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Myostatin is a catabolic regulator of skeletal muscle mass. The purpose of this study was to determine
the effect of resistance training for 8 weeks in conjunction with creatine supplementation on muscle
strength, lean body mass, and serum levels of myostatin and growth and differentiation factor-associated
serum protein-1 (GASP-1). In a double-blinded design 27 healthy male subjects (23.42 ± 2.2 years) were
assigned to control (CON), resistance training + placebo (RT + PL) and resistance training + creatine sup-
plementation (RT + CR) groups. The protocol consisted of 3 days per week of training for 8 weeks, each
yostatin
ASP-1
reatine
keletal muscle

session including three sets of 8–10 repetitions at 60–70% of 1 RM for whole-body exercise. Blood sam-
pling, muscular strength testing and body composition analysis (full body DEXA) were performed at 0,
4th and 8th weeks. Myostatin and GASP-1 was measured. Resistance training caused significant decrease
in serum levels of myostatin and increase in that of GASP-1. Creatine supplementation in conjunction
with resistance training lead to greater decreases in serum myostatin (p < 0.05), but had not additional
effect on GASP-1 (p > 0.05). The effects of resistance training on serum levels of myostatin and GASP-1,

d mu
may explain the increase

. Introduction

Myostatin is a member of TGF-� superfamily and acts on skele-
al muscle as a growth inhibitor (McPherron et al., 1997). In skeletal

uscle, myostatin lack, caused by gene mutation leads to muscu-
ar hypertrophy (Schuelke et al., 2004) and increased myostatin is
ccompanied by muscle atrophy (Zimmers et al., 2002). Myostatin
ediates its actions through binding to activin IIb receptors (Yang

t al., 2007). It seems that the target cells are primarily satellite cells
hose proliferation and differentiation are inhibited by myostatin.

his is accomplished by downregulation of myogenic regulatory
actors, MyoD and myogenin, and also cyclins and cyclin depen-
ant kinases (cdk) (Craig et al., 2008; Joulia et al., 2003; Langley et
l., 2002; Rios et al., 2002).

Some binding proteins in serum and in skeletal muscle may be
ounded to myostatin and modulate its secretion, receptor binding,

nd activity (Joulia-Ekaza and Cabello, 2007). GASP-1, a recently
ntroduced protease inhibitor in human and mouse sera, binds
irectly to both mature myostatin and its propeptide. It is also capa-
le of blocking myostatin proprotein processing through inhibition
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of furin-like protease (Hill et al., 2003). So, GASP-1 may have a crit-
ical role in controlling myostatin function in skeletal muscle cell
and serum.

Resistance training can cause muscle fiber hypertrophy. Also,
nutritional factors, inducing a net positive protein balance have
great impact on muscle fiber size (Kerksick et al., 2007). Cre-
atine monohydrate is a popular dietary supplement used by
athletes to enhance muscle mass and strength and improve sport
performance. Several studies have shown the effects of crea-
tine supplementation on muscle strength, body composition and
exercise performance, the majority reporting an ergogenic effect
(Candow and Chilibeck, 2008). The exact mechanism of action of
creatine in conjunction with resistance training on muscle strength
and mass has not been identified. Willoughby and Rosen demon-
strated that creatine supplementation plus resistance training
results in a greater increase in myosin heavy chain mRNA expres-
sion (Willoughby and Rosene, 2001). In a subsequent study, these
researchers demonstrated that creatine ingestion plus resistance
training increased myogenic regulatory factors such as myogenin
and MRF-4 compare with resistance training alone (Willoughby
and Rosene, 2003). Some studies have shown that creatine poses

some effects on satellite cell proliferation and differentiation in
cell culture (Vierck et al., 2003). Furthermore, creatine supple-
mentations in conjunction with resistance training amplifies the
training-induced increase in satellite cell number and myonuclei
concentration in skeletal muscle fibers (Olsen et al., 2006). In addi-

http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce
mailto:omidfar@tums.ac.ir
dx.doi.org/10.1016/j.mce.2009.12.019
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Table 1
Subject characteristics at baseline.

