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Myostatin and Follistatin Immuno PCR

Abstract

Myostatin propeptide (MYOPRO) and follistatin (FOLLI) are potent myostatin inhibitors. In
this study we analysed effects of training and androgens on MYOPRO and FOLLI
concentrations in blood and skeletal muscle using Immuno PCR. Young healthy males
performed either a 3-month endurance-training or a strength-training. Blood and biopsy
samples were analysed. Training did not significantly affect MYOPRO and FOLLI
concentrations in serum and muscle. To investigate whether total skeletal muscle mass may
affect circulating MYOPRO and FOLLI levels, blood samples of tetraplegic patients,
untrained volunteers and bodybuilders were analysed. MYOPRO was significantly increased
exclusively in the bodybuilder group. In orchiectomized rats MYOPRO increased in blood
and muscle after treatment with testosterone. In summary our data demonstrate that
moderate training does not affect the concentrations of MYOPRO to FOLLI. In contrast
androgen treatment results in a significant increase of MYOPRO in skeletal muscle and

serum.
Keywords:

Immuno PCR, Myostatin, Myostatin propeptide, Follistatin, Doping, Myostatin Inhibitor,

Androgens
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Introduction

Great progress has been made over the past years by means of innovative molecular
techniques that have led to the discovery of new growth factors involved in the regulation of
muscle mass. These findings provide new starting points to understand the mechanisms
involved in the adaptation of skeletal muscle to exercise training. One of these newly
identified growth factors is myostatin (MSTN), a member of the transforming growth factor-3
family of proteins. MSTN was first discovered by McPherron et al. (1997) who showed that a
phenotype of exaggerated muscle hypertrophy is correlated with mutations in the MSTN
gene. Such naturally occurring knockout mutations of MSTN have been described in animals
(Grobet et al. 1997) and in a human child (Schuelke et al. 2004). Blocking of the MSTN
signalling transduction pathway by specific inhibitors and genetic manipulations has been
shown to result in a dramatic increase of skeletal muscle mass (Bogdanovich et al. 2002;
Whittemore et al. 2003; Bogdanovich et al. 2005). This can be achieved either by
overexpression of myostatin propeptide (MYOPRO), follistatin (FOLLI) or by the use of
specific blocking antibodies. New understanding of the role of MSTN gene expression in
growth and development, along with research into the structural and functional
characteristics of the MSTN protein, has offered researchers several potential methods to
manipulate this signalling pathway. So far, several proteins (e.g., FOLLI, mutant activin type
Il receptors, and MYOPRO) have been demonstrated to act effectively as MSTN signalling
blockers both in vitro and in vivo. Knocking out of the activin 11B receptor (ACT 1IB) for
example resulted in a mouse phenotype very similar to MSTN knockout mice (Lee &

McPherron 2001).

In principle, blocking of MSTN signalling can be achieved by three different pharmacological
strategies. First, there is the possibility to block MSTN gene expression. Knocking out the
gene and breeding of transgenic animals can achieve this. Such strategies are particularly

interesting for agricultural applications. Another possibility is to inactivate the MSTN gene by
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viral-based gene overexpression and antisense technologies (Furalyov et al. 2008; Haidet et
al. 2008; Liu et al. 2008). Secondly, the MSTN signalling can be inhibited by blocking the
synthesis of the MSTN protein (Huet et al. 2001). A third strategy to inhibit MSTN signalling
is to block its receptor. This can be achieved by small molecules or by specific blocking
antibodies. Recently, the first results of clinical trials using such inhibitors have been
published (Wagner et al. 2008). MSTN inhibitors can potentially be used for agricultural
applications, treatment of muscle diseases, treatment of muscle atrophy and metabolic
disorders such as obesity and type 2 diabetes (Khurana & Davies 2003; McPherron & Lee

2002; Amthor 2009).

Unfortunately, drugs or genetic manipulations with the ability to modulate MSTN signalling
may also have the potential to enhance physical performance in athletes and therefore
represent a new class of doping substances. To identify such manipulations knowledge
about the regulation of MSTN and proteins able to regulate MSTN activity under different
physiological conditions is essential. However the concentrations of many of the members of
the MSTN signal transduction pathway are very low, especially in biopsy samples,
consequently a highly sensitive detection system is necessary. Therefore, our aim was to
use real-time Immuno-PCR (IPCR, Imperacer®) as a technique for antigen detection, which
combines the molecular recognition of antibodies with the highly sensitive DNA amplification
capability of PCR (Adler, Wacker & Niemeyer 2003; Niemeyer, Adler, Wacker 2005). The
procedure is similar to conventional enzyme-linked immunosorbent assays (ELISA) but is
more accurate and sensitive and therefore allows the detection of very small amounts of
DNA-coupled detection antibody. IPCR and related techniques are highly suitable to detect
protein fingerprints with extremely high sensitivity (Niemeyer, Adler & Wacker 2005) and
have been successfully adapted and validated as a routine method for quantitative detection
of a novel anti-cancer drug for application in clinical studies of pharmacokinetics in human

