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Abstract Muscle strength and mass decline in sedentary
individuals with aging. The present study investigated the
effects of both age and 21 weeks of progressive hypertrophic
resistance training (RT) on skeletal muscle size and strength,
and on myostatin and myogenin mRNA expression in 21
previously untrained young men (26.0 & 4.3 years) and 18
older men (61.2 & 4.1 years) and age-matched controls.
Vastus lateralis muscle biopsies were taken before and after
RT. Type I and type II muscle fiber cross-sectional areas
increased more in young men than in older men after RT
(P < 0.05). Concentric leg extension increased (P < 0.05)
more after 10.5 weeks in young men compared to older men,
but after 21 weeks no statistical differences existed. The
daily energy and protein intake were greater (P < 0.001) in
young subjects. Both myostatin and myogenin mRNA
expression increased in older when compared with young
men after RT (P < 0.05). In conclusion, after RT, muscle
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fiber size increased less in older compared to young men.
This was associated with lower protein and energy intake and
increases in myostatin gene expression in older when com-
pared to young men.

Keywords Muscle - Nutrition - Aging -
Muscle hypertrophy - Myostatin

Introduction

Muscle strength declines in sedentary individuals with aging.
It has been reported that maximal strength is well maintained
between the ages of 30-50 years, but after the age of 50 years
there is a clear drop in strength (Viitasalo et al. 1985;
Hikkinen and Hikkinen 1991; Porter et al. 1995). The
decrease in maximal strength from the age of 30-80 years can
be as large as 3040 %. A large proportion of this decline in
strength is due to a reduction in the size and/or number of fast
twitch (type II) muscle fibers (Lexell 1995). Thus, the pri-
mary reason for the reduction of muscle strength is reduced
muscle mass (Lambert and Evans 2002). This age-related loss
in muscle mass has been termed sarcopenia (Evans 1995).
While many older people consume adequate amounts of
protein, some tend to have a reduced appetite and thus con-
sume less protein than the recommended protein (Dalbo et al.
2011; Hulmi et al. 2007, 2008, 2009a, b; Kim et al. 2005a,
2007; Mascher et al. 2008), which likely results in an accel-
erated rate of sarcopenia. Sarcopenia is a major health con-
cern as well as a socioeconomic problem. Therefore, various
ways to counteract these processes are extremely important.
Heavy resistance training (RT) has been shown to induce
hypertrophy at both the whole muscle level and in myofibers
themselves in all ages and in both genders, and has also
beneficial effects on body composition, physical fitness and

@ Springer



642

Eur J Appl Physiol (2013) 113:641-650

Table 1 Body mass and fat (mean + SD)

Young Older Controls

0 week 21 weeks 0 week 21 weeks 0 week
Bodymass (kg) 754+ 79 757 £ 7.7 81.6 £ 7.8 80.9 + 8.0 75.5 + 8.1 75.7 + 8.3
Body fat (%) 169 + 4.0 17.0 + 4.0 24.4 + 4.1* 23.3 &+ 3.6* 173 + 3.8 16.7 + 34

* Significantly (P < 0.001) greater than young men and control men

injury prevention, as well as rehabilitation (Bamman et al.
2003; Fiatarone et al. 1994; Hikkinen et al. 1998; Hulmi et al.
2007, 2009a; Ivey et al. 2000; Kosek et al. 2006). However,
some studies (Kosek et al. 2006; Moritani and deVries 1980;
Welle et al. 1996), but not all (Hdkkinen et al. 1998; Roth et al.
2001), suggest that older individuals may have a smaller
relative muscle hypertrophy response to RT than young
individuals. Different training regimens, training background
or age of the older subjects may explain some of the mixed
findings in the literature.