Bench press (kg) Leg press (kg) Weight (kg) Height (cm) Age (year)
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CON 51.50 ± 4.1 139.50 ± 14.2
RT + PL 52.37 ± 7.6 143.87 ± 10.5
RT + CR 52.86 ± 5.1 140.31 ± 12.6

alues are means ± SD.

ion, it has been shown that creatine supplementation increased
GFI-I expression (Deldicque et al., 2005; Louis et al., 2004). Inter-
stingly, it has been reported myostatin expression decreased in
reatine supplemented pig (Young et al., 2007). Evidence exists
o suggest that a homeostatic balance likely exists between pos-
tive (e.g., IGF-I) and negative (e.g., myostatin) growth regulators
n skeletal muscle, and this balance shift during loading or atrophy
onditions (Heinemeier et al., 2007; Lalani et al., 2000). However,
t is not previously investigated whether creatine supplementation
n association with resistance training affect myostatin pathway (as
negative growth regulator in skeletal muscle).

Therefore, the aim of the present study was to investigate
he effects of resistance training and creatine supplementation on
erum levels of myostatin, GASP-1 and lean body mass. We hypoth-
sized that following resistance training serum myostatin would
e decreased, and GASP-1 increased, and these changes would be
ccompanied by gains in muscle mass and strength. We further
ypothesized creatine supplementation during resistance training
ould result greater changes in myostatin, and increases in muscle
ass and strength.

. Methods

.1. Subjects

Twenty-seven healthy non-resistance-trained young men, from the university
opulation, volunteered to take part in the study (Table 1). Three subjects dropped
ut of the study during the training period for unrelated reasons. No subject had a
istory of cardiovascular or respiratory disease, and none had any subjective evi-
ence of musculoskeletal injury. They all were physically active but not engaged in a
tructured weight-training program for at least 6 months prior to the study and had
ot ingested any ergogenic supplement in 12 weeks before the study. The subjects’
ligibility was assessed by interview before participation in the study. The subjects
ere carefully informed about the design of the study with special information

egarding possible risks. Thereafter, all subjects signed the written informed consent
o participate in the study. The study protocol was approved by the ethics committee
f Endocrinology and Metabolism Research Center of Tehran University of Medical
ciences. The study was conducted in accordance with Helsinki declaration and
uideline of Iranian Ministry of Health and Medical education.

.2. Experimental design

Subjects were randomly assigned, in a double-blind fashion, to-either a control
roup [CON (N = 8)], with no resistance training, placebo, or cr; a resistance training
lus cr group [RT + CR (N = 8)]; and a resistance training plus placebo group [RT + PL
N = 8)]. The randomization was performed using envelopes. Before commencing
he first training, each participant had to choose a randomization envelope. The

essage inside state that they were in group 1 (CON), 2 (RT + CR) or 3 (RT + PL). The
easurements were done by masked assessors. They examined the subjects without

eing aware of the program followed by each individual.
All the subjects were analyzed at 0, 4, and 8 weeks to find out any change in

riterion variables. The total duration of the study was 8 weeks.

.3. Supplementation protocol

Subjects assigned to the RT + CR group received creatine monohydrate in cap-
ule form (Gensan Abiogen Pharama; Italy) at a dose 0.3 g kg−1 day−1 (divided into
hree equal doses) for the 1st week (loading period) and 0.05 g kg−1 day−1 (once
aily) for the remaining 7 weeks. This supplementation protocol was anticipated to

ncrease muscle creatine levels by 14–28% (Volek et al., 1999). Subjects in the RT + PL

roup were offered the same number of capsules identical in appearance (powdered
ellulose). All of the supplements were administered by a registered dietician who
alculated each serving size and distributed them in marked plastic bags. All subjects
onsumed their drink (creatine or placebo) immediately after the training sessions.