serum (Adler et al. 2005).
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Here we describe the development of highly sensitive Imperacer® assays for MYOPRO and
FOLLI. Using this technigue MYOPRO and FOLLI expression levels were studied in serum
and skeletal muscle biopsies under training conditions in young healthy man. The effect of
total muscle mass on serum concentrations of MYOPRO and FOLLI was studied in blood
samples from tetraplegic patients, untrained volunteers and bodybuilders. To investigate the
effect of androgens, protein expression of MYOPRO and FOLLI was studied in serum and

skeletal muscle of DHT treated castrated male rats.
Materials and Methods

ANTIBODIES AND RECOMBIANT PROTEINS

ELISA/Western Blot

Antibodies: Follistatin antibodies AF669 and BAF669 (R&D Systems), Myostatin Propeptide,
antibodies RD 183057050 and RD-1057 (R&D Systems). Myostatin antibodies Myo 1 and
Myo2 (Immunodiagnostik AG Bensheim). Detection limit of the Myostatin ELISA is 0,273
ng/ml, LOD: limit of determination: 0,6 ng/ml, LOQ: limit of quantitation: 1,15 ng/ml , Inter

assay CV: <15% Intraassay CV: <10%

Recombinant proteins: Myostatin GDF-8 (mouse) 788-G8 (R&D Systems), Follistatin :
(human) 4708-20, (BioVision), Myostatin Propeptide: Human MYOPRO, recombinant

protein; Cat-no. RD172058100 (BioVendor).

Immuno PCR:

Capture antibody for Myostatin Propeptide: Anti-Human MYOPRO, Mouse Monoclonal
Antibody; Cat.-no. RD-1057 (BioVendor) Clone 6ES.

Recombinant Myostatin Propeptide: Human MYOPRO, recombinant protein; Cat-no.
RD172058100 (BioVendor).

Capture antibody for Follistatin: Human FOLLI Cat.-no. AF669, (R&D Systems)
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Recombinant Follistatin: Human FOLLI, recombinant Protein; 4708-20 (BioVision).

Standardized serum (BISEKO) for spiking, Source: Biotest.

IMMUNO PCR

Immuno PCR (Fig 1 A) was performed using the Chimera Imperacer® kits Human FOLLI
Immuno PCR Assay Catalog Number 11-000 kit-R and Human Myo-Pro Immuno-PCR Assay
Catalog Number 11-039 kit-R. The following listed additional antibodies and recombinant
proteins were used:

A flow chart of an Immuno PCR assay is shown in Fig. 1B. A monoclonal anti-FOLLI
antibody (“AF669”, R&D Systems) or monoclonal anti MSTN propeptide antibody (RD-1290
(human) R&D Systems) was immobilized onto a microplate surface and the plate was
blocked against unspecific binding by incubating with Chimera Imperacer® kit blocking buffer
over night at 4°C . Previous to the blocking step, standards and samples were mixed with a
solution of an antibody-DNA detection conjugate specific for FOLLI (CHI-Foli) or MSTN
propeptide (CHI-Myo) for combined incubation in siliconized cups. Subsequently, the mixture
was incubated in each blocked well, followed by a washing step to remove any unbound
sample material and antibody-DNA conjugate. Finally, a PCR-mastermix was added to the
wells.

Real-time PCR was carried out using a dual-labelled probe. The probe contains a
fluorescence dye (FAM) and a quencher. While the DNA-polymerase activity of the enzyme
elongates the PCR-primer during the synthesis of the novel complementary DNA strand, the
probe will be sterically altered, thereby inducing fluorescence for each amplified DNA strand.
Signal read out of a real-time Immuno PCR experiment was measured in a Stratagene
p3500 cycler. Amplification was performed using the following listed PCR program: PCR-

program for real-time 5 min 95°C 1x, 12 sec 95°C, 30 sec 50°C, 30 sec 72°C, 45x.