Resistance exercise produces a strong stimulus to pro-
mote skeletal muscle hypertrophy, but nutrients/amino
acids will also strongly stimulate protein synthesis and
ultimately the growth of muscle (Anthony et al. 2000;
Dreyer et al. 2006; Fujita et al. 2007). During recent years,
both positive and negative regulators of muscle growth
have been studied. Of these, myostatin, a well-known
negative regulator of muscle size (McPherron et al. 1997)
and proteins downstream to myostatin, such as myogenic
regulatory factors and cell cycle kinases, as well as their
inhibitors, regulate muscle mass (Charge and Rudnicki
2004; Kuang et al. 2006; McCroskery et al. 2003; Rios
et al. 2002; Wagner 2005). In humans, a single resistance
exercise bout can decrease the expression of myostatin at
mRNA and/or protein level in both young and older men
(Hulmi et al. 2007, 2008, 2009a, b; Kim et al. 2005a, 2007,
Mascher et al. 2008). Interestingly, training-induced
downregulation of myostatin was observed in the quadri-
ceps muscle of young mice, but not in older mice, although
variation between different muscle types was also reported
(Leiter et al. 2011). The long-term effects of RT and aging
in humans on myostatin and myogenic markers are not well
known. Therefore, the purpose of the present study was to
investigate primarily the effects of both age and 21 weeks
of RT on skeletal muscle size and strength, as well as on
basal levels of myostatin and myogenin gene expression.

Methods
Subjects

Subjects in the experimental groups were 21 previously
untrained young (26.0 £ 4.3 years) and 18 older
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(61.2 £ 4.1 years) men (see Table 1). Serum testosterone
was 17.6 & 4.2 nmol/l in young men and 15.6 + 4.8 nmol/
lin older men (P = 0.17). Body fat percentage was smaller
(P < 0.001) in young men (16.9 £ 4.0 %) compared to
older men (24.4 £+ 4.1 %). Nineteen men (42.5 +
20.0 years) consisting of a combined group of young
(n=9; age 24.9 + 2.7 years) and older (n = 10; age
62.1 + 8.3 years) men served as controls (no RT). For the
clarity of the results and equality of the subject number
compared to the experimental groups in the statistics, the
young and older controls were pooled. The subjects were
recruited through local advertisements and screened by a
medical doctor. None of the included subjects had con-
traindications to performing RT (e.g., a resting and exercise
EKG was performed by all subjects). The exclusion criteria
included the following: (1) those who engaged in moder-
ate to heavy resistance RT within the past 5 years, (2)
vegetarians, (3) those who regularly ingested nutritional
supplements (e.g., protein drink or creatine) or pharmaco-
logical or hormonal substances that would have been
expected to affect the responses, (4) elite athletes, (5) obese
persons (body mass index >30) and (6) those with neuro-
muscular and cardiovascular diseases. The subjects were
all moderately physically active. In the last few years, they
had taken part in various low-intensity physical activities,
such as walking, bicycling and swimming. The subjects
were carefully informed about the design of the study with
special information on possible risks and discomfort that
might result. Thereafter, the subjects signed written
informed consent to participate in the study, which was
approved by the ethics committee of the university. The
study was conducted according to the Declaration of
Helsinki.

Experimental design

The total duration of the present study was 24 weeks where
the first 3 weeks acted as a control period in which no
experimental RT was carried out and the subjects main-
tained their normal recreational activities. After the pre-
strength training (pre-ST) tests, the subjects were matched
in pairs based on age, body composition and one repetition
maximum (1RM) strength and randomly assigned to either
the experimental groups (YOUNG or OLDER) or the
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control group (CONT) involving no RT, but continuing the
habitual activity levels. The maximal strength of the
training group subjects was tested four times: at week —3
and at week O (control period), as well as after 10.5 and
21 weeks. In the controls, all similar measurements were
taken except at the 10.5-week time point. Furthermore,
anthropometry and blood samples were collected in the
morning after an overnight fast, and muscle biopsies
without fasting were obtained at weeks 0 and 21 from all
subjects, at about the same time of the morning. Diet dia-
ries of the training group subjects were recorded at weeks
0, 10.5 and 21.

Experimental strength training

During the 21-week study period, RT sessions were carried
out twice a week. A minimum of 2 days of rest was
required between the two sessions each week. All training
sessions were surveyed and supervised by the authors or
assistant researchers. The following exercises were used in
each training session: two exercises for the leg extensor
muscles, the bilateral leg press exercise and bilateral knee
extension exercise, and one exercise for the leg flexors, the
bilateral knee flexion exercise. The RT program also
included other exercises for the other main muscle groups
of the body: chest and shoulders, upper back, trunk
extensors and flexors, upper arms, ankle extensors, and hip
abductors and adductors.