There were no side effects of the supplementation protocol reported by the
ubjects at any time during the study.
76.85 ± 1.45 179.10 ± 6.7 24.10 ± 1.9
77.20 ± 2.01 178.82 ± 5.7 22.28 ± 2.4
77.59 ± 1.31 179.50 ± 4.5 23.85 ± 2.8

Dietary intakes were registered during the study period using 3-day dietary
records. The food records were analyzed using the Food Processor II Nutrition
System-Analysis Software Version 3.1 (Tehran University of Medical Sciences).

2.4. Training protocol

The subjects participated in a resistance training program, designed to target
both the upper and lower body muscle groups. They were trained three times
a week on non-consecutive days for 8 weeks. All sessions were supervised by a
member of the research team. In brief, the program was designed specifically to
increase muscle mass. It consisted of moderate-intensity workouts using mostly
compound exercises. Training intensity for the program was determined using one-
repetition maximum (1-RM). The format and relative intensity for the training
protocol involved three sets of 8–10 repetitions at 60–70% of 1-RM (at moderate
velocity) with six exercises per workout (bench press, late pull down, biceps curl,
leg press, knee extension, and knee flexion). Approximately 2 min of rest between
the sets were allowed (Kraemer and Ratamess, 2004). Exercises involving large mus-
cle groups (i.e., bench press, late pull down, and leg press) were performed before
those of small muscles (i.e., knee extension/flexion, and arm curl). Upper and lower
body exercises were performed in an alternating order to provide additional recov-
ery. To assess muscle strength, 1-RM was examined at weeks 0, 2, 4, 6, and 8, so
adjustments could be made to accommodate for increases in strength and ensure
that subject continued to train at an intensity of 60–70% of their 1-RM based on
the repetition continuum. Each workout was performed with flexibility exercises
combined with calisthenics during 10–15 min.

2.5. Strength testing

Prior to 1-RM assessments, a familiarization session was conducted in order to
minimize learning effects on the strength testing protocols. In these sessions spe-
cific exercise techniques were toughed and sub-maximal practice for each exercise
session determined. Before training and at the end of weeks 2, 4, 6 and 8 the subjects
were tested to determine muscular strength using the 1-RM for bench press and leg
press to assess absolute upper and lower body strength, respectively (Willoughby
and Rosene, 2001). The 1-RM for each lift was reached within five attempts, after
a brief warm-up of five to eight repetitions with loads of approximately 50% of the
anticipated 1-RM. During the 1-RM process, the attempts were separated by 3–5 min
breaks. All strength assessments (pre- and post-testing sessions) followed the same
direction (bench press and leg press), and each test was followed by an adequate
recovery period of at least 10 min (Bemben et al., 2001). All lifts were performed
according to standardized procedures and were monitored by the staff.

2.6. Blood collection and analysis

Blood samples were drawn after an overnight fast between 06:30 and 07:30
(baseline, week 4, and week 8). In addition, to avoid the effects of the previous
training session, the subjects were not exposed to any strenuous exercise on the
day before blood sampling, and each subject was ensured a minimum of 14 h of
rest. Blood samples were drawn from a superficial arm vein and were immediately
iced and centrifuged at 1500 rpm for 15 min (at 4 ◦C). Serum samples were then
aliquated into separate tubes and frozen (−80 ◦C).

2.7. Urinary creatinine

Subjects completed 24-h urine collections at 0 (baseline), week 1 (the final day
of loading) and week 8 of supplementation. Urine volume was measured and a rep-
resentative sample was stored frozen at −20 ◦C for subsequent analysis of creatinine
concentrations using a spectrophotometric enzymatic Cr kit (Pars Azmoon – kit no.
86001-S, IR).

2.8. Body composition

Lean body mass, fat mass, and body fat percentage were determined using a

lunar DPX-L (Lunar Co, Waukesha, WI, USA) dual energy X-ray absorptiometer, soft-
ware version 4.6 days, at baseline, 4 and 8 weeks. Whole-body scans were performed
by the same device, and the same licensed operator. Quality assurance was assessed
by analyzing a phantom spine and daily calibrations were performed prior to all
scans using a calibration block provided by the manufacturer. Intra-class correla-
tion coefficients (R ≥ 0.99) for bone mineral content, lean body mass, and fat mass
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Table 2
Dietary analysis.

