant motor units
and type 2b fibers to fast-contracting fatigue-sensitive motor units
[4]. Howlett et al also showed that LCRs have significantly higher
activation of the glycolytic enzyme phosphofructokinase [35]. Our
results from force measurement support these findings. During the
maximal stimulation LCRs fatigued at a faster rate, whereas
HCRs demonstrated fatigue resistance (Table 2). MRTD is a
muscle twitch parameter that illustrates how fast the maximal
torque level is reached. Muscles that consist mainly of fast-twitch
fibers tend to have higher MRTD values. Although LCRs start
with a higher twitch force and MRTD at the beginning of the
stimulation (0-15 s) the opposite occurs upon reaching the end of
the stimulation protocol (345-360 s) (Fig. 4). This supports our
hypothesis, that LCRs have greater reliance on fast-contracting
and fatiguing muscle fibers compared to HCRs.

It has been shown that HCR and LCR rats have similar resting
muscle phosphocreatine, glycogen and ATP contents [35]. LCRs,
however, have diminished sensitivity for Cr-induced stimulation of
submaximally ADP-stimulated respiration in skeletal muscle
compared HCRs [33]. This tendency was also true in the case
of non-ADP-stimulated and maximally ADP-stimulated respira-
tion. A diminished sensitivity in skeletal muscle may contribute to
the performance differences between LCR and HCR rats, as a
consequence of an increased insensitivity of the mitochondrion,
and thus the whole muscle, to ADP during exercise. The work of
Walsh et al demonstrated that HCRs maintain a higher degree of
functional coupling between creatine kinase and adenine nucle-
otide translocase compared to the LCRs in slow-twitch muscle
type [33]. Whether these qualitative changes in mitochondrial
function are related to inherent muscle oxidative capacity or are
directly in response to exercise capacity remains unclear.

In skeletal muscle, the fatiguing stimulation resulted in depletion
of PCr, accumulation of Pi, and a decrease in pH. As we
hypothesized, LCRs had poor intramuscular pH homeostasis
compared to HCRs. The larger contractile-mediated decrease in
pH in the triceps surae of LCRs was likely related to the larger
glycolytic capacity in fast-twitch muscle fibers (type 2b) of LCRs
when compared to HCRs [19,36,37]. More oxidative muscle
fibers (type 2a/x) in turn are able to exploit hydrogen ions in the
reformation of pyruvic acid and thus maintain a more optimal pH
for enzymatic activity longer. In addition to the reduced pH,
accumulation of Pi into myocytes has been proposed to play a key
role in fatigue development, defined as a decline in force
production and slowing of relaxation during prolonged muscle
activity [1,5,38]. Giannesini e al [39)] tested five different fatiguing
muscle stimulation protocols with the outcome that Pi and its
diprotonated form (HyPO, ™ affect force production only at the
end of the stimulation period. This suggested an indirect, time-
dependent effect of these parameters on force production, which
might be mediated by an alteration of Ca”** fluxes throughout the
sarcoplasmic reticulum (SR) [39]. In fact, it has been shown, that
the decline in Ca?* release from SR occurs later in muscle fibers
with high capacity for oxidative metabolism [40,41]. Thus, HCRs
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may have more efficient hydrogen ion buffering and delayed
decline in Ca®* release due to higher oxidative capacity in skeletal
muscle [19,32], which might help resist fatigue.

We hypothesized, that LCRs might have higher maximal twitch
force (N) compared to HCRs due to bigger muscle size and larger
relative amount of 2b muscle fibers with better force-generating
capacity compared to 2a fibers of HCRs [19,27,28]. No significant
difference, however, was observed in maximal twitch force between
the groups in the beginning of the stimulation protocol. Interest-
ingly, LCRs had significantly longer half-relaxation times compared
to HCRs throughout the study protocol (Fig. 4C). This suggests that
LCRs have relatively more slow-twitch (type 1) muscle fibers than
HCRs. This result is inconsistent with the observation that, in
gastrocnemius muscle, LCRs have slightly less oxidative type fibers
compared to HCRs [1]. The differences of twitch time parameters
of LCR and HCR rats have several possible explanations. The effect
of body and muscle size might be again of importance. Bigger
muscles and perhaps longer muscle fibers in LCRs could explain the
longer relaxation time [42]. Fatigue, due to either Pi, HyPO,™ or
Ca”" fluxes, can also increase the half- relaxation time [17].

The possible link between muscle oxidative capacity and
metabolic diseases is an interesting topic. We have already shown
that low aerobic capacity is related to higher complex disease risk
[19]. Our present results suggest that muscle oxidative capacity,
muscle fatigue and complex disease risk are connected to each
other. Nevertheless, what is the cause and what is the consequence
remains unclear. In addition to the study of complex metabolic
diseases, there is a growing interest in understanding the connection
between acrobic capacity and exercise training in as it relates to
longevity. Several large-scale clinical studies have shown that low
exercise capacity is the strongest predictor of all-cause mortality
[43-45]. It has been demonstrated, that in addition to a variety of
biochemical and physiological differences, LCRs have significantly
shorter lifespan compared to HCRs [26]. Aging is also associated
with a decline in the rate of force development, especially during fast
contractions [46,47]. Studies in humans have revealed that HRT
increases and the MRTD declines in response to aging [30,48]. Our
present study revealed that, in the non-trained state, rats with low
aerobic capacity became promptly fatigued during maximal muscle
stimulation and had slow metabolic recovery after continued
contractions in triceps surae muscle complex. These results
supported the previous findings of substantial differences in skeletal
muscle properties between these rat strains [19,32,33,35]. It will be
of interest for future studies to determine if exercise training can
retrieve the negative contractile activity of the LCR as a function of
age and the noninvasive nature of the 3P.MRS measures of
contractile function as reported here will be of substantial
experimental value for studying the complexities of aging.
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Received: 20uly 2015 . Observational studies report a strong inverse relationship between leisure-time physical activity and all-
Accepted: 10 November 2015 cayse mortality. Despite suggestive evidence from population-based associations, scientists have not
Published: 15 December 2015 : been able to show a beneficial effect of physical activity on the risk of death in controlled intervention
studies among individuals who have been healthy at baseline. On the other hand, high cardiorespiratory
: fitness is known to be a strong predictor of reduced mortality, even more robust than physical activity
level itself. Here, in both animals and/or human twins, we show that the same genetic factors influence
physical activity levels, cardiorespiratory fitness, and risk of death. Previous observational follow-up
studies in humans suggest that increasing fitness through physical activity levels could prolong life;
however, our controlled interventional study with laboratory rats bred for low and high intrinsic fitness
: contrast with these findings. Also, we find no evidence for the suggested association using pairwise
analysis among monozygotic twin pairs who are discordant in their physical activity levels. Based on
: both our animal and human findings, we propose that genetic pleiotropy might partly explain the
. frequently observed associations between high baseline physical activity and later reduced mortality in
humans.

Intervention studies in humans show several positive effects of exercise on physical performance and health-related
. metabolism'. Also, in humans, observational follow-up studies report an association between high baseline levels
: of leisure-time physical activity and low all-cause mortality’. However, a causal relationship between adulthood
. physical activity and mortality/lifespan has not been confirmed, either in randomized controlled intervention
: studies, with initially healthy individuals, or in animal experiments®°. High cardiorespiratory fitness is shown to be
. astrong predictor of reduced mortality, both in humans”® and in rats®. Keeping in mind that fitness measurements
: may have higher accuracy than measurements of physical activity levels, cardiorespiratory fitness (maximal oxygen
. consumption, VO,max) predicts mortality to a greater extent than physical activity level (metabolic equivalents,
© MET), when both are analysed in the same study'®. Additionally, there is no consistent causal relation between

(non-voluntary) occupation-related physical activity and subsequent mortality'"'2. Thus, we lack definitive evi-
. dence on the acquired effect of physical activity on longevity. Based on past studies on elite athletes and twins, we
: previously suggested that genetic pleiotropy may explain at least some of the observed association between high

physical activity and later morbidity or mortality'>!. Here, to increase our understanding of associations between
. genes, physical activity, and mortality, we carried out two studies. First, we conducted a controlled intervention
. study on the effects of voluntary running during adulthood on lifespan in two rat strains selectively bred for low
. and high intrinsic capacities for running (LCR and HCR, respectively). These two widely-segregated genetically
. heterogeneous rat strains have a 28-45% divide in median lifespan strongly predicted by a differential in VO,max
: across lifespan and are thus, well-suited for testing the longevity effects accrued from voluntary physical activity'®.
: We chose to study female rats, because in contrast to males, female rats are known to compensate for increased
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Figure 1. Rat study protocol and measurements. (a) Schematic of study protocol. Rats were bred for high
(HCR, blue) or low (LCR, orange) intrinsic fitness, then assigned to control (C) or running (R) subgroups.

(b) Body weights from ages 12 to 30 months. Rats per group: 12 months: HCR-C = 18, HCR-R=15,
LCR-C= 20, and LCR-R = 20; 21 months: HCR-C= 19, HCR-R = 17, LCR-C = 18, and LCR-R = 13; 30 months:
HCR-C= 12, HCR-R =8, LCR-C=7, and LCR-R = 3. (c) Food intakes from ages 12 to 30 months. Rats per
group: same as in b), except at 12 months: HCR-C = 16. (d) Average daily spontaneous activity measured
over 3 days between 13 and 15 months of age (activity index). Rats per group: 13 months: HCR-C=18,
HCR-R=12, LCR-C =20, and LCR-R = 11; 15 months: HCR-C =19, HCR-R=13, LCR-C= 19, and
LCR-R = 10. (e) Average running distance per day. Rats per group: 12 months: HCR-R= 15 and LCR-R= 15;
21 months: HCR-R= 16 and LCR-R = 14; 30 months: HCR-R =4 and LCR-R = 2. Error bars represent SEMs.
Figure was drawn by Sira Karvinen.

physical activity with an increase in food intake!®'”. Thus, female rats provided the opportunity to test the inde-
pendent effects of exercise on mortality, without interference from calorie restriction, which is known to increase
lifespan'®.

Second, we conducted a long-term observational study in humans, with pairs of same-sex dizygotic (DZ) and
monozygotic (MZ) twins. This study included a 15-y segment, where we recorded participation in physical activity,
and a 23-year follow-up to evaluate mortality. Because MZ twins are genetically identical at the DNA sequence level,
genetic factors were controlled in our activity-discordant, co-twin control analysis of MZ pairs. DZ twins share,
on average, half of their segregating genes. Thus, genetic factors may influence physical activity discordances in
DZ twin pairs. However, in most cases, both individuals in a pair of twins (MZ and DZ) share the same childhood
environment; therefore, the childhood home environment is considered a controlled factor.