RT took place with progressive training loads of
40-80 % of the 1RM strength measured at 0 week. The
number of the sets in each resistance exercise increased and
the number of repetitions in each set decreased during the
21-week training period. During the first 7 weeks of RT,
the subjects trained with loads of 40-60 % (10-15 repeti-
tions) and 60-70 % (8-10 repetitions) of 1RM. The sub-
jects performed two to four sets of each exercise. During
the next 7 weeks, the loads were 60-70 % (8-10 repeti-
tions) and 70-80 % (5-8 repetitions) of 1IRM. During the
last 7 weeks of RT, the subjects performed five to eight
repetitions per set and two to five sets. The loads were
mostly 70-80 % of 1RM. Rest periods were always
2-3 min between the sets. To produce improvements spe-
cifically in explosive strength during the present RT period,
the subjects also performed a small part (~20 %) of all
knee/leg extension exercises and bench press with light
loads of 40-50 % of 1RM to fulfill the requirements of a
typical explosive RT protocol. In general, the loads in all
exercises were individually determined during the training
sessions throughout the RT period. This type of RT pro-
gram has been used in previous studies in our laboratory
(e.g., Hiakkinen et al. 2000) and is in line with the ACSM
position stand (2009) recommendations of progression
models in RT. Subjects were advised to continue their

normal recreational physical activities such as walking,
skiing, cycling and swimming during the RT program.

Daily nutrient intake

Macronutrient intake was recorded with 4-day diaries of
the training group subjects at weeks 0, 10.5 and 21. Before
the beginning of the study, each subject was provided with
specific verbal and written instructions and procedures for
reporting detailed dietary intake, including how to record
portions by using household measures, exact brand names
and preparation techniques. Dietary intake was obtained
from food diaries and analyzed using the Micro Nutrica
nutrient-analysis software version 3.11 (The Social Insur-
ance Institution of Finland).

Maximal strength testing

Maximal bilateral isometric strength of the leg extensor
muscles was measured on an electromechanical dyna-
mometer at a knee angle of 107° and hip angle of 110°
(Hikkinen et al. 2001b; Hulmi et al. 2007). A minimum of
three trials were completed for each subject, and the best
performance trial (i.e., the highest force) was used in the
subsequent statistical analysis. The force signal of the
isometric measurements was recorded and analyzed with
Signal software version 2.15 (Cambridge Electronic
Design Ltd., Cambridge, UK). A David 210 dynamometer
(David Health Solutions Ltd, Finland) was used to measure
maximal bilateral dynamic concentric strength of the leg
extensors (hip and knee extensors). Separate trials were
performed for concentric 1RM testing. After each repeti-
tion, the load was increased until the subject was unable to
extend his legs to the full-extended ~ 180° knee angle
position from ~60° knee angle. The highest load suc-
cessfully lifted was determined as the IRM. The subjects
were carefully familiarized with the test procedures and
had several warm-up contractions in all devices.

Anthropometry

After an overnight fast, body mass (kg) and fat percentage
were measured. Body fat was measured using a skinfold
caliper (biceps and triceps brachii, subscapularis and iliac
crest) (Durnin and Womersley 1974). All the measure-
ments were preceded by at least 2 days of rest from
physical activity.

Muscle biopsy
Muscle biopsies were obtained before and after the

21-week training period. Biopsies were taken from the left
vastus lateralis muscle, midway between the patella and the
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greater trochanter, in an area where the muscle was thickest
and where no major nerves and blood vessels were located.
The post-training biopsy was taken 1 week after the last
training session after full recovery from the last exercise
bout. Muscle samples were immediately frozen in liquid
nitrogen and then stored at —80° C until analysis.

Muscle fiber cross-sectional area (CSA)

Serial 8-um-thick transverse sections were cut on a cryo-
microtome (Leica CM 3000) at —24 °C. Fiber type was
classified by staining using the myofibrillar ATPase
method. Fiber sarcolemma was visualized with an antibody
against dystrophin (DYS2, Novocastra Laboratories, UK)
using an avidin—biotin peroxidase kit (Vectastain PK-4002,
Vector Laboratories, USA) with diaminobenzidine (Abbott
Laboratories, USA) as a chromogen. The measurements of
fiber CSA comprised an average of 106 + 63 type I and
118 £ 62 type II muscle fibers. Stained cross sections were
analyzed by Tema Image-Analysis System (Scan Beam)
using a microscope (Olympus BX 50) and color video
camera (Sanyo High-Resolution CCD).