CON RT + PL RT + CR

Energy intake (kcal kg−1 day−1)
Week 0 35.8 ± 7.3 36.5 ± 6.7 34.8 ± 7.5
Week 4 36.00 ± 7.6 36.8 ± 5.9 34.7 ± 8.9
Week 8 35.9 ± 8.3 36.6 ± 8.1 34.9 ± 5.2

Carbohydrate (g kg−1 day−1)
Week 0 2.8 ± 0.7 3.8 ± 1.4 4.0 ± 0.6
Week 4 2.9 ± 0.7 3.9 ± 1.4 3.7 ± 0.7
Week 8 2.7 ± 0.8 4.7 ± 1.8 4.0 ± 1.3

Protein (g kg−1 day−1)
Week 0 1.6 ± 0.5 2.1 ± 1.00 1.6 ± 0.4
Week 4 1.7 ± 0.4 1.9 ± 0.9 1.7 ± 0.5
Week 8 1.6 ± 0.8 1.7 ± 0.8 1.6 ± 0.6

Fat (g kg−1 day−1)
Week 0 2.1 ± 0.5 2.1 ± 0.8 2.2 ± 0.3
A. Saremi et al. / Molecular and Ce

ere obtained from repeated scans on a group of ten men and women who were
ested on 2 consecutive days.

.9. Myostatin and GASP-1 assessment

.9.1. Myostatin assay method
Serum myostatin concentrations were assessed using a competitive enzyme-

inked immunosorbent assay (ELISA) method. At first, the wells of microtiter plates
ere coated with recombinant human myostatin (Santa Cruz Biotechnology, SC-

884P) (300 ng/ml) dissolved in phosphate-buffered saline (PBS, pH 7.2, 0.01 M)
or 12 h at room temperature. The plates were washed four times with PBS. The
ells were blocked with 300 �l of 3% bovine serum albumin (BSA) in PBS to pre-

ent non-specific binding and the plate incubated for 1 h. Sera were mixed with
qual volume of mouse anti-human myostatin monoclonal antibody (Santa Cruz
iotechnology, SC-6884) (500 ng/ml) in PBS containing 0.1% BSA for 1 h. Standard
urves were constructed by mixing serial dilutions of recombinant human myo-
tatin with equal volume of the same anti-human myostatin antibody (500 ng/ml)
n PBS containing 0.1% BSA for 1 h. The mixtures were transferred to the coated

ell and incubated for 1 h at room temperature. After washing the wells with
BS containing 0.05% Tween 20 (PBST), peroxidase-conjugated rabbit anti-mouse
olyclonal antibody was added to the wells and the plate was incubated for 1 h
t room temperature. Finally, it was washed six times with PBST and then 100 �l
f 3,3′ ,5,5′-tetramethylbenzidine (TMB) reagent was added and incubated at room
emperature for about 10 min. Peroxidase reaction was stopped by adding 100 �l of
00 mM H2SO4, and the optical density at 450 nm was determined by a microplate
eader. All the standards and samples were assayed in duplicate. The data for
he standard curve were fitted to a logistic plot and the levels of myostatin were
alculated.

.9.2. GASP-1 assay method
GASP-1 concentrations in sera were determined using a sandwich ELISA. At first,

00 �l of the mouse anti-human GASP-1 monoclonal antibody (R&D, MAB20701),
issolved in PBS was added into the wells of the microtiter plate and incubated
or 12 h at room temperature. Assay plates were washed three times with PBS
nd blocked with 300 �l of 3% BSA in PBS to prevent non-specific binding and
ncubated for one more hour. Then the sera were diluted three times with PBS
ontaining 0.1% BSA and 100 �l of diluted samples were added into the wells and
ncubated for 1 h at room temperature. Serial dilutions of recombinant human GASP-