Results

Animal study. The HCR/LCR contrasting rat model system for intrinsic fitness capacity is the result of an
over 15 year two-way artificial selection experiment described previously'. For the current study, we obtained
79 female rats (39 HCR and 40 LCR) and began testing when the rats were ~9 months old. Figure 1a shows the
study design. We randomly assigned LCR and HCR rats to control (C) and running (R) subgroups matched within
strain for body weight and fitness capacity: 19 HCR-C and 20 LCR-C, maintained in standard cages; and volun-
tary runners: 20 HCR-R and 20 LCR-R, maintained in cages equipped with a running wheel to permit voluntary
running throughout adulthood. Figure 1b,c show details on measured body weight and food intake for all four
study groups across 12-30 months of age. As previously shown, LCR rats weigh significantly more than HCR rats
(age 3 months, P < 0.001, data not shown), and this difference remained significant throughout adult life (Fig. 1b,
HCR-C vs. LCR-C, 12-30 months, P < 0.001). Food intake was significantly greater in runner groups compared
to control for both LCR and HCR (Fig. 1c, HCR-C vs. HCR-R, 12-30 months, P < 0.05).
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Figure 2. Effects of genetic background and environment on lifespan. Control rats (C) had longer lifespans
than rats in the runner groups (R) of the same strain (HCR-C vs. HCR-R, P < 0.05 and LCR-C vs. LCR-R,

P <0.01). Mean lifespans were also significantly different between rat strains (HCR-C vs. LCR-C, P < 0.05).
Values in the table show means=+SDs.

‘We measured the natural total spontaneous physical activity (horizontal and vertical movements) every three
months throughout each rat’s lifespan using a custom designed force-plate system®. The activity index was clearly
higher among the runners than among the corresponding controls (Fig. 1d). Consistent with previous reports,
the HCR-C group exhibited higher spontaneous activity than the LCR-C group by 23% (Fig. 1d, P< 0.01). In
addition, for cages equipped with running wheels, the average wheel distance per day was longer in HCR-R than
in the LCR-R group at time points from 12 to 29 months (Fig. le, P < 0.05).

Because physical activity is known to have positive effects on glucose metabolism, we measured insulin sensi-
tivity at baseline (age 9 months) and after 1 year of intervention (age 21 months). At baseline, all four rat groups
had similar insulin sensitivity, based on the HOMA-IR index?'. After one year of voluntary running, the LCR-R
group had a significantly lower HOMA-IR index than the LCR-C group (3.5 3.0 vs. 5.7+ 2.8, P< 0.05). In HCR
groups, there was no difference in the HOMA index between groups (4.3 + 3.1 vs. 4.6+3.0, respectively), which
is consistent with the fact that HCRs represent a healthier phenotype compared to LCRs, having lower risk of
metabolic diseases even without physical training.

As expected, the Cox proportional hazards model showed that LCR rats had a higher risk of death than HCR
rats, the hazard ratio (HR) for LCR compared to HCR rats adjusted for running group and age at randomization
being 1.7 (95% CI: 1.1-2.6, P = 0.028). Interestingly, when combined, the pool of LCR and HCR runner rats had an
increased risk of death compared to control groups, with a HR of 2.1 (95% CI: 1.3-3.4; P < 0.001). This finding per-
sisted after adjustments for strain, age at randomization, and body weight at 9 months of age (multivariate-adjusted
HR=2.3,95% CI: 1.4-3.6; P < 0.001). The decreased survivability for runners vs. controls was similar for both
HCR and LCR strains. The survival curves in Fig. 2 shows the mean lifespan among runners was consistently
16% shorter than among controls in both the HCR (mean 26.4 vs. 31.5 months, P < 0.05) and LCR (23.8 vs. 28.4
months, P < 0.01) groups. The deaths caused by development of spontaneous tumours with aging did not explain
the group differences in lifespan (21-45% of deaths within group).

Humanstudy. The prospective Finnish Twin Cohort? includes all same-sex twin pairs born in Finland before
1958. Physical activity was measured with a structured questionnaire. We used persistence and changes in vigorous
physical activity during the years 1975, 1981, and 1990 as baseline predictors of mortality. Altogether, 11 325 twin
individuals (4190 complete twin pairs) answered the required physical activity questions for all three baseline time
points (for more details of the cohort, see Table S1). A Cox proportional hazards model was used to analyse mor-
tality, starting from the 1990 response date and ending July 31, 2013. Altogether, 458 deaths were observed among
individuals that had performed no vigorous activity at baseline (in 1975, 1981, and 1990) and 201 deaths among
individuals that persistently performed vigorous activity. An individual-based analysis showed that, compared
to individuals with no vigorous activity, individuals with persistent vigorous physical activity showed decreased
mortality (in 1975, 1981, and 1990); the age- and sex-adjusted HR of death was 0.55 (95% CI: 0.46-0.64) and the
HR adjusted for sex, age, education level, smoking status in 1990, alcohol use (grams per day) in 1990, BMI in
1990, work activity, and health status in 1990 was 0.73 (0.61-0.88) (Fig. 3a and Table S2).

Of the 4190 same-sex twin pairs (MZ = 1388, DZ = 2547, 255 unknown zygosity), we identified 179 (4.3%) per-
sistently discordant for participation in vigorous physical activity. These activity-discordant twin pairs comprised
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Figure 3. Kaplan-Meier survival curves of mortality in the human study. Follow-up started from the date of
the 1990 questionnaire response to the end of July 2013. Groups comprised individuals with no vigorous activity
(orange) vs. those with persistent vigorous activity (blue) at baseline (start of follow-up). (a) Survival of 2428
individuals with no vigorous activity and 2145 individuals with persistent vigorous activity; (b) survival of 134
discordant DZ twin pairs; (c) survival of 34 discordant MZ twin pairs.

2.4% (34 of 1388) of all MZ pairs and 5.3% (134 of 2547) of all DZ pairs (P < 0.001; Fisher’s exact test for a differ-
ence in persistent discordances between MZ and DZ pairs). A pairwise analysis of these 179 twin pairs showed
that the mortality HR for persistent vs. non-persistent vigorous activity was 0.65 (0.46-0.91), and after adjusting
for all covariates including health status, the HR was 0.72 (0.48-1.07). Consistent with our previous twin analysis,
which was based on a shorter period of physical activity discordances?, the activity-discordant DZ pairs showed
a difference in mortality (Fig. 3b, HR = 0.58, 95% CI: 0.39-0.88). However, no difference was observed in the
pairwise analysis of the smaller group of activity-discordant MZ pairs (Fig. 3¢, HR= 1.00, 95% CI: 0.52-1.94).
The heritability of physical activity (see below) contributed to the statistical power of the analysis among MZ pairs.

To describe the total volume of physical activity performed during leisure time, we calculated a metabolic
equivalent (MET) index expressed as the sum of leisure MET-hours per day at each time-point (1975, 1981, and
1990). The means of the three MET index values showed that MZ pairs (0.54) had a higher Intraclass Correlation
Coefficients (ICC) than DZ pairs (0.26). This result indicates that the differences in the genetic component of the
total variance influenced the long-term levels of physical activity compared to the environmental component. Using
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standard techniques for genetic modelling®* (AE model), we estimate the narrow-sense heritability for physical
activity to be 53% (95% CI: 46-59%).

Due to the low number of deaths among MZ twin pairs we repeated the pairwise analyses among DZ and MZ
pairs separately using cohort members who were discordant for vigorous physical activity in 1975 and 1981 (similar
criteria as in our primary analysis but shorter PA discordance at baseline). This material also included older cohort
members than in our primary analysis. This dataset included 778 DZ and 231 MZ vigorous activity discordant twin
pairs. Among these DZ pairs there were 204 deaths and among MZ pairs 55 deaths during follow-up (between
1981 and 31% August 2013). Unadjusted pairwise HR for death among active compared to inactive members for
DZ pairs was lower (HR 0.58 [95% CI 0.46-0.74]) than among MZ pairs (0.85 [0.56-1.30]. When this secondary
analysis was repeated in the baseline-healthy subgroup the HRs were 0.64 (0.45-0.89) for DZ pairs and 1.05
(0.58-1.88) for MZ pairs, respectively.

We also performed an individual-based analysis of how work-related (non-voluntary) physical activity affected
mortality. We found that individuals with persistently non-sedentary work had a higher risk of death than those
with persistently sedentary work (age- and sex-adjusted HR = 1.15, 95% CI: 1.00-1.32; P=0.046). Additional
analyses that adjusted for other covariates (e.g. sex, age, education, smoking status, alcohol consumption and
BMI) attenuated the HR. Also, multivariate models that analysed the persistence or change in work-related phys-
ical activity during 1975-1990 did not show any statistically significant associations with subsequent mortality.
Moreover, no differences for the risk of death by work-related physical activity were observed in the pairwise
analyses of all twin pairs.

Discussion

The main findings of this study along with their interpretations are summarized in Table S3. Taken together, our
results are consistent with previous data on rodents'>*? and humans?”?%, which indicated that genetic predisposi-
tion plays a significant role in exercise participation. These results are also consistent with our previous suggestion'*
that genetic pleiotropy may partly explain the associations observed between high physical activity and mortality
in our past epidemiological studies, which called for high quality intervention studies to analyse the true effects
of physical activity on morbidity and mortality among initially healthy individuals. Our results also support the
notion that inherited aerobic capacity is a predictor of longevity”"?, but further study in both animals and humans
is required to determine whether this is true for the portion of aerobic capacity enhanced by vigorous physical
activity. Our findings are also consistent with previous studies that show positive effects of physical activity on
glucose metabolism in rodents and human twins?*. However, vigorous physical activity does not improve lon-
gevity in twins®* or rodents, particularly when commenced in maturity>*!. It is to note that randomized controlled
trials show that vigorous physical activity has other health benefits such as improvement of both self-reported and
objectively reported physical functioning and reduction of depression*2%.

With this work as a foundation, we anticipate a variety of future investigations. Examples include large scale,
randomized controlled intervention trials on the effects of physical activity, collaborative twin studies with larger
sample sizes, Mendelian randomization analyses, and studies on genetic pleiotropy, after obtaining more knowledge
on susceptibility genes. Also, there are limitations in using questionnaires as a measure of physical activity level,
and future studies should combine self-reported PA data with proper objective monitoring of physical activity
including specific causes of death as outcomes. In our animal experiment, divergence in physical activity started
in early adulthood, which is typically the case in physical activity-discordant MZ twin pairs*’. Our finding covers
vigorous physical activity started at adulthood, but low intensity leisure-time physical activity such as walking and
vigorous physical activity started during childhood may have different effects. Thus, it will be critical to determine
whether physical activity affects lifespan differently when commenced early in life compared to starting later in
adult life?"34%,

Methods

Animal study. Animal strains. 'The HCR/LCR contrasting rat model system was produced with two-way
artificial selection, starting from a founder population of 186 genetically heterogeneous rats (N:NIH stock), as
described previously' (Fig. 1a). Briefly, endurance running capacity was assessed on a treadmill and the total
distance run during the test was used as a measure for intrinsic fitness capacity. Rats with the highest running
capacity from each generation were bred to produce the HCR strain, and rats with the lowest capacity were bred to
produce the LCR strain. For the study protocol described here, 79 female rats (39 HCR and 40 LCR) were obtained
from generations 23-27. Each rat was phenotyped for fitness capacity at the University of Michigan (Ann Arbor,
Michigan, USA) with a speed-ramped treadmill running test (15° slope, initial velocity of 10 m x min ", increased
1 m x min~' every 2min), when rats were ~3 months of age. Clear differences were observed in running test results
(HCR 21644+ 394m vs. LCR 302+ 49m, P< 0.001).