Analysis of muscle messenger RNA

Total RNA isolation, reverse transcription and cDNA
synthesis

Homogenization of the muscle samples was done with
FastPrep (Biol01 Systems, USA) tubes and total RNA was
extracted using the Trizol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. An
0OD260/0D280 ratio of 1.8-2.0 and gel electrophoresis
showed that our extraction yielded DNA free and unde-
graded RNA, respectively. Three pg of total RNA was
reverse transcribed to synthesize cDNA according to the
manufacturer’s instructions using High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, Ca, USA).

Real-time RT-PCR

The mRNA expression levels were quantified with a real-time
reverse transcriptase-PCR (RT-PCR) assay using an Abi
7300 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The probes and primers used were pre-
designed transcripts validated by Applied Biosystems bio-
informatics design pipelines. The gene bank accession
numbers and Applied Biosystems assay IDs, respectively,
were: NM 005259 and Hs00193363_m1 (myostatin), NM
001106 and Hs00609603_m1 (activin receptor IIb), NM
005860 and Hs00610505_m1 (follistatin related gene pro-
tein, FLRG), NM 002478 and Hs00159528_m1 (MyoD), NM
002479 and Hs00231167_ml (myogenin), NM_078467.1
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and Hs00355782_m1 (p21), NM_052827.1 and Hs0060
8082_ml (cdk2), NM002046, Hs99999905_m1 (GAPDH),
NM_148177.1, and NM_058229.2 and Hs00369714_ml
(MAFbx) (Hulmi et al. 2007, 2008; Mascher et al. 2008).

Each sample was analyzed in triplicate. PCR cycle
parameters used were for all genes: 50 °C for
2 min + 95 °C for 10 min and 37-45 cycles (depending
on the mRNA analyzed) of 95 °C for 15 s and 60 °C for
1 min. Biological interpretations of expression results can
depend on normalization (Fliick et al. 2005). GAPDH
mRNA was used as an endogenous control because it was
shown to be better as a housekeeping gene than 18sRNA in
our previous studies (Hulmi et al. 2007, 2008) and because
GAPDH remained unchanged in both young (P = 0.2) and
older (P = 0.3) subjects due to RT and thus did not affect
on the results. Gene transcript results were calculated
according to the Liu and Saint mathematical model (Liu
and Saint 2002). SigmaPlot (version 9.0, Systat Software
inc., Richmond, CA, USA) was used as a curve fitting
software needed in the method.

Statistical analysis

Standard statistical methods were used for the calculation of
means; standard deviations (SD) and the data from RE pro-
tocols were analyzed by a two-factor general linear model
(GLM) using SPSS 12.0. Any violations of the assumptions
of sphericity were explored and controlled. For each GLM
with main or interaction effect, Holm—Bonferroni post hoc
tests were performed to localize the effects.

Results
Training and nutrition

Experienced assistants supervised all the training bouts
making sure that all the subjects trained their sets close to
failure during the training session. The relative training
intensity was compared in our major exercise, leg press,
between the young and older individuals around weeks 7,
14 and 20 when 10 RM was tested in the gym. There was a
slight but significant difference between the young and
older subjects around weeks 7 and 14, but not anymore
around week 20 (Fig. 1a).

In the training groups, the average (week 0, 10.5, and 21
combined) total energy intake per day in the young men
(10209 £ 1915 kJ) was greater (P < 0.001) than in the
older men (8002 % 1543 kJ) and also relative to body mass
(134.6 £ 22.6 kJ and 100.2 & 23.2 kJ per kg; P < 0.001,
respectively). The young men habitually ingested signifi-
cantly more protein, carbohydrates and fat per body mass
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Fig. 1 a Relative average training intensity in loads compared to the
measured 10 RM loads of the subjects at different time points.
b Averaged protein, carbohydrate (CHO) and fat ingestion (g/kg body
weight) during 4 days in week O, 10.5 and 21, giving a total of
12 days. *Significantly (P < 0.05) greater in the young (white bars)
than in the older (black bars) subjects in the training groups

during RT than the older men (P < 0.05) (Fig. 1b). The
amount of energy and protein tended to slightly increase
from week 0 to 21 in both groups (not shown), but they
were not significant due to large variation.

Body mass and fat

Body mass and body fat percentage are presented in
Table 1. The older men had a greater (P < 0.001) fat
percentage than young men.