(R&D, 2070GS) in PBS containing 0.1% BSA were prepared and added into the
ells and incubated for 1 h at room temperature to construct a standard curve.

hereafter the wells were washed four times with 400 �l PBST. Then, 100 �l of
he goat anti-human GASP1 polyclonal antibody (R&D, AF2070) (400 ng/ml) diluted
n PBS containing 0.1% BSA, were added to the wells, and the plates were incu-
ated for 1 h at room temperature. They were washed four times with 400 �l
BST, and subsequently 100 �l of HRP-conjugated rabbit anti-goat antibody diluted
ith PBS containing 0.1% BSA was added. The plates were incubated for 1 h and
ashed six times with PBST. Then, 100 �l of TMB reagent was added to the wells.

he reaction was stopped by adding 100 �l of 200 mM H2SO4, and color inten-
ity was measured at 450 nm. All measurements were performed in duplicate and
ata for the standard curve were fitted to a logistic plot and the levels of GASP-1
alculated.

.9.3. Intra- and inter-assay imprecision
Three samples of known concentration (low moderate and high) were tested for

oth myostatin and GASP-1 in eight independent analytical runs to assess precision
ithin and between assays.

.10. Statistical analysis

Data were analyzed by analysis of variance for repeated measures (treatment
roup × time). Significant group × time interactions were determined using the Stu-
ent Neumann–Keuls Post Hoc test. The linearity of the ELISA standard curves was
etermined with linear regression analysis. All statistical procedures were per-
ormed using SPSS 11.0 software and data were considered significant when the
robability of type I error was 0.05 or less. Data are shown as means ± standard
eviation.

. Results

.1. Baseline characteristics
Three participants did not complete the whole program, so their
ata were not included. This reduced the population to eight people

n each group. Their Baseline characteristics are shown in Table 1.
here were no differences between the groups in any variable at
he beginning of the study (p > 0.05).
Week 4 2.2 ± 0.6 1.9 ± 0.9 2.2 ± 0.5
Week 8 2.2 ± 0.8 1.8 ± 0.8 2.0 ± 0.6

Values are means ± SD.

3.2. Diet analysis

There were no significant differences (p > 0.05) between the
groups with respect to total calorie, carbohydrate, protein, and fat
intakes (Table 2). The presented data do not include supplementa-
tion.

3.3. Body composition

There were a significant effect of time and group on lean body
mass (p < 0.05), increasing in RT + CR group from baseline to week
4 and 8 (p < 0.05). Likewise, time effects were observed in RT + PL
at week 8 (p < 0.05). A significant treatment effect was observed in
RT + CR, which had higher lean mass than RT + PL group at week
4 and 8 (p < 0.05). No significant changes were observed in CON
(Table 3).

3.4. Muscle strength

A significant group and time (p < 0.05) effect was seen on lower
and upper-body strength. It was increased in RT + CR group at week
4 and 8 (p < 0.05) (Table 3). Likewise, a significant time effect was
observed in RT + PL at week 4 and 8 (p < 0.05). A significant treat-
ment effect was observed for RT + CR, which was elevated compare
to RT + PL at week 4 and 8 (p < 0.05). No changes were observed for
CON.

3.5. Urine creatinine

Urine creatinine showed a significant group and time (p < 0.05)
effect. Baseline urine creatinine concentrations (mg/24 h) were
similar in RT + CR (1339.6 ± 374.1), RT + PL (1576.2 ± 411) and
CON (1415.1 ± 386) groups. Furthermore, at end of the week
1 (1916.2 ± 384.7) and 8 (1896.1 ± 396.5) were significantly
increased in RT + CR group. No changes were observed for RT + PL
and CON.

3.6. Serum myostatin and GASP-1

The mean intra- and inter-assay imprecision was deter-

mined from five analytical runs for each of the 11 calibrators
(0.01–300 ng/ml) in the standard curve.