After the rats arrived and habituated in Finland, we collected fasting blood samples from untrained animals
(mean age 9 months), and again one year after the start of the voluntary running intervention (age 21 months).
Then, each rat was carefully followed to measure lifespan. All rats were maintained in an environmentally controlled
facility (12/12 h light-dark cycle, 22 °C) with water and standard food ad libitum.

Intervention. Before testing, up to the age of 9 months, rats were housed 2/cage in standard cages. After col-
lecting the first blood samples (age 302 4 38 days), each group (HCR and LCR) was divided into two subgroups
matched for body weight and maximal running capacity; two subgroups were placed in standard cages (controls:
HCR-C and LCR-C) and two subgroups were placed in cages with running wheels (voluntary running groups:
HCR-R and LCR-R; Fig. 1a). During the voluntary running intervention, rats in all four groups were housed
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1/cage. Voluntary running was followed through a computerized system throughout lifespan. Follow-up started
on the day of randomization and ended at death.

Animals were euthanized when any one of the predetermined humane end point criteria were observed. These
criteria were: movement disabilities, difficulty maintaining an upright position, assuming a crouched position for
>48h, labored breathing, dehydration, severe loss of body mass (>20% total body mass), chronic diarrhea or
constipation for >48h, test results that indicate loss of internal organ function, any prolonged leak from a body
orifice, self-harming behaviour, and unresponsiveness to external stimuli.

Measurements of spontaneous activity. Total spontaneous physical activity was measured every three months for
four days throughout each rat’s lifespan. For this purpose, we used ground reaction force recordings, as described
previously?. From that data, we calculated the activity index?**° as an average sum of three full days from 8 a.m.
to 8 a.m. Data shown is an average value of measurements from time points 13 and 15 months of age.

Measurement of body weight and energy intake. The body weights and energy intakes of rats were followed
throughout the study by weighing the rats and the amount of food consumed every second week. The energy
intake was calculated based on the estimated energy content of the food, according to the manufacturer (R36,
Lactamin AB).

Fasting blood samples. ~ Fasting blood samples were collected at day time, after 5h fasting, at ages 9 and 21 months.
The group sizes were reduced between 9 and 21 months as follows: HCR-C: 19 to 17; HCR-R: 20 to 17; LCR-C:
20 to 18; and LCR-R: 20 to 15. Before collecting blood samples, all running wheels were blocked for 5h to disable
wheel movement. This action precluded any potential acute effects of running on the measured parameters. Blood
glucose was measured in fresh samples (HemoCue Glucose 201 RT). Insulin was measured with ELISA from frozen
(-80 °C) serum samples (Mercodia, Rat Insulin ELISA). HOMA-IR was calculated as the product of fasting glucose
and insulin levels, divided by a constant?, with the following equation:
(Glucose (mmol/l) * Insulin (jg/1))/2.430.

Ethics statement.  Experimental procedures with rats conformed to the European Guidelines for the Care and
Use of Laboratory Animals (directive 2010/63/EU) and were approved by the National Animal Experiment Board,
Finland (Permit number ESAVI-2010-07989/Ym-23).

Statistical Analyses. We performed statistical analyses using IBM SPSS for Windows 22.0 (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 used to assess the homogeneity of the variance assumption. When the assumptions were met,
statistical comparisons of parameters between rat groups were performed with the T-test. P-values less than 0.05
were considered statistically significant.

Mortality analyses were conducted in individual study groups (e.g., HCR-R vs. LCR-R); in pooled groups (HCR
vs. LCR); and according to training (e.g., HCR-R vs. HCR-C). Hazard ratios (HR) and 95% confidence intervals (CI)
were calculated with the Cox proportional hazard model with the StataIC13 statistical package. Follow-up started
on the day of randomization and ended at death. Results were adjusted for age at randomization and body weight.

Human study

Twin cohort.  The Finnish Twin Cohort retains records of all same-sex twin pairs born in Finland before 1958, if
both co-twins were alive in 196772 In 1975, a baseline questionnaire was sent to twin pairs that were both alive at
that time. A second questionnaire was sent in 1981 to all twin pairs; and a third questionnaire was sent in 1990 to
all twins aged 33-60 years that had responded to at least to one of the earlier questionnaires. Among those with
known addresses (93.5% of subjects) in 1975, the response rate for twin pairs was 87.6%. The response rate among
respondents in 1975 that were alive in 1981 was 90.7%. The individual response rate was 77.3% in 1990%”. The
determination of zygosity was based on an accurate, validated questionnaire’.

For the present study, inclusion criteria were: complete data on leisure-time physical activity required for cal-
culating the metabolic equivalent (MET) index, from three postal surveys conducted in 1975, 1981, and 1990. A
total of 11 325 individuals (5113 males and 6212 females) met these criteria for all three time points, including 4190
complete twin pairs (1388 MZ pairs, 2547 DZ pairs, and 255 pairs with unknown zygosity). The physical activity
levels and mortality of twins did not differ between pairs with one respondent (ineligible for pairwise analyses)
and pairs with two respondents (eligible for pairwise analyses).

Assessment of predictors and potentially confounding variables. 'The questionnaires mailed in 1975, 1981, and
1990 included questions on physical activity performed during leisure time, work-related physical activity, weight,
height, occupation, alcohol use, smoking, and physician-diagnosed diseases. For the current study, participation
in vigorous leisure time physical activity (voluntary) and work-related physical activity (less voluntary) in 1975,
1981, and 1990 were used as separate baseline predictors of mortality.

Leisure-time physical activity. Leisure physical activity habits were assessed with identical validated questions
on surveys conducted in 1975 and 1981%*%° and with modified questions on the survey conducted in 1990*'.
Assessments of vigorous physical activity were based on a single set of intensity categories applied at all three time
points; these were: 1) walking, 2) alternately walking and jogging, 3) jogging (light running), and 4) running.
Vigorous activity was defined as levels 2, 3, or 4 (all more intensive than normal walking), performed at least 3-5
times/month in 1975 and 1981, or at least for 30 min each week in 1990. Then, a five-category vigorous activity
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variable was created to assess changes/persistence over time. Category 1 was ‘persistent vigorous activity’, defined
as vigorously active at all three time points (1975, 1981, and 1990); conversely, category 5 was ‘no vigorous activity’
defined as no vigorous activity at all three time points. Intermediate categories were mixed participation in vigorous
activity over time (1975, 1981, 1990, respectively), as follows: ‘increased’ (no, no/yes, yes), ‘decreased’ (yes, yes/
no, no), and ‘changed’ ([yes, no, yes] or [no, yes, no]). This five-category vigorous activity variable was used as the
main mortality predictor for the human study.

To characterize the amount of long-term leisure time physical activity performed, we calculated the MET index,
based on a series of structured questions that covered leisure physical activity and any physical activity performed
during the journey to and from work***!. We calculated the activity MET index by assigning a multiple of resting
metabolic rate to each activity and by calculating intensity x duration x frequency of activity. The MET index was
expressed as the sum of leisure MET-hours per day at each time-point (1975, 1981, and 1990). Finally, we calculated
amean MET index for long-term leisure-time physical activity; i.e., the MET indexes for 1975, 1981, and 1990
were added together and divided by 3.

Work-related physical activity. Work-related physical activity was a categorical variable evaluated with a four-point
ordinal scale”. The question was as follows: “What kind of work did/do you do in your present job or the job you
last had?” The answers were: 1) mainly sedentary work, which requires very little physical activity; 2) work that
involves standing and walking, but no other physical activity; 3) work that requires standing and walking, and in
addition, requires lifting and carrying; or 4) heavy physical work. Answer 1 was classified as sedentary work, and
answers 2, 3, or 4 were classified as non-sedentary work. Then, a five-category work-related activity variable was
created that covered the three measurement points, as described for participation in vigorous leisure-time physical
activity (see above). Those categories were: persistent sedentary work, persistent non-sedentary work, increased,
decreased, or changed work-related physical activity.

Confounding variables. For the present study, body mass index (BMI), smoking status, use of alcohol, health
status (all reported in 1990), and self-reported education level (reported in 1981) were tested as covariates. The
level of education was assessed in the 1981 questionnaire by asking what kind of schooling the respondent had
completed®”. The answers were converted into a nine-class variable of years of schooling for the analyses. BMI
(kg/m?) was calculated from self-reported height and weight. Smoking status was determined from responses
to detailed questions on smoking history, coded into four categories (never smoked, former smoker, occasional
smoker, and current (daily) smoker)*?. Alcohol use was expressed in units of alcohol grams consumed per day*.
According to the 1990 questionnaire, individuals were considered to have a somatic illness, when he/she had (i)
any self-reported disease diagnosed by a physician, or (ii) a self-reported life event related to a serious injury or
illness, or (iii) a self-reported permanent work disability”’. Other subjects were classified as healthy. The cohort
included a total of 4846 twins who were healthy in 1990; 91.4% of them had lived together with their co-twin until
the age of 16 years.

Ethics statement. ~ An earlier statement from the ethics committee of the Department of Public Health, University
of Helsinki covered our current study. The study was conducted according to the declaration of Helsinki. All the
participants gave their informed consent by providing questionnaire responses. The participants were provided
regular feedback on the purpose and conduct of the study and were informed that they may withdraw from the
study at any time.