Muscle fiber size

Young men had a consistent increase in muscle fiber size,
also when compared with controls, in both type I and type
IT fibers (P < 0.01) (Fig. 2). In contrast, older men had
significantly increased muscle fiber size only when I 4 II
was averaged (P < (0.05). Only a trend existed when
assessing individual fiber types I and II (P < 0.09). When
this response was compared between young and older men,
type I and type II, as well as the average muscle fiber CSA
(type I + II), increased relatively and absolutely more in
the young men than in older men after 21 weeks of training
(P < 0.05). The difference between the pre- and post-

distribution of fiber sizes was evident in all fiber sizes in
both age groups, but the shift toward larger fiber sizes was
strongest in the young subjects (Fig. 2d). The Kolmogorov—
Smirnov test revealed that the fiber sizes turned out to be
normally distributed in both young (P = 0.2) and old
(P = 0.07) atthe post-training state, unlike in the pre-training
state in the young and older (P < 0.001) subjects.

Maximal strength

Dynamic concentric and isometric strength values are
presented in Fig. 3. At baseline, the young men were
stronger in both concentric and isometric leg extension
strength. Concentric leg extension 1RM increased more
after 10.5 weeks in young men (21.4 £ 10.2 %) compared
to the older men (9.8 £ 6.3 %) (P < 0.001), but no dif-
ferences in the change existed after 21 weeks. Isometric leg
extension strength increased after RT in both age groups
compared to the controls (P < 0.05), but no differences
existed in training-induced change between the young and
older subjects.

Muscle mRNA

There were no differences in the pre- and post-RT GAPDH
mRNA levels, validating the choice for the reference gene.
Thus, all the present mRNA data were normalized to the
GAPDH mRNA.

No changes were seen in the control group, whereas
myostatin and myogenin mRNA increased in older men
compared to young men during the 21-week RT period
(P < 0.05; Fig. 4). The basal mRNA responses to RT of
activin receptor IIb, FLRG, MyoD, p21, cdk2 and MAFbx
were not different between the young and the older men
(not shown).

Discussion
Main findings

In the present study, muscle fiber cross-sectional areas,
both for type I and type II fibers of vastus lateralis,
increased more in the young than in the older men after
21 weeks of resistance training. Moreover, concentric leg
extension 1RM increased more after 10.5 weeks in the
young compared to older men. The total energy intake per
day relative to body mass was greater in the young than in
the older trained subjects. More specifically, the young
men ingested more protein, carbohydrates and fat per body
mass during RT than older men, which may, in part,
explain the more robust increase in fiber size in the young.
The new finding was that both myostatin and myogenin
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Fig. 2 Mean a Type I, b type II and ¢ average (type I + II), and
d distribution of VL muscle fiber CSA after 21-week RT or control
period. *Significantly (P < 0.05) different from pre-value, *Signifi-
cantly (P < 0.05) greater change in the young than in the older men,

mRNA increased in older men compared to young men
during the 21-week RT period.

Muscle size and strength

RT used in this study took place with progressive hyper-
trophic training loads of 40-80 % of the 1RM strength and
achieved large increases (10-20 %) in all muscle strength
tests compared to the controls in both age groups during the
21-week periodized resistance training. These increases are
consistent with a recent study in similarly previously
untrained young and older men (Bickel et al. 2011). After
10.5 weeks, young men increased concentric leg extension
force by 21 %, which was more than the increase of 9 % in
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Ssignificantly (P < 0.05) greater change in young or older training
group subjects than in the controls. Both relative (not shown) and
absolute changes in the means were larger in the young than in the
older men and a shift toward larger fiber sizes was noticed

older men. The increase continued during the second
half of the study, but there were no longer age differences.
A similar trend of age-specific difference was observed in
isometric leg extension after 10.5 weeks and 21 weeks.
The majority of strength gains was achieved during the first
10.5 weeks of training, which is consistent with the study
by Bickel et al. (2011) where RT lasted 16 weeks, and by
week 8 1RM improved 27 % in both young and older
subjects, with additional increases of 11 and 9 %, respec-
tively, from weeks 8 to 16.