Serum myostatin showed significant time and group (p < 0.05)
effect, decreasing in RT + CR at week 4 and 8 (p < 0.05). Similar,
time effects were observed in RT + PL at week 4 and 8 (p < 0.05).
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Table 3
Body composition and muscle strength.

CON RT + PL RT + CR

Body mass (kg)
Week 0 76.74 ± 2.1 77.0 ± 2.2 77.71 ± 2.0
Week 4 76.34 ± 2.1 77.79 ± 2.1 78.71 ± 1.8
Week 8 76.77 ± 1.9 78.58 ± 2.3 79.83 ± 2.2

Lean body mass (kg)
Week 0 59.75 ± 1.1 60.28 ± 1.5 60.40 ± 1.0
Week 4 59.82 ± 1.1 61.28 ± 1.1 61.50 ± 1.3a,c

Week 8 59.81 ± 1.3 62.31 ± 1.3a 63.00 ± 1.3b

Fat mass (kg)
Week 0 13.86 ± 2.8 13.64 ± 1.9 14.51 ± 2.6
Week 4 13.40 ± 2.1 13.40 ± 1.6 14.31 ± 2.1
Week 8 13.82 ± 2.9 13.15 ± 1.8 14.03 ± 2.3

%Fat
Week 0 17.55 ± 2.5 17.21 ± 1.8 18.33 ± 2.3
Week 4 17.03 ± 2.1 16.73 ± 1.7 17.66 ± 2.0
Week 8 17.50 ± 2.5 16.23 ± 1.7 17.05 ± 2.1

Bench press (kg)
Week 0 52.25 ± 7.1 53.37 ± 8.0 54.5 ± 7.1
Week 4 52.75 ± 8.0 59.5 ± 9.3a 64.87 ± 5.9a,c

Week 8 52.62 ± 8.0 63.02 ± 10.1b 71.75 ± 7.7b,c

Leg press (kg)
Week 0 155.25 ± 13.6 156.37 ± 14.2 145.62 ± 12.9
Week 4 155.87 ± 13.8 165.25 ± 13.9a 160.62 ± 14.2a,c

Week 8 155.62 ± 15.2 172.12 ± 14.5b 166.87 ± 12.5b,c

Values are mean ± SD.
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and there is inverse relationship between changes of myostatin and

F
0

a Significantly different from pre-training (week 0).
b From week 4.
c From RT + PL and CON (p < 0.05).

significant treatment effect was observed for RT + CR, which
as decreased compare to RT + PL at week 4 and 8 (p < 0.05). No

hanges were observed for CON. The measured intra-assay CV for
ow, moderate and high range of myostatin was 4.5, 5.1 and 7.2%,
espectively, and the inter-assay was 3.2, 2.5 and 5.5%, respectively.

Serum GASP-1 showed significant time (p < 0.05) effect, increas-
ng in RT + CR and RT + PL from baseline to week 8 (p < 0.05). No
ignificant treatment effect was observed for RT + CR compare
T + PL. No changes were observed for CON. The measured intra-
ssay CV for low, moderate and high range of GASP-1 was 5, 5.3
nd 6%, respectively, and the inter-assay was 4.2, 2 and 5.1%, respec-
ively (Fig. 1).
. Discussion

This is the first study to demonstrate that creatine supple-
entation added to resistance training program amplifies the

ig. 1. Serum myostatin (a) and GASP-1 (b) levels between groups following 8 weeks resis
), bfrom week 4, and cfrom RT + PL and CON (p < 0.05).
Endocrinology 317 (2010) 25–30

training-induced decrease in serum levels of myostatin, increasing
the effects of exercise on muscle strength and mass. In addition, it
was shown that 8 weeks of resistance training resulted in signifi-
cant elevations in serum GASP-1.