Statistical analysis.  Mplus version 7 was used to estimate Intraclass Correlation Coefficients (ICC) and to partition
the total variance into genetic and environmental components* with standard techniques®. All-cause mortality
during follow-up was analysed. The exact dates of death, causes of death, and emigration from Finland were
available from the Population Register Centre of Finland. A total of 243 177 person-years were accumulated
during follow-up, from the 1990 individual response date to the end of July 2013, the date of emigration, or death.
During that period, 1478 individuals died at a mean age of 63.6 years (range 37.1 to 82.8 years). First, we analysed
individual-based mortality in relation to leisure-time physical activity participation, adjusted for age and sex.
We calculated HRs and 95% Cls with the Cox proportional hazard model, and we applied clustering for family
members. Next, we adjusted the model for baseline levels of education, smoking status, alcohol use, BMI, and
work-related activity, by adding one covariate at a time to the model. These adjustments did not significantly change
the HRs; therefore, three different models are shown in the Table S2. Additionally, a fourth model is shown, where
health status was added to the full model. Individuals that did not participate in vigorous activity were used as
the reference group in all analyses of leisure time physical activity. In addition, pairwise analyses were performed
with the same models for all twin pairs. We analysed all twins at once, and then, MZ and DZ pairs separately. We
used the identical analysis strategy for assessing work-related physical activity categories, except we did not adjust
for work-related physical activity. Data were analysed with the StataIC13 statistical package (Stata Corp, College
Station, Texas, U.S.A.).
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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.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Sir2 was shown to promote longevity, which raised the interest towards
a possible role of sirtuin proteins in mammalian aging (Kaeberlein et al.,

Aging is a physiological phenomenon during which a progressive
decline of organ and tissue function is accompanied with the develop-
ment 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 (Wei and Lee, 2002; Van Remmen and Richardson, 2001;
Kruk et al., 1995; Olovnikov, 1996). In yeast cells, the SIRT2 ortholog
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1999).

Sirtuins are nicotinamide adenine dinucleotide (NAD)-dependent
protein deacylases that link protein acylation, metabolism and aging
(Guarente, 2013). 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 (Finkel
et al., 2009; Verdin et al., 2010). Generally, the sirtuins deacylate
proteins that are involved either in i) response to oxidative stress or
ii) control of metabolism (Guarente, 2013). Sirtuins interact with
telomeric chromatin and several components of the DNA repair ma-
chinery making them potential targets for studies on the mechanisms
of oxidative stress in aging (Nakagawa and Guarente, 2011; Michishita
et al., 2008). Sirtuins are also energy sensor proteins that respond
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strongly to caloric restriction, a well-recognized intervention to increase
life span of lower model organisms and rodents as well as primates
(Bishop and Guarente, 2007; Rogina and Helfand, 2004; Bodkin et al.,
2003). Furthermore, sirtuins play a role in the selection of energy source
by regulating fatty acid oxidation (Hirschey et al., 2010; Nasrin et al.,
2010) along with mitochondrial energy metabolism and ATP homeosta-
sis (Ho et al,, 2013; Park et al., 2013).

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 (Rodgers et al., 2005; Westerheide et al., 2009). HSFs
activate the transcription of a large number of genes that regulate
protein homeostasis, including genes encoding heat shock proteins
Hsp27 and Hsp70 (Westerheide et al., 2009; Vihervaara et al., 2013).
Hsp10 typically functions as chaperone in mitochondria together with
Hsp60 (Jia et al., 2011). In general, Hsp proteins function as molecular
chaperones by supporting the folding of newly synthesized polypep-
tides and the assembly of multi-protein complexes (Beckmann et al.,
1990; Kampinga et al., 2009; Jakob et al., 1993). SIRT1 has been shown
to maintain the DNA-binding state of HSF1 for Hsp70 induction (Liu
et al., 2014) whereas Hsp10 has proven to be a functional SIRT3
substrate (Lu et al., 2015).

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 hypoglyce-
mia and loss of subcutaneous fat, leading to death at early age
(Mostoslavsky et al., 2006; Xiao et al., 2010). SIRT7-knockout mice
display cardiac hypertrophy (Vakhrusheva et al., 2008), whereas
SIRT2-knockdown mice develop tumorigenesis, leading to the notion
that SIRT2 acts as a tumor suppressor (Park et al.,, 2012). Mice lacking
both SIRT3 alleles have higher levels of fatty-acid oxidation intermedi-
ate products and triglycerides during fasting, associated with decreased
levels of fatty-acid oxidation, compared to livers from wild-type mice
(Hirschey et al., 2010). Interestingly, reduced SIRT4 levels significantly
increase fatty acid oxidation and cellular respiration in myotubes, dem-
onstrating that that SIRT4 inhibition increases fat oxidative capacity and
mitochondrial function in muscle (Nasrin et al.,, 2010). SIRT5-knockout
mice are hyperammonemic during fasting and SIRT5-overexpressing
mice have conversely increased urea production (Nakagawa et al.,
2009). SIRT1-knockout mice are not viable in inbred strain backgrounds
and show pleiotropic phenotypes in outcrossed lines, including small
size, developmental defects and sterility (McBurney et al., 2003). 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 (Bordone et al., 2007). In mammals, HSFs are
involved in several developmental pathways, and HSF1-knockout
mice exhibit growth retardation, prenatal lethality and decreased
lifespan (Xiao et al., 1999). 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 (Lollgen et al., 2009; Myers et al., 2002). Recently, it was
also reported that high intrinsic aerobic capacity is strongly linked to
longevity in rodents (Koch et al,, 2011). 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 (Ferrara
et al., 2008). SIRT3 has been reported to be upregulated by exercise
and chronic muscle contractions (Gurd et al., 2012; Palacios et al.,
2009), and resistance training has been shown to increase Hsp levels
in skeletal muscle of both young and old rats (Murlasits et al., 2006).
To date, SIRT1 and SIRT6 have proven to be strong determinants of life
span in mice (Kanfi et al., 2012; Satoh et al., 2013). However, only a

few studies have addressed how healthy aging itself affects the expres-
sion of sirtuins, HSFs and Hsps. There are indications that the activity of
sirtuins declines during aging (Nakagawa and Guarente, 2011), yet
more animal and humans studies are needed to explore the effects of
the whole sirtuin protein family on lifespan (Jia et al., 2012).

Here we use rat strains that differ from their intrinsic aerobic
capacity; high capacity runners (HCR) and low capacity runners (LCR)
(Koch and Britton, 2001) 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 capac-
ity, 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 (Koch et al., 2011).
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 (Koch et al.,, 2011; Novak
et al,, 2010a; Waters et al., 2008).

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
(Koch and Britton, 2001). The phenotype for endurance running capac-
ity 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’!, 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 measure-
ments 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). Dur-
ing 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
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Fig. 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).

every second week. The energy intake was calculated from the feed
energy content information provided by the manufacturer (Labfor).

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 com-
puterized 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 (@ 34.5 cm). From daily running distances we calcu-
lated 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 (Silvennoinen et al., 2014).
The absolute values of the differences between consecutive force values
were calculated as described by Silvennoinen et al (Silvennoinen et al.,
2014). 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 (Silvennoinen et al., 2014;
Biesiadecki et al., 1999).

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 MgCl,, 100
mM, b-glycerophosphate, 1 mM Na3VO,4, 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).

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 {3-
glycerolphosphate, 20 mM PNPP, 100 uM ortovanadate), and protein
concentration was measured with the Bradford method.

2.6. Citrate synthase activity

Citrate synthase activity (Uspg 'min™') 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 (Hoppeler, 1986). 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
g 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 anti-
bodies 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-1ac (1:4000; 516557, Calbiochem), cyto-
chrome 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 visu-
alized by ECL according to the manufacturer's protocol (SuperSignal
West femto maximum sensitivity substrate, Pierce Biotechnology) and
quantified using ChemiDoc XRS in combination 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. Mitochon-
drial Hsp10 was first normalized to corresponding GAPDH band and
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thereafter to OXPHOS Cocktail level similarly as mitochondrial sirtuins.
PGC-1a and cyt C were normalized to corresponding GAPDH band.

2.7.2. HSFs and Hsp27and Hsp70

Samples containing 35 pg of total protein were separated by SDS-
PAGE on 7.5 % gels (Bio-Rad Laboratories) and transferred to nitrocellu-
lose 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: a-HSF1
(1:1000; SPA-901, Enzo Life Sciences), oi-HSF2 (1:200; Clone 3E2,
Cayman Chemicals), a-HSP70 (1:5000; SPA-810, Enzo Life Sciences),
«-HSP27 (1:1000; SPA-800, Enzo Life Sciences), o.-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 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 mea-
sured parameters. P-values less than 0.05 were considered statistically
significant.

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 com-
pared 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 spontane-
ous 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
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Fig. 2. Body weight and energy intake during one-year intervention. n = 10/group. * *p <
0.05, Values are expressed as mean + SEM.

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 gastroc-
nemius 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 (Figs. 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 D, 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-1ax contents in
the gastrocnemius muscle with HCRs higher protein levels compared to
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LCRs (p < 0.010, Fig. 7A and B, Table 1). Aging significantly increased
PGC-1a level (p < 0.05, Fig. 7B, Table 1).

34. 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
326741081 and HCR-R_after 3554 + 835; LCR_before 2767 4+ 866 vs.
LCR_after 2863 +917 and LCR-R_after 3545+ 1328 [Us pg 'smin’!,
mean + SDJ).

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 pro-
tein 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 (Hirschey et al., 2010; Sack and Finkel,
2012), which have been established in HCRs (Gavini et al., 2014;
Novak et al,, 2010b; Overmyer et al,, 2015). 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 (Overmyer et al.,
2015). Since the rats utilized in Overmyer’s study were three month

old male rats, whereas our rats were nine month old females, it is pos-
sible 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 (Lombard et al., 2007), 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 (Overmyer et al., 2015).

Furthermore, in a previous study with humans, the strongest associ-
ation between sirtuins and aging has been found in the SIRT3 gene
polymorphism in mitochondria (Rose et al., 2003). 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 in-
creased survival in the elderly even though this variant does not alter
the amino acid sequence (Rose et al., 2003). 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 identi-
fied 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 (Jia et al., 2011; Sadacharan et al.,
2001). 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 inflammation that are potential threats for healthy
aging (Jia et al,, 2011). It may be speculated, that cellular Hsp10 shares
arole in healthy aging beside SIRT3.

Unlike what we hypothesized, there were no differences in the pro-
tein 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 (Hart et al., 2013a,
2013b). 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 compar-
ison between the rat strains on the studied sirtuins. SIRT1 is known to
deacetylate PGC-1a, which links SIRT1 to oxidative metabolism
(Guarente, 2013). Indeed, the activity of SIRT1, but not its expression,
has been observed to regulate mitochondrial biogenesis both in
human and rat skeletal muscle (Gurd et al., 2011; Koltai et al., 2010).
Another study found that acute endurance exercise increases the levels
of SIRT1 and PGC-1« in rat skeletal muscle (Suwa et al., 2008). 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-1a
and cyt C levels than LCRs (strain effect, p < 0.010, Fig. 7). Our results
from elevated levels of PGC-1q, cyt C and citrate synthase activity in
HCRs skeletal muscle are consistent with previous findings of increased
mitochondrial copy number, protein expression of mitochondrial respi-
ratory complexes and citrate synthase activity of HCRs in soleus and EDL
muscles compared to LCRs (Stephenson et al., 2012). Since PGC-1a
plays a key role in mitochondrial biogenesis and cyt C is an indicator
of mitochondrial density, the elevated PGC-1a and cyt C levels may
aid HCRs to maintain their high muscle oxidative capacity during
aging (Handschin and Spiegelman, 2006; Booth, 1991).