Young subjects increased more of their myofiber CSA in
both type I and type II muscle fibers than older subjects.
Interestingly, our fiber size distribution results suggest that
all sized fibers respond to resistance training in both
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Fig. 3 Concentric and isometric absolute strength values and their
relative changes after 21-week RT or control period. *Significantly
(P < 0.05) greater change in the young than in the older subjects,
*Significantly (P < 0.05) greater change compared to the controls

younger and older subjects and the difference between the
age groups was mainly in the magnitude of the change that
was larger in the young. In accordance with the present
study, some studies (Kosek et al. 2006; Moritani and
deVries 1980; Welle et al. 1996), but not all (Hikkinen
et al. 1998; Roth et al. 2001), suggest that older individuals
may have a smaller relative muscle hypertrophy response
to RT than young individuals. It can be speculated that
months of heavy resistance training, e.g., two to three times
per week of the same muscles may be too strenuous for
some older individuals when compared to young ones. This
is supported by our data showing that older individuals
could train with slightly lower relative loads to ten repe-
tition maximum compared to young subjects. This differ-
ence was, however, only statistically and possibly not
physiologically significant. Older men may also respond
better to a different training program than young men.
Previously in our laboratory, Hikkinen et al. (1998)
showed increases from 31 (type I) to 42 % (type II) in the
vastus lateralis muscle fiber CSA in men over 60 years old
following 6 months of resistance training.

In spite of these muscle fiber increases in the present
study, there were no clear changes in body mass (and not in
body fat percentage) during 21 weeks. This is somewhat
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Fig. 4 Changes in VL muscle myostatin (above) and myogenin
(below) mRNA levels after 21 weeks. The data are presented as
relative change from the pre-value and normalized to GAPDH
mRNA. *Significantly (P < 0.05) greater change in the older than in
the young men

surprising because a meta-analysis by Peterson et al.
(2011), data derived from 49 studies and 81 cohorts, ver-
ified a strong association between full-body resistance
exercise and increased lean body mass. The analysis
revealed that after an average of 20.5 weeks of resistance
training, aging men and women (over 50 years) experi-
enced a significant main effect equal to a 1.1-kg increase in
lean body mass. In older men and women, it is important to
try to increase muscle mass, because of the 0.18-kg annual
decline that may occur (Melton et al. 2000) through sed-
entary lifestyle, beyond 50 years of age. Peterson et al.
(2011) concluded that the volume of training and age of
participation are important determinants of effectiveness,
suggesting that higher dosages result in greater adaptive
response and aging individuals should consider starting a
regimen of resistance training as early as possible to opti-
mize results. Consequently, in our study there was a too
low training volume for many muscle groups in order to
increase whole body mass. This study especially concen-
trated on leg extensors and slightly less for some other
muscle groups such as chest and back muscles. It should be
noted also that we measured muscle fiber CSA only in one
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muscle, and exercise-induced muscle growth in young
versus older individuals may be muscle specific. In addi-
tion, training-induced increases in muscle strength are
achieved through muscle size and also neural adaptations
(Harridge et al. 1999). These may explain the reason why,
in muscle strength adaptation, the difference between
young and older subjects was much smaller compared to
the fiber size adaptations. It can be even speculated that
neural adaptation can partially compensate the lower
muscle fiber CSA increase in older subjects. However, this
is only a speculation because direct measures for the
changes in muscle activation or neural drive are lacking in
the present study. Maybe even more likely, there may have
been differences between the young and older subjects in
muscle strength endurance adaptation such as 10-20 RM
instead of the maximal dynamic and isometric strength that
the present study investigated. Unfortunately, unlike con-
centric and isometric strengths, strength endurance was not
investigated in standardized laboratory settings in the
present study both before and after 21 weeks.

Nutrition

Our nutrition results from the training group subjects agree
with those by Dalbo et al. (2011) who showed from 3-day
food diaries that relative caloric, protein (1.6 g/kg body
mass in the young and 0.8 g/kg body mass in the older
subjects), carbohydrate and fat consumption were greater
in young (21.0 £ 0.5 years) compared with older (66.4 £+
1.6 years) men. In the present study, the daily protein
intake of ~ 1.4 g/kg body mass in young and ~ 1.1 g/kg
body mass in older subjects is in the range of suggested
daily intake of 1.0-1.3 g/kg body mass for older adults
engaged in resistance training (Lucas and Heiss 2005). The
amount should adequately and safely meet the needs of the
older adults engaged in RT, provided that their energy
needs are met, but this may not be optimal. Our data are
associative and only allow us to speculate whether the
difference between young and older men in the protein or
energy intake was due to declined basal metabolism in
older individuals (e.g., van Pelt et al. 2001). It is, however,
possible that at least protein ingestion may have been
inadequate at least in some individuals for optimal adap-
tations to occur (Campbell and Leidy 2003). Volpi et al.
(1998) identified that a 3-h amino acid infusion stimulated
muscle protein synthesis to a similar extent in young and
older subjects. However, in response to ingestion of
essential amino acids, the older subjects are less sensitive
to smaller doses (7 vs. 15 g) compared with young subjects
(Katsanos et al. 2005). It has been shown that reduced
anabolic response to nutrients in older adults may be
associated with dysregulated mTORCI1 signaling (Cuthb-
ertson et al. 2005; Guillet et al. 2004). Additional leucine in
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older subjects seems to be necessary to optimally stimulate
muscle protein synthesis to a similar rate as in young adults
(Katsanos et al. 2006), and this has also been observed in
animal studies (Rieu et al. 2007). Therefore, it may be
important for older individuals to eat a sufficient amount of
protein with each meal to ensure sufficient leucine avail-
ability to maximize muscle protein synthesis during feed-
ing (Paddon-Jones and Rasmussen 2009).