Many binding proteins for myostatin have been described but
their specific role in regulating myostatin activation and recep-
tor binding is not clear (Joulia-Ekaza and Cabello, 2007). One of
the binding proteins and inhibitors of myostatin is GASP-1. It has
been shown to be expressed in human skeletal muscle, circulates in
human blood, and inhibits myostatin activity (Hill et al., 2003). We
observed an increase in GASP-1 in both training groups, although
no significant changes were observed at initial phase of the train-
ing (at week 4). Thus, a relatively long training course is required to
increase GASP-1. This finding is unique and may be related to the
specific type of training program, however, the exact reasons and
the physiological mechanism(s) mediating this adaptation remain
speculative. To our knowledge, our results are the first reported
findings on the behavior of GASP-1 after resistance training. It is
likely that the increased GASP-1 may have inhibited myostatin
from binding to the activin IIb receptor. This is conceivable because
serum myostatin is bound to, inhibited, and negatively regulated
by GASP-1 (Hill et al., 2003). Therefore, based on our and previ-
ous (Hill et al., 2003) results, we submit that in young, apparently
healthy males participating in resistance exercise the increases in
serum GASP-1 that accompany decreased serum myostatin may
serve to inhibit myostatin signaling and muscle catabolism that
could conceivably accompany heavy resistance exercise. The find-
ing that serum myostatin decreased after resistance training when
no extra-nutrition supplementation was provided and was accom-
panied with gains in lean body mass and muscle strength are
in agreement with Walker et al. (2004), who reported decreased
plasma myostatin after 10 week of resistance training (Walker et
al., 2004). In contrast, Willoughby (2004) demonstrated increases in
serum myostatin following resistance exercise (Willoughby, 2004).
These inconsistent findings may be due to differences in subjects,
blood sampling time, exercise mode, intensity, and duration mak-
ing comparisons between the studies difficult. For example, in our
study, blood sampling was obtained 48 h after the last resistance
training session, thus minimizing the short-term effects from this
last bout, whereas in the aforementioned study by Willoughby
(2004), blood samples were taken immediately after the exercise
session. However, the present study shows that 8 weeks resis-
tance training (hypertrophic model) decreases serum myostatin,
lean body mass during training period. This inverse relationship
consistent with the theoretical negative role of myostatin in regu-
lating muscle mass (McPherron et al., 1997; Zimmers et al., 2002;
Yang et al., 2007).

tance training and supplementation. aSignificant different from pre-training (week
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Furthermore, we found out that serum myostatin decrease after
esistance training was augmented with creatine supplementa-
ion, and this also resulted in greater lean body mass and strength
ain. Creatine monohydrate is an extremely popular nutritional
upplement, which has been widely reported to have ergogenic
nd anabolic effects in individuals undergoing resistance train-
ng (Candow and Chilibeck, 2008; Rawson and Persky, 2007). The
osage of creatine used in the present study was similar to dosages
sed in other studies which increased intramuscular creatine levels
nd FFM, and improved muscle strength (Volek et al., 1999). Con-
idering the issue of responders and non-responders to creatine
upplementation (Kilduff et al., 2003), most subjects in the RT + CR
roup was likely responders because these group had greater gains
n LBM compared with the RT + PL group. Measurement of muscle
reatine concentrations could be used to confirm whether these
ubjects were creatine responsive (Greenhaff et al., 1994), but that
as not done in the present study. Creatinine formation is directly

elated to creatine phosphate concentration in skeletal muscle.
arris et al. (1992) showed that creatine saturation in muscle was
ssociated with elevated levels of urinary creatinine. This finding
uggests that the muscle cannot phosphorylate excess free crea-
ine, therefore, excessive supplementation yields elevated urinary
reatinine. Alternatively, urinary creatinine could be used as a non-
nvasive method for measuring creatine muscle retention during
upplementation (Mendes et al., 2004). In our study, urinary cre-
tinine concentrations were measured throughout 8 weeks, and
nly RT + CR group showed a significant increase. It is possible
hat creatine ingestion did increase muscle creatine levels, and our
ubjects were probably responders. Although the mechanisms gov-
rning the ergogenic and anabolic effects of creatine are not entirely
nderstood, several theories have been proposed. Recent findings
ave supported the idea of facilitating effect of creatine on skeletal
uscle growth with resistance training. It has been shown in rats