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
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pathway (Jakob et al., 1993; Schmitt et al., 2007). 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
(Schmitt et al., 2007). Aging in general is linked to accumulation of
oxidative stress (Wei and Lee, 2002), and it appears also to attenuate
the heat shock response in the myocardium of old animals (Demirel
et al., 2003; Locke and Tanguay, 1996). However, in skeletal muscle,
old animals seem to retain their capability to accumulate Hsps when
subjected to heat shock (Locke, 2000). HSF1 and HSF2 are important
for protecting cells from protein-damaging stress associated with
misfolded proteins and aging as well as aging-related diseases
(Rodgers et al., 2005; Westerheide et al., 2009). Interestingly, Hsp27
has been shown to increase the cellular anti-oxidant defense (Mehlen
et al., 1996). Elevated HSF1, HSF2 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

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 0316 0.091
HSF1 <0.001*** 0.003** 0.274
HSF2 0.005** 0.020* 0.114
PGC-1a 0.003** 0.049* 0.108
CytC <0.001*** 0.087 0.187

molecular machinery (Murlasits et al., 2006). Moreover, aging increased
the level of PGC-1ax and had a tendency to increase cyt C level (Fig. 7,
Table 1), not showing the expected aging-related decrease of mitochon-
drial function and content that has been established previously (Conley
et al,, 2000; Johnson et al., 2013). One reason for these unexpected
results may be the fact that aging-related loss of muscle fibers is associ-
ated with a selective atrophy of type 2 (mainly glycolytic) muscle fibers,
resulting in higher relative amount of type 1 (oxidative) fibers in aged
muscle (Thompson, 1994; Lexell, 1995). Hence aging-related changes
in skeletal muscle, especially ones in relation to oxidative capacity, are
controversially reported in the literature (Houmard et al., 1998). 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 signif-
icant effect on the studied proteins. It has been established in previous
studies, that endurance training increases PGC-1a and cyt C levels as
well as mitochondrial content and respiratory capacity in skeletal mus-
cle (Holloszy and Coyle, 1984). 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-1ax is known to respond to exercise acutely (Baar et al., 2002), 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
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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 (Karvinen et al., 2015). In our cross-sectional study we
had same number of samples from both rat strains at time point 21

Hsp27
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months randomly selected from a larger group size to compare the dif-
ferences 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
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the activities of sirtuins, and thus, it is possible that there are age-related
or exercise-induced differences in the 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 associ-
ated with an extended lifespan in mammals.
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Abstract

Body heat generation, i.e. thermogenesis, is a significant component of the metabolic rate,

which in turn affects weight gain and health. Thermogenesis is linked to physical activity (PA)
level. However, it is not known how genetic background, aging, and voluntary running affect

thermogenesis. Here we study the association of intrinsic aerobic capacity, PA, aging and

blood glucose concentration with thermogenesis. For this study ten high capacity runner

(HCR) and ten low capacity runner (LCR) female rats were utilized. The body temperature of
HCR and LCR rats was measured at a normal stage and after one year voluntary

running/control intervention to explore the effects of aging and PA. Also, it was studied how

injected glucose or placebo (physiological saline solution) and spontaneous activity affect the

body temperature. HCRs had on average 1.3°C. higher body temperature than LCRs (p <

0.001). Aging decreased the body temperature level of HCRs into similar levels with LCRs.

The opportunity to run voluntarily had a marked impact on the body temperature of HCRs (p

< 0.001) aiding them to maintain body temperature at similar level as at younger age.

Compared to LCRs, HCRs were spontaneously more active, had higher relative

gastrocnemius muscle mass and higher UCP2, PGC-1a, cyt ¢ and OXPHOS contents in the

skeletal muscle (p < 0.050). These results suggest that higher PA level together with greater

relative muscle mass and higher mitochondrial content/function contribute to the more

efficient thermogenesis of HCRs. Neither aging nor voluntary training had a significant

impact on body temperature of LCRs. Glucose injection lowered the body temperature of
LCRs (p < 0.050), but not that of HCRs. To conclude, HCRs had higher body temperature at

younger age compared to LCRs at untrained state. Voluntary running aided HCRs to maintain

high thermogenesis during aging, which states that high PA level was crucial in maintaining

the high body temperature of HCRs.

Keywords: Thermogenesis, body temperature, physical activity, aerobic capacity, aging,
skeletal muscle, sirtuins
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1 Introduction

Thermogenesis is an energy demanding process that has a significant contribution to daily
total energy expenditure (TEE), body weight and health (Levine, Eberhardt & Jensen 1999,
Rosenbaum et al. 2008). High thermogenesis is linked to high physical activity (PA) level, as
body temperature rises as a result of increased muscular activity (Gleeson 1998). In rodents it
has been established, that high PA in turn is tightly associated with high aerobic capacity
(Novak et al. 2010). Whether the level of thermogenesis is due to inborn aerobic capacity or a
consequence of PA level per se remains unclear. Furthermore, it is not known how genetic
background, aging and voluntary running affect thermogenesis. Here we study the effects of
intrinsic aerobic capacity, voluntary running, aging, and blood glucose concentration on
thermogenesis.

Several features affect thermogenesis and TEE, such as age, physical activity, meals
(processing nutrients), stress, and in females the stage of estrous cycle (Horan et al. 1988,
Kent, Hurd & Satinoff 1991, Kontani et al. 2002, Yamashita et al. 1994, Waters et al. 2010,
Landsberg, Saville & Young 1984). Physical activity, whether it is endurance or strength
training, or just normal daily activities, correlates positively with body temperature (Nozu et
al. 1992, Tonkonogi et al. 2000). Thermic effect of food is known to increase energy
expenditure and thermogenesis (Rothwell & Stock 1979, Cannon & Nedergaard 2004),
whereas stress causes an increase both in blood glucose concentration and body temperature
via stress hormones and stress related behaviour (Vachon & Moreau 2001, Blanchard,
Griebel & Blanchard 2001). In females, the stage of estrous cycle is known to affect the body
temperature; temperature increases during proestrus, when progesterone and estrogen
concentrations are highest, while during estrus there is a drop in body temperature (Kent,
Hurd & Satinoff 1991, Marrone, Gentry & Wade 1976).

At cellular level, the amount and efficiency of mitochondria and uncoupling proteins (UCP)
play the main role in thermogenesis (Rousset et al. 2004, Cannon & Nedergaard 2004). UCP1
is primarily found in the mitochondria of brown adipose tissue (BAT), whereas UCP3 is the
main uncoupling protein expressed in skeletal muscle (Rousset et al. 2004). UCP2 is a
mitochondrial uncoupling protein that separates oxidative phosphorylation from ATP
synthesis with energy dissipated as heat. Although UCP3 and UCP2 share similar features,
UCP2 is mainly thought to control the production of mitochondria-derived reactive oxygen
species, whereas UCP3 plays a main role in non-shivering thermogenesis (Boss et al. 1997,
Rousset et al. 2004). Besides UCPs, also amount and efficiency of mitochondria to produce
heat affects body temperature. PGC-1a plays a key role in mitochondrial biogenesis whereas
cytochrome ¢ (cyt ¢) is a crucial component of the electron transport chain in mitochondria
and hence these proteins are essential for muscle oxidative capacity (Huttemann et al. 2011,
Lin et al. 2015). Endurance exercise is known to increase PGC-1a levels and mitochondrial
biogenesis in muscle, although UCP levels are found to be reduced (Jones et al. 2003,
Freyssenet, Berthon & Denis 1996, Holloszy 2008, Nozu et al. 1992, Pilegaard et al. 2000,
Russell et al. 2003). Aging in general causes decrease in thermogenesis via lower UCP levels,
reduced response to noradrenaline and diminished BAT content (Kontani et al. 2002, Horan
et al. 1988, Yamashita et al. 1994).

BAT has for long been considered as the main thermogenic organ (van den Berg et al. 2011).
At present, in addition to BAT, skeletal muscle has been demonstrated to significantly
contribute to thermogenesis (Gavini et al. 2014). Since approximately 40% of total body
mass is composed of muscle, the capacity of skeletal muscle to contribute to whole-body
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energy expenditure is reasonable. The contribution of skeletal muscle mitochondrial
uncoupling to weight gain has been demonstrated in several mouse models (Son et al. 2004,
Costford et al. 2008, Choi et al. 2007). It has been shown that UCP3 overexpression protects
mice from high-fat diet induced insulin resistance and obesity (Choi et al. 2007, Clapham et
al. 2000). Recent studies from genetically contrasting rat lines reveal that intrinsic aerobic
capacity has a major role in TEE, physical activity level and non-exercise activity
thermogenesis (NEAT) (Gavini et al. 2014, Novak & Levine 2007). Rats selectively bred for
high aerobic endurance capacity (HCR = high-capacity runner) are also spontaneously more
active and consume more energy compared to their counterparts that are selectively bred for
low aerobic endurance capacity (LCR = low-capacity runner) (Kiveld et al. 2010, Koch &
Britton 2001). Furthermore, HCRs have lower risk to become obese and have longer lifespan
compared to LCRs, whereas LCRs are prone to gain excess body weight and develop
metabolic disorders (Kiveld et al. 2010, Noland et al. 2007, Koch et al. 2011, Wisloff et al.
2005).

Body temperature is tightly associated with metabolic rate (Landsberg 2012, Geiser 1988,
Heikens et al. 2011); in fact one degree C rise in temperature is associated with a 10-13%
increment in oxygen consumption (Landsberg 2012). The elevation in temperature itself is
responsible for speeding up metabolism, since enzyme-catalyzed reactions are enhanced in
higher temperatures (Landsberg et al. 2009). We recently noticed that besides the differences
between the HCR and LCR rat lines listed above, anesthetized HCRs seemed to have higher
body temperature compared to LCRs. We wanted to study this novel finding more carefully
and measured the body temperature of HCR and LCR rats at normal stage and studied the
effects of aging and voluntary running for one year. We also followed the body temperature
during glucose tolerance and placebo test to see the effect of stress (injection), high blood
glucose and spontaneous activity on body temperature. Our first hypothesis was that HCR
rats have intrinsically higher body temperature compared to LCRs due to their higher
mitochondrial capacity to produce heat. Secondly, we hypothesized that aging would
decrease body temperature levels due to aging related loss of mitochondrial function and
decreased expression of the UCP in skeletal muscle and BAT, but the difference between the
HCR/LCR rat lines would still be evident. Thirdly, we assumed that voluntary running would
increase the body temperature in both rat lines due to increased mitochondrial biogenesis,
thus aiding to prevent age related decrease in mitochondrial function. Our final hypothesis
was that glucose injection would increase the body temperature especially in the energy-
dissipating HCRs, since BAT as insulin sensitive tissue may have a major role in dissipating
extra energy as heat (Stanford et al. 2013, Cannon & Nedergaard 2004).
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2 Materials and Methods
2.1 Animal lines

The HCR/LCR contrasting rat model was produced via two-way artificial selection, starting
from a founder population of 186 genetically heterogeneous rats (N:NIH stock), as described
previously (Koch & Britton 2001). 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 memin’, increased 1 m/min every 2 min) when the rats
were 11 weeks of age. For the glucose and placebo tests described here, 20 female rats (10
HCR and 10 LCR) from the 27" generation of selection were used (Fig. 1, Set 1). First non-
trained animals were tested before one-year voluntary intervention (age 9 months) and the
tests were repeated as follow-up after the intervention (age 21 months). We also had extra 60
female rats from the generations 23-27 of selection with the same voluntary running
intervention to prepare Western blot samples from gastrocnemius muscle and BAT at the
same time points (Fig. 1, Set 2). The rats lived in an environmentally controlled facility
(12/12 h light-dark cycle, 22°C) and received water and standard feed (R36, Labfor,
Stockholm, Sweden) ad libitum.