Myostatin and myogenin mRNA

Myostatin is a member of the TGF-f superfamily and is
mainly expressed in skeletal muscles (McPherron et al.
1997). We found that myostatin basal mRNA increased
1.7-fold in older men, whereas in the young men there was
no change during 21 weeks of training. In humans, a single
resistance exercise bout can decrease myostatin gene
experession in both young and older men (Dalbo et al.
2011; Hulmi et al. 2007, 2008, 2009a, b; Kim et al. 2005a,
2007; Mascher et al. 2008), which is, in theory, positive
for muscle growth (McPherron et al. 1997). Interest-
ingly, training-induced downregulation of myostatin was
observed in the quadriceps muscle of young mice but not in
older mice (Leiter et al. 2011), tending to partially support
our finding. This was not the case, however, in other
muscles.

Kim et al. (2005a) found that older females with less
hypertrophy after RT showed attenuated decreases in
myostatin mRNA after a resistance exercise bout. In con-
trast, after three sequential hypertrophic resistance exercise
sessions (80 % of 1RM; 48 h between), Dalbo et al. (2011)
found a significant decrease in myostatin mRNA in older
men (68 years) after the third session compared with young
men (28 years). It is clear that more exercise-related
research comparing young and older individuals is needed
to determine the role of myostatin in differentiating
hypertrophy magnitude in these groups. The possible dif-
ferences in myostatin results may depend on age and also
on the training programs used in the studies (intensity and
volume of training). Interestingly, as shown, since the time
course of myostatin mRNA first declines and then increases
after long-term training (Jespersen et al. 2011), the
observed results may be explained by sampling 1 week
after the last exercise bout. It is possible that the time
course of myostatin expression after an exercise bout is
different in older and young individuals, but more research
is needed.

In the present study, myogenic regulatory factor
myogenin mRNA increased in older when compared with
young men suggesting that there may be a training-induced
elevated basal regenerative activity in older muscles.
Increased regenerative activity in older muscles has been
speculated also earlier (Kim et al. 2005b). Although
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increased myogenic regulatory factor basal levels has been
seen previously in the elderly (Kim et al. 2005b), our result
of increased myogenin mRNA after RT is in contrast to
Kosek et al. (2006) who showed no major differences
between young and older men in myogenin gene expres-
sion after RT. Future studies should investigate whether
these changes are evident also at the protein level.

It should be noted that training and nutrition belong to a
complex area and this study explored just part of it. The
observed existence of age-related differences in this study
may depend on many variables, as shown in previous
studies: training programs (e.g., frequency and volume of
training), the compared ages or even gender (Bamman
et al. 2003; Hékkinen et al. 2001a; Ivey et al. 2000). There
may be differences in the effect of protein or amino acid
ingestion on protein synthesis (Cuthbertson et al. 2005;
Dangin et al. 2003; Rasmussen et al. 2006; Volpi et al.
2000). There may also be an age-related decline in
responsiveness of muscle satellite cells after resistance
exercise (Dreyer et al. 2006) and in muscle protein syn-
thesis response to resistance exercise (Kumar et al. 2009).

Conclusion

In conclusion, resistance training two times per week during
21 weeks with progressive hypertrophic training increased
muscle size more in the young than in the older untrained
men. This was accompanied by greater protein and energy
intake in young men. Furthermore, older men had an increase
in myostatin gene expression compared to young men.
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