hat creatine supplementation during increased functional load-
ng and compensatory hypertrophy (synergist ablation) induced
ncreased satellite cell mitotic activity (Dangott et al., 2000), or
reatine supplementation in combination with strength training
ugment the training-induced increase in number of satellite cells
nd myonuclei in human skeletal muscle (Olsen et al., 2006). Fur-
hermore, myogenin and MRF-4 mRNA and protein expression
ncrease more after creatine supplementation compared to training
lone after 12 weeks of resistance training (Willoughby and Rosene,
003). These myogenic regulatory factors (MRFs) are thought to
egulate muscle heavy chain (MHC) expression at the translational
evel, and therefore up-regulation of MRF may lead to muscle accre-
ion (Willoughby and Rosene, 2001). The observed decrease in
erum levels of myostatin in the present study supports a role
or creatine in activating myogenic pathway (MRFs and satellite
ells), thereby augmenting the training-induced accretion of mus-
le mass, especially in the early part of the time course of training.
nterestingly, in the present study during creatine supplementation
he largest decreases in myostatin levels were observed at week 4.
ecently, Olsen et al. (2006) reported that the largest increases in
atellite cell content after creatine supplementation were occurred
n the initial phase of training (at week 4), also, Volek et al. (1999)
eported that treatment with creatine during early phase of resis-
ance training resulted in significantly greater hypertrophy of type
I fiber. Since the inhibitory effects of myostatin primarily occur
n type II muscle fiber (Girgenrath et al., 2005), it is probable that
reatine supplementation during resistance training (initial weeks)
eads to greater increases in satellite cells activation (Olsen et

l., 2006) and skeletal muscle hypertrophy via decreases in myo-
tatin production in type II muscle fibers (Willoughby and Rosene,
001). Although we presently do not know the specific physiolog-

cal means by which creatine affects myostatin, it is possible that,
s an osmotically active substance, it can cause water retention in
Endocrinology 317 (2010) 25–30 29

the muscle fiber (Ziegenfuss et al., 1998), and increased osmotic
pressure and resultant cell swelling due to increased creatine con-
centration and muscle glycogen content (Op’t Eijnde et al., 2001)
may represent an anabolic stimulus for downregulation of myo-
statin and further it may stimulate myogenic regulatory factors
expression (Willoughby and Rosene, 2001) and then satellite cells
to proliferate and fuse with enlarging myofibers (Dangott et al.,
2000). Also, it has been suggested that the enhanced muscle size
gain observed when strength training is combined with creatine
supplementation could be caused by a rise in training quality and/or
greater total training load (Volek et al., 1999) which was supported
by a higher total resistance load lifted by creatine supplemented
subjects as reported by Steenge (1999). The effect of increased
work output during creatine supplementation could cause a greater
than normal stimulus to muscle anabolism (Louis et al., 2003). To
eliminate this effect, in the present study total training load was
not greater in subjects supplemented by creatine compared to the
placebo group.

We explored a potential myogenic pathway to explain the
anabolic action of creatine supplementation. However, possible
direct action of creatine within the muscle cells to stimulate net
protein synthesis must also be considered. With this respect, some
early observations in muscle cell culture have suggested that cre-
atine may directly stimulate the rate of muscle protein synthesis
(Vierck et al., 2003). The possible impact of creatine intake on
the intracellular signaling pathways involved in the regulation of
muscle protein synthesis and breakdown needs to be addressed in
future studies.

In conclusion, the present study is the first to demonstrate that
decreasing myostatin and inhibiting its function by GASP-1 may
play important role in increasing muscle strength and mass by
resistance training, and supplementation with creatine resulted in
greater increases in muscle mass and strength, and this improve-
ments were accompanied by more decreased myostatin levels.
Although we presently do not know the specific physiological
reason(s) by which creatine affects myostatin, part of the enhance-
ments in muscle mass induced by creatine supplementation seen
in human clinical trials could be explained.
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