2.1.1 Body temperature: Baseline measurement

Body temperature was assessed by measuring rectal temperature (Fluke 52 k/J Thermometer)
after 2 h of fasting before dividing the rats into separate intervention groups (n = 10/group).
Measurement was repeated in separate days and the average of two measurements was used
for the statistical analyses.

2.2 Intervention

Before the first measurements, at the age of 9 months, the rats were housed two per cage in
standard cages. After the first measurements rats were divided evenly in weight and maximal
running capacity matched groups (n = 5); HCR (control), HCR-R (runner), LCR (control) and
LCR-R (runner) (Fig. 1, Set 1). Control rats lived in a standard cage conditions and runners
had an access to running wheels that were connected to a computerized recording system to
follow the running distance throughout intervention. During this one year intervention the
rats were housed one per cage. The follow-up measurements were performed at the age of 21
months.

2.2.1Voluntary running distance, body weight and energy intake

Voluntary running distance in the running wheels was followed throughout the one-year
intervention with a self-constructed 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 (@ 34.5 cm). From
daily running distances an average daily running distance for every two-week period was
calculated. Body weight and energy intake of the rats were followed throughout the one year
intervention by weighing the rats and consumed feed every second week. Energy intake was
calculated as two week feed consumption from the energy content informed by the
manufacturer (Labfor).
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2.2.2 Body temperature: Before and after intervention measurements

To study the effects of rat line, aging and voluntary running before and after one-year
voluntary running intervention, body temperature was measured similarly to the baseline
measurements described above. Measurements were done after 5 h of fasting from the same
rats as used for the intervention (n = 5/group). The average of the fasting (F) point
measurements from each rat from glucose tolerance and placebo tests were used for the
statistical analyses.

2.2.3 Glucose tolerance and placebo tests

The glucose tolerance and placebo tests were performed twice, first at the age of 9 months
and second time at the age of 21 months (Fig. 1). Tests were done in two parallel sets in each
day, between 9.30 a.m. and 3.30 p.m. Rats from different groups were randomized to
treatment sets to account the possible effect of circadian rhythm on blood glucose level. Two
animals were excluded from the follow-up measurement of old rats due to aging symptoms,
leaving the following group sizes for second measurements; HCR (n = 4), HCR-R (n = 5),
LCR (n = 4) and LCR-R (n = 5). Rats were deprived of food for 5 h before measurements.
The running wheels of the runner rats were blocked 5 h before the measurements disabling
the movement of the wheel to avoid the possible acute effects of running on the
measurements. Body weight was measured before each test. At the time point 0 either 2 g/kg
of glucose (20 % solution) or equal volume of placebo (physiological saline solution) was
injected into the peritoneal cavity. Rectal temperature and blood glucose were measured at
time points 0, 30, 60, and 120 min after the injection. Blood samples for further analyses
were collected before starting the glucose/placebo protocol (fasting sample).

2.2.3.1 Heat generation

Rectal temperature was measured at time points 0, 30, 60, and 120 min after the injection
(Fluke 52 k/J Thermometer). To compare the estimate of heat generation during placebo and
glucose tolerance tests the area under curve (AUC) values of rectal temperature were
calculated from each group during both tests between time points 0-120 min normalized with
0 min level. AUC values were used for the statistical analyses of the effect of rat line, running
and treatment on heat generation.

2.2.3.2 Spontaneous activity

Spontaneous activity of the rats was followed throughout the glucose tolerance and placebo
tests with ground reaction force recording as described before (Silvennoinen, Rantalainen &
Kainulainen 2014). The rat cages were placed on top of individual ground reaction force
plates 30 min before the start of the experiments and removed from the plate after the last
blood glucose measurement. The absolute values of the differences between consecutive
force values were calculated. The mean of the absolute values were calculated from every
second from total 20 values per second. To obtain activity index, a single value for total
spontaneous activity, the one second means were summed for the total measurement time and
the sum was divided by the body mass (kg) of the measured rat (Biesiadecki et al. 1999,
Silvennoinen, Rantalainen & Kainulainen 2014). The data used in statistical analyses were
presented as 30 min averages. The total spontaneous activity was also calculated during the
tests as a sum of activity index from the whole test period.
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2.2.3.3 Blood glucose concentration

Blood glucose was measured at time points 0, 30, 60, and 120 min after the injection
(HemoCue Glucose 201 RT). AUC normalized with 0 min concentration from the placebo
and glucose tests were used for the statistical analyses of the effect of rat line, running and
treatment on blood glucose concentration.

2.2.3.4 Phase of estrous cycle

Phase of estrous cycle was followed one week during the glucose tolerance and placebo
measurements after the intervention (age 21 months). Estrous cycle samples were collected
with physiological saline solution from vagina to a pipette, stained with methylene blue
(Giemsas azur-eosin; methylenblaulosung, Merck 9204) and observed under a light
microscope. Each sample was categorized to one of the four menstrual cycle states: proestrus,
estrus, diestrus or metestrus.

2.2.4 Tissue processing

Gastrocnemius muscle (n = 10/group) and BAT (n = 5/group) samples were collected from
the Set 2 rats (Fig. 1). The snap frozen samples were homogenized in liquid nitrogen and
dissolved in ice-cold buffer (20 mM HEPES (pH 7.4), 1 mM EDTA, 5 mM EGTA, 10 mM
MgCl,, 100 mM, B-glycerophosphate, 1 mM Na3VOy, 2 mM DTT, 1% NP-40, 0.2% sodium
deoxycholate, and 3% protease and phosphatase inhibitor coctail (P 78443; Pierce, Rockford,
IL). The muscle homogenate was thereafter centrifuged at 10 000 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).

2.2.4.1 Citrate synthase activity

Citrate synthase activity (Uspug'emin™) in the gastrocnemius muscle (n = 10/group) 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).

2.2.4.2 Western blot analyses

Aliquots of muscle homogenate were solubilized in Laemmli sample buffer and heated at
95°C to denaturate proteins, except for Total OXPHOS Cocktail, when samples were heated
at 50°C. Thereafter, samples containing 30 ug of total protein were separated by SDS-PAGE
for 60 to 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% non-fat dry milk for 2 h and then incubated overnight at 4°C with
commercially available polyclonal primary phosphospecific antibodies to measure the
following protein contents with stated dilutions: GAPDH (1:10000; ab9485, Abcam), tubulin
(1:1500; T6199, Sigma), PGC-1a (1:4000; 516557, Calbiochem), cyt ¢ (1:500; sc-8385,
Santa Cruz biotechnology, Inc.), UCP2 (1:300; ab67241 Abcam), UCP3 (1:3000; ab3477
Abcam) and Total OXPHOS Cocktail (1:1000; ab110413; Abcam). All the antibodies were
diluted in TBS-T containing 2.5% non-fat dry milk.

BAT samples were treated as above and prepared for Western-blot analyses for PGC-1a, cyt
¢, UCP1 (1:4000; ab10983, Abcam), UCP2 and UCP3.
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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 with Quantity One software (version 4.6.3.
Bio-Rad Laboratories). The UCP3 and pACC membranes described above were incubated in
Restore Western blot stripping buffer (Pierce Biotechnology) for 30 min and reprobed with
GAPDH or total-ACC antibodies by immunoblot analysis as described above. Results from
gastrocnemius muscle were normalized to the corresponding level of GAPDH (PGC-1a, cyt ¢
and UCP3), tubulin (UCP2, total-ACC and pACC) or PonceauS stained actin band
(OXPHOS Cocktail). All proteins from BAT samples were normalized to corresponding level
of tubulin.

2.2.5 Serum cortisol concentration

Cortisol concentration was measured from frozen (-80 °C) serum samples by a kinetic
photometric method with KoneLab (Thermo Scientific).

2.2.6 Ethics statement

This study was approved by the National Animal Experiment Board, Finland (Permit number
ESAVI-2010-07989/Ym-23).

2.3 Statistical analyses

All values in figures are expressed as mean + standard error of the mean (SEM). Statistical
analyses for variables were carried out using SPSS for Windows 22 statistical software
(version 22, IBM SPSS Statistics) and in Mplus 7. 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 variance assumption. Univariate analysis was done to
analyze the line, age, running and treatment effects to the measured parameters with Tukey
Post hoc test. When the normality or equality of variance assumptions were not met,
statistical comparisons of parameters between LCR and HCR groups were made using Mann-
Whitney test. The comparison between before and after intervention parameters within the
same group were done using Wilcoxon test. Mixed model analysis controlled for age, running
(yes/no), treatment (placebo/glucose), time point (F, 0, 30, 60 and 120 min) and spontaneous
activity, was used to determine the effect of line (HCR or LCR) on the measured body
temperature levels. Separate analysis for both rat lines of the effect of running, treatment,
time point and spontaneous activity on rectal temperature were performed using 4x5
longitudinal covariance structure analyses in Mplus 7 for both glucose tolerance and placebo
tests. P-values less than 0.05 were considered statistically significant.
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3 Results
3.1 Body temperature
3.1.1 Baseline measurement

HCRs had on average 1.3°C higher body temperature after 2 h of fasting compared to LCRs
(p <0.001) (Fig. 2A).

3.2 Intervention measurements
3.2.1 Before and after one-year running intervention measurements

Univariate analysis showed a significant line effect on body temperature both before and after
intervention (p < 0.050), with HCRs having higher body temperature compared to LCRs (Fig.
2B). When only control groups (HCR vs. LCR) were included in the analyses, the line effect
after intervention diminished. Aging did not have a marked impact on body temperature,
whereas running had a significant effect after intervention (p < 0.050) showing an increase in
the body temperature levels in both rat lines (p < 0.050, Fig. 2B). Also combined effect of
line and running was significant after intervention (p < 0.050). Post hoc test showed that after
the intervention, HCRs in the runner group had higher body temperature compared to the
corresponding controls (p < 0.010), whereas there was no difference between the LCR groups
(Fig. 2B).

3.2.2 Voluntary running distance, body mass and energy intake

HCRs ran voluntarily more than LCRs, the difference being significant at time points 10,
10.5, 12.5 and 21 months of age (p < 0.05) (Fig. 3A). When comparing the body weight,
LCR rats in both groups were heavier than HCR rats during the whole follow-up period (p <
0.05) (Fig. 3B). There was no statistical difference within the rat lines. LCRs in the control
groups had higher food intake compared to corresponding HCRs, the difference being
significant at time points 15 and 19.5 months of age (p < 0.05). Both runner groups consumed
more energy compared to the corresponding control groups (Fig. 3C), but only in HCR line
this difference was significant (HCR vs HCR-R, p < 0.05).

3.2.3 Glucose tolerance and placebo tests
3.2.3.1 Heat generation

Before the intervention, heat generation was positive when normalized to O-value during
placebo and negative during glucose test, and LCR control group had the largest negative
response to glucose injection (Fig. 4A). Univariate analysis showed an effect of treatment on
heat generation (p < 0.001, Fig. 4A). After the intervention treatment still had a significant
effect on heat generation (p < 0.010, Fig. 4B) and the effect of line was nearly significant (p =
0.064). Responses to both placebo and glucose injections in all groups were negative after
the intervention, with both LCR groups having greater negative response to glucose injection
compared to HCR groups (Fig. 4B).

3.2.3.2 Spontaneous activity

Total activity during the test protocols are presented in Figures 4C and 4D. Univariate
analysis revealed that HCRs had higher total activity during placebo and glucose tolerance
tests both before and after the one-year voluntary running intervention compared to LCRs
(line effect p < 0.001, Fig. 4C and 4D).
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3.2.3.3 Blood glucose concentration

Before the intervention the blood glucose AUC value in all groups was negative during
placebo test and positive during glucose tolerance test (Fig. 4E). Univariate analysis showed
significant treatment effects both before and after the intervention (p < 0.050, Fig. 4E and 4F).
Post hoc test further revealed that LCRs in the control group had higher blood glucose AUC
concentration compared to the corresponding runners both before and after the intervention (p
< 0.050), whereas there was no statistical difference between the HCR groups.

3.2.4 Serum cortisol concentration

HCRs had higher cortisol concentration compared to LCRs both before and after intervention
(line effect, p <0.001, Fig. 5).

3.3 Western-blot analyses
3.3.1 Gastrocnemius muscle

Univariate analysis showed a significant line effect in UCP2 and OXPHOS (p < 0.050) with
HCRs having higher protein levels compared to LCRs (Fig. 6). HCRs had also higher PGC-
lo and cyt ¢ protein levels than LCRs (p < 0.050, reported previously) (Fig. 6). Aging also
increased the level of PGC-1a (p < 0.050) and there was a tendency in increase of cyt ¢ level
with aging (p = 0.087) (reported previously). There were no statistical differences in the other
studied protein contents.

3.3.2 BAT
Line, running or aging had no significant effect on BAT protein contents (data not shown).
3.4 Citrate synthase activity

HCRs had higher citrate synthase activity compared to LCRs (line effect p < 0.05, reported
previously). The activity levels were following: Before intervention: HCR 2939+679, LCR
27674866 and after intervention: HCR 3267+1081, HCR-R 3554+835, LCR 2863+917 and
LCR-R 3545+1328 (Us pg'emin’', mean + SD). Aging or voluntary running had no
significant effect on citrate synthase activity.

3.5 Body mass and relative gastrocnemius muscle and BAT masses

Body and relative masses of gastrocnemius muscle and BAT are listed in Table 1. Before the
intervention, HCRs had lower body mass and higher relative gastrocnemius muscle mass
compared to LCRs (line effect p < 0.001). Aging had a significant effect in both body mass
and relative gastrocnemius muscle mass (p < 0.050); before the intervention HCRs had higher
relative gastrocnemius muscle mass compared to HCRs after the intervention, while LCRs
before intervention had higher relative gastrocnemius mass compared to both LCR and LCR-
R after intervention. Line, running or age had no significant effect on relative BAT mass.

3.6 Estrous cycle

There were no statistical differences between the groups in the observed stages of estrous
cycle during glucose tolerance and placebo tests (Table 2).
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3.7 Mixed model and longitudinal covariance structure analysis of body temperature

Mixed model analyses from intervention measurements revealed, that rat line had clear
impact on body temperature both before and after intervention (p < 0.01, Table 3).
Longitudinal covariance analysis showed that before the one-year voluntary running
intervention the spontaneous activity level and protocol time point (F, 0, 30, 60 or 120 min)
had the largest effect on body temperature of HCRs (p < 0.05, Table 3), whereas in LCRs,
treatment (placebo/glucose injection) and spontaneous activity had highest impact on body
temperature (p < 0.001). After the intervention both running and spontaneous activity had a
significant contribution to the body temperature levels of HCRs (p < 0.05). In LCRs
treatment and time point had marked impact on body temperature after the intervention (p <
0.05).

11
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4 Discussion

In the present study we examined the association of intrinsic aerobic capacity, aging,
voluntary running and blood glucose concentration on thermogenesis in two genetically
contrasting rat lines (HCR/LCR) that widely differ for their intrinsic (i.e. non-trained) aerobic
capacity (Koch & Britton 2001). Our findings show that at young age, in untrained state,
HCRs have higher heat generation i.e. thermogenesis than LCRs. We also found that
voluntary running aided HCRs to maintain high thermogenesis during aging. Glucose
injection lowered the body temperature of LCRs, whereas no significant effect of blood
glucose was found in HCRs.

As hypothesized, our study showed that untrained HCRs had on average 1.3°C higher body
temperature than corresponding LCRs (Fig. 2A). There was also an apparent rat line effect
when measuring the baseline body temperatures before one-year voluntary running
intervention (Fig. 2B). Since normal body temperature range in rats is 35.9-37.5°C (Animal
care and use committee, John Hopkins University, Baltimore, Maryland, USA), HCRs seem
to have slightly elevated body temperature compared to reference values. Previous findings
have shown that female HCRs have higher muscle heat dissipation during activity, explaining
their higher total energy expenditure compared to LCRs (Gavini et al. 2014). However, in
that study critical factor was activity related thermogenesis, whereas no significant
contribution of resting metabolic rate was found when body size and composition were
considered (Gavini et al. 2014). As shown in previous study by Novak et al. and here, HCRs
are spontaneously more active than LCRs (Fig. 4C-D) and activity level also contributed to
body temperature level (Table 3), making spontaneous activity a potential cause for the
higher thermogenesis of HCRs (Novak et al. 2010). However, the total activity of the rats was
very similar during both placebo and glucose tolerance test showing no effect of treatment on
activity level (Fig. 4C-D). Yet there was a clear difference in the heat generation between the
two protocols (Fig. 3A-B), indicating that the higher heat generation of HCRs is not solely
explained by their PA level.

In the present study HCRs had higher UCP2, PGC-1a, cyt ¢ and OXPHOS levels compared
to LCRs, showing a greater oxidative phosphorylation capacity (Fig. 6). Interestingly, a
previous study has shown that overexpression of PGC-1a in skeletal muscle leads to elevated
proton leak i.e. less efficient mitochondrial respiration (St-Pierre et al. 2003). Since HCRs
have more OXPHOS proteins and higher UCP2 and PGC-1a levels in skeletal muscle, it may
be speculated that the higher proton leakage may also be one reason for HCRs higher
thermogenesis. On the other hand, several animal models have demonstrated that rodents
with inherited obesity have low body temperatures (Levin, Comai & Sullivan 1981, Trayhurn,
Thurlby & James 1977, Dubuc, Wilden & Carlisle 1985). Here we show for the first time,
that similarly to inherited obesity, LCRs have lower body temperature than HCRs, and are
prone to gain excess weight and develop metabolic disorders (Noland et al. 2007, Koch &
Britton 2005, Kivela et al. 2010).

Contrary to our second hypothesis, aging per se had no significant effect on body temperature
(Fig. 2B). This is in line with a previous study, where aging did not have an impact on rectal
temperatures (3-24 months old), until in later age (36 months) (Horan et al. 1988, McDonald,
Stern & Horwitz 1989). However, aging increased the level of PGC-1a and had a tendency to
increase cyt ¢ level (Fig. 6), not showing expected aging related decrease of mitochondrial
function and content as shown previously (Conley, Jubrias & Esselman 2000, Huang & Hood
2009, Johnson, Robinson & Nair 2013). Despite these unexpected findings from muscle

12
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tissue level, aging did diminish the difference in the heat generation between the rat lines
when comparing only the control groups (HCR vs. LCR, Fig. 2B). This was due to decrease
in body temperature of HCRs; aging did not have a marked impact on the body temperature
of LCRs. For an unknown reason, HCRs seem to lose their ability to keep up high
thermogenesis with aging at control conditions (e.g. no running wheel). Our results revealed
that aging significantly diminished the relative gastrocnemius muscle mass in HCRs (Table
1), which may partly contribute to the aging related lower heat generation.

As we hypothesized, one-year voluntary running did increase the body temperature in both
rat lines showing a significant running effect (Fig 2B). Further analyses showed that running
had a significant impact on the body temperature of HCRs (Table 3), which is consistent with
their running distances compared to LCRs (Fig. 3A). It has been established in previous
studies, that endurance training increases PGC-1a and cyt ¢ levels as well as mitochondrial
content and respiratory capacity in skeletal muscle in both humans and rodents (Baar et al.
2002, Booth 1991, Pilegaard, Saltin & Neufer 2003, Holloszy & Coyle 1984). Surprisingly,
voluntary running had no significant effect on the mitochondrial proteins in the present study.
It seems that in gastrocnemius muscle, there was no pressure to increase the mitochondrial
proteins at time point chosen (age of 21 months). Also, as PGC-1a is known to respond to
exercise acutely (Baar et al. 2002), so as in our study the running distance decreased
gradually over time, also the pressure for change decreased (Fig. 3A). Contrary to the
increased body temperature by voluntary running established in our study, in previous studies
endurance training has been associated with decreased mRNA expression of the uncoupling
proteins in skeletal muscle and reduced thermogenesis in BAT (Nozu et al. 1992, Boss et al.
1998).

It is worth noting that lifespan is generally negatively correlated with body temperature
(Rikke & Johnson 2004). Several life-extending manipulations in rodents, such as caloric
restriction, have shown to decrease body temperature by 1-5 °C (Rikke & Johnson 2004).
Furthermore, a modest prolonged reduction of core body temperature (0.3-0.5°C) increased
median life expectancy in mice 12-20 % even without caloric restriction (Conti et al. 2006).
Nonetheless, in the HCR/LCR animal model, HCRs have higher body temperature associated
with longer lifespan than LCRs (Koch, Britton & Wisloff 2012, Karvinen et al. 2015). The
free radical hypothesis of aging includes 'uncoupling to survive' hypothesis, which suggests
that correlation between metabolic rate and longevity should be positive (Brand 2000). In a
previous study, it was estimated that mitochondrial proton cycling causes up to 20-25% of
basal metabolic rate in rats (Rolfe et al. 1999). It was suggested that the function of the
energy-dissipating proton leak is not primarily to increase thermogenesis, but to decrease the
production of reactive oxygen species. Indeed, proton leak is proposed to be a key factor in
aiding to decrease oxidative damage to DNA and to slow down ageing (Brand 2000,
Speakman et al. 2004). It seems that HCRs are good candidates supporting the 'uncoupling to
survive' hypothesis since their higher OXPHOS, PGC-1a and UCP2 levels combined with
higher thermogenesis and longer lifespan compared to LCRs (Koch, Britton & Wisloff 2012,
Karvinen et al. 2015).

Previous studies have also shown that core body temperature declines with age both in
rodents and in humans (Waalen & Buxbaum 2011, Roth et al. 2002, Sanchez-Alavez, Alboni
& Conti 2011), which has raised speculation of possible anti-ageing effects of low body
temperature. In our studies, HCRs in the control group had lower body temperature at the age
of 21 months than HCR-Rs, and our previous study reported that HCRs in control group had
also longer lifespan (Karvinen et al. 2015). According to our results it can be speculated that
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voluntary running may interfere with a natural aging-related reduction in body temperature of
HCRs, possibly contributing to a decrease in lifespan. However, it remains controversial
whether high body temperature and high rate of metabolism are beneficial to health and
longevity, and more studies are needed to investigate the role of metabolic rate on aging and
longevity.

Our final hypothesis was that glucose injection would increase the body temperature
especially in HCRs, increasing heat generation in BAT. Our results revealed, that especially
in LCRs, heat generation was lower after glucose tolerance test compared to placebo test (Fig
4A and 4B). Longitudinal covariance analysis further revealed that treatment was a
significant contributor to temperature level in LCRs both before and after intervention (Table
3). It may be speculated, that in LCRs glucose injection activates energy storage mechanisms
that decrease their metabolic rate shortly after energy supplementation (Almind & Kahn 2004,
Ravussin & Gautier 1999, Heikens et al. 2011, Landsberg et al. 2009). However, it should be
noticed that there was a difference in the blood glucose AUC level between the LCR groups
already before the one year running intervention started (Fig. 4C), which is most likely due to
large variation in the response to glucose dose due to small group size. After the intervention
rats in the running groups had a lower response to glucose; however, again the post hoc tests
revealed that the difference was only significant between the LCR groups (Fig. 3E).

In addition to aging and voluntary running, other potential factors may affect the body
temperature in our setup, e.g. handling of the animal and estrous cycle. Handling is known to
have a stress effect on rats and it can cause a series of behavioral and physiological responses,
such as flight response, freezing response, increase in heart rate, urination and increase in
plasma glucocorticoid levels (Rodgers et al. 1997, Blanchard, Griebel & Blanchard 2001). It
is known that HCRs have stronger response to stress, and this can be observed also in
elevated corticosterone level in blood in HCRs compared to LCRs (Waters et al. 2010).
Similarly in our study HCRs had higher cortisol concentration compared to LCRs the (Fig. 5).
This stronger response to stress can also be one reason for the higher body temperature of
HCRs (Vachon & Moreau 2001). Estrous cycle affects the body temperature in female rats; it
increases during proestrus, and drops during estrus (Kent, Hurd & Satinoff 1991, Marrone,
Gentry & Wade 1976). In our study the stage of estrous cycle was estimated during the
follow-up measurements. Rats were randomly in one of the four estrous phases, and no
significant differences in the estrous cycle stages between the rat lines was observed (Table
2). The estrous cycle rhythm does not explain the difference in the body temperatures
between the rat lines in our study.

To conclude, HCRs have higher basal body temperature than LCRs at untrained state at
young age. Voluntary running aids older HCRs to maintain thermogenesis at similar levels as
untrained, younger HCRs. The elevated body temperature itself may partly cause the
heightened oxidative metabolism in HCRs, as enzyme-catalyzed reactions are enhanced in
higher temperatures (Landsberg et al. 2009). However, voluntary running may interfere with
a natural aging-related reduction in body temperature of HCRs, possibly contributing to a
decrease in lifespan (Karvinen et al. 2015). On the other hand it is proposed that low body
temperature is one reason for the onset of obesity in humans (Landsberg et al. 2009). Yet it
remains controversial whether high body temperature and high rate of metabolism are
beneficial to health and longevity. However, since there is clear evidence of obese animals
having low body temperatures (Levin, Comai & Sullivan 1981, Trayhurn, Thurlby & James
1977, Dubuc, Wilden & Carlisle 1985), it would be worth studying the potential role of
intrinsically low body temperature at the onset of obesity in humans.
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Figures
Before intervention <€<— One-year voluntary running intervention —>  After intervention
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Figure 1

Schematic representation of the study protocol
There were two sets of rats with the same one-year intervention with 4 sub-groups: HCR
(control), HCR-R (runner), LCR (control) and LCR-R (runner). For setl (20 rats) glucose
tolerance and placebo tests were performed before the intervention (age 9 months) and after
the intervention (age 21 months). From set 2 (60 rats) gastrocnemius muscle and brown fat
samples were collected from the same time points.
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Figure 2

Baseline and before and after intervention measurements of body temperature

Baseline measurement of body temperature (2A). n = 10/group, ***p < 0.001. Before and
after intervention measurements of body temperature (2B). n = 4-5/group, **p < 0.010 post
hoc test between HCR and HCR-R. Univariate analysis of rat line and running effect before
and after one-year intervention. Values are expressed as mean + SEM.
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Figure 3

Voluntary running distance, Body mass and Food intake during one year intervention
3A: Voluntary running distance (m/day). HCRs had longer voluntary running distance than
LCRs, the difference being significant at time points 10, 10.5, 12.5 and 21 months of age (p <
0.050).

3B: Body mass (g). LCR rats in both groups were heavier compared to HCR rat groups
during the follow-up period (p < 0.050). In LCRs the rats in the runner group were leaner
than control ones, whereas the opposite was true for HCRs. There were no statistical
differences within the rat lines.

3C: Food intake (kcal). LCRs in the control groups had higher food intake compared to
corresponding HCRs, the difference was significant at time points 15 and 19.5 months of age
(p < 0.050). Runner groups of both rat lines consumed more energy compared to the
corresponding control groups, but only in HCR line this difference was significant (HCR vs
HCR-R, p <0.050). n = 4-5/group, values are expressed as mean = SEM.
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Figure 4

Heat generation (AUC rectal temperature), total activity and blood glucose
concentration (AUC) during placebo and glucose tolerance tests

4A and 4B: AUC Rectal temperature. Before the one-year intervention treatment had a
significant effect on heat generation (p < 0.001), with glucose injection lowering the heat
generation. After the intervention treatment was still significant (p < 0.010) and line effect
was nearly significant (p = 0.064).

4C and 4D: Total activity. HCRs had higher total activity compared to LCRs both before
and after one-year intervention (line effect p <0.001).

4E and 4F: AUC Glucose concentration.

Treatment had a significant contribution to blood glucose AUC concentration both before and
after intervention (p < 0.001), with glucose injection increasing blood glucose AUC. Post hoc
test revealed that LCRs controls had higher blood glucose AUC compared to the
corresponding runners both before and after the intervention (p < 0.050).

Univariate analysis of effects of rat line, treatment (glucose/placebo injection) and voluntary
running on studied parameters. n = 4-5/group, values are expressed as mean = SEM.
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Figure 5
Cortisol

HCRs had higher cortisol concentrations compared to LCRs both before and
intervention (line effect p <0.001).

after

Serum analyses were done from the fasting blood samples collected before and after

intervention. n = 4-5/group, values are expressed as mean + SEM.
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865  Figure 6
866  Western blot analyses from gastrocnemius muscle

867  HCRs had higher UCP2, PGC-1a, cyt ¢ and OXPHOS protein levels (line effect p < 0.050).
868  Aging increased the level of PGC-1a (p < 0.050) and there was a tendency in increase of cyt
869  c level with aging (p = 0.087). n = 9-10/group, values are expressed as mean = SEM.
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870  Tables

871

872  Table 1: Background information for Western blot analyses
Gastrocnemius/Body  Brown fat/Body

Body mass (g) mass (mg/g) mass (mg/g)
HCR_young 232 +30 5,32 +0,65
HCR _old 260 + 36 4,57+ 0,58 1,33+0,22
HCR-R old 268 + 34 4,78 £ 0,49 1,23+0,27
LCR young 302 £26 4,73 +£0,43
LCR old 320+ 37 4,21+0,45 1,02 +0,36
LCR-R old 345 +48 4,00 + 0,59 1,16 £0,26
p Line < 0.001*** Line < 0.001***
Age <0.050* Age <0.001***

873  Body and relative tissue masses (tissue mass/body mass) of the rats used for western blot
874  analyses. n = 10/group, values are expressed as mean + SD.

875

876  Table 2: Stage of estrous cycle

N HCR HCR-R LCR LCR-R

Placebo Glucose Placebo Glucose Placebo Glucose Placebo  Glucose

Stage of estrous cycle:

Proestrus 1 1 0 0 1 1 1 2
Estrus 0 0 0 3 1 2 1 2
Metestrus 2 1 2 1 1 1 2 1
Diestrus 1 2 3 1 1 0 1 0

877  Estimated stage of estrous during the second (age 21 months) glucose tolerance and placebo
878  tests. Numbers are n of animals that are in the presented stage of estrous cycle. There were no
879  statistical differences between the groups.
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Table 3: Body temperature during test protocols: effect of measured parameters

Factor p
Before intervention Line <0.000%**
HCR Running 0.510
Treatment 0.067
Time point 0.036*
Spontaneous activity 0.037*
LCR Running 0.955
Treatment < 0.001***
Time point 0.402
Spontaneous activity < 0.001%***
After intervention Line <0.010%*
HCR Running <0.007***
Treatment 0.815
Time point 0.387
Spontaneous activity 0.014*
LCR Running 0.330
Treatment 0.013*
Time point 0.010*
Spontaneous activity 0.370

Mixed model and longitudinal covariance structure analysis of how measured parameters
affect absolute body temperature levels during placebo and glucose tolerance tests.
Parameters: running (yes/no), treatment (glucose/placebo injection), time point (F, 0, 30, 60
or 120 min) and spontaneous activity before and after voluntary running intervention. n = 4-5

/group.
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