CALCULATIONS OF RESULTS
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The real-time PCR-cycler records the increase of the normalized fluorescence signal (dR) for
each cycle during DNA amplification. Subsequent to the run, the software of the instrument
applies an automatic baseline correction. In the next step, the software automatically
calculates the threshold cycle (Ct), which represents the first PCR cycle at which the reporter
signal exceeds the signal of a given uniform “threshold”, manually set in the phase where the
signal increases linearly (typically 100-000). A half-logarithmic plot of log dR against cycle
number is used to choose the correct threshold value. To render an easy comparison of data
obtained from real-time Imperacer® and conventional ELISA, the problem has to be
circumvented that Ct values are inversely proportional to antigen concentrations (the
negative control NC has the highest numerical value) while ELISA signals are directly
proportional to antigen concentrations (NC has the smallest numerical value). Therefore, we
calculated delta Ct values by subtracting the Ct values obtained for each signal from the total
number of cycles carried out in the experiment (45-Ct). For each sample and/or standard
analysed in duplicate the mean values and standard deviation of delta Ct was calculated. For
guantification, the delta Ct of the calibration curve standards was plotted against the log
concentration and a linear regression for concentrations or a non-linear regression (e.g.
guadratic fit) was carried out. The resulting equation was used for the determination of the

antigen concentration in unknown samples.
SUBJECTS:

Training experiment

The study was approved by the ethic committee of the German Sport University.
Experiments were conducted according to the Declaration of Helsinki. All subjects gave their
written consent to participate after being informed about the specific risks and the studies
protocol as well as a medical examination. 33 male sport students (no structured, specific
strength and endurance training for at least 6 months before beginning the study) with an

average (+SD) age of 22.2 (1.8) yr, height of 183.2 (5.9) cm, and body weight of 77.8 (8.0) kg
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participated in this study. Subjects were randomly assigned to either an endurance-training
group E (N = 11), a strength-training group S (N=11) or a control group C (N=11). 27 of these
students, belonging to E (N = 8), S (N=10) and C (N=9) finished the study and were

analysed.

Muscle mass experiment
The anthropometric data of the analysed bodybuilders and tetraplegic subjects are
summarised in Tab. 2. The control group was composed of non specifically trained male

sport students as described above under training experiment.

TRAINING PROTOCOL:

According to medical history and examination all subjects were healthy. They participated in
various physical activities predominantly in sport games such as soccer, handball and
basketball. A systematic and regular strength and endurance training within the last 6 month
was prohibited. All participants were demanded to continue their regular lifestyle including
physical activity and nutrition habits during the study.

The participants of the groups trained three days a week, with a two-day rest period between
the training units. The training intensity for S was specified on the basis of the one repetition
maximum (1RM) test, which had been determined in the first training unit. The intensity
corresponded to a training weight of 70-80% of the one repetition maximum (1RM) and a
repetition number from eight to ten per session, with 2 minutes rest between the sets. The
subjects performed a complete body workout including leg extension, leg curl, chest press,
leg press, leg pulley, seated row, lateral raise, crunches and hyperextension. Each motion
cycle (concentric - eccentric) persisted of three to four seconds. In order to maintain an
appropriate training stimulus for improving strength abilities during the training period, the
subjects were instructed to adjust their training weight, if ten repetitions of the original weight

could be completed without problems. E took place in form of a 45-minute run for each
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training unit. The training intensity was controlled by heart rate (HR) measurement. Study
participants trained at 80% of their HR that corresponded to the aerobic/anaerobic threshold.
After 8 weeks of training an intermediate testing of the strength and endurance group took
place to potentially modify training intensity. S carried out a one repetition maximum test and
E fulfilled a treadmill test that included lactate and HR measurement. The final tests were
developed identically to the entrance examinations and took place at the beginning of week
twelve. It was ensured that the final tests were conducted in the same sequence and at the

same time as the entrance examinations.

PHYSICAL FITNESS TESTING:

Physical fithess tests were carried out before and after the training period, after a
standardized resting period of 2 days. Isometric strength abilities of knee extensior muscles
were measured in a well-standardized position sitting upright with a knee flexion of 120° in a
leg extension machine (Gym 80, Gelsenkirchen, Germany). The measurement took 10
seconds of maximal isometric strength output. The subjects were asked to do a 1RM

described in Bell et al. (2008) to find the correct intensity of 70-80 %.

Endurance testing:

Endurance was tested on a treadmill (Woodway GmbH, Weil am Rhein, Germany). The
entrance velocity was set at 7.0 km/h (1.94 m/s). There upon the load was increased every
four minutes by 1.5 km/h (0.42 m/s) till exhaustion. Oxygen uptake was analysed by an open
breath-by-breath system (ZANG80, Oberthulba, Germany). Heart rate was recorded with
polar Vantage XL (Polar Electro, Kempele, Finnland). Capillary blood lactate was collected in
sample tubes from the ear lobe and analysed with Biosen c-line (EKF-diagnostic, Barleben,

Germany) before the test and at the end of every stage.

Tissue collection:
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Muscle biopsies were obtained 3 to 5 days before starting the exercise period and again after
the exercise period. There were at least two days rest between the last exercise bout and the
biopsy. Food intake was standardized one day before the biopsies. All individuals underwent
the first and the second biopsy at identical daytime. Muscle samples were taken by a
Bergstroem needle from the middle portion of the right vastus lateralis muscle at the midpoint
between the patella and the greater trochanter of the femur at a depth between 1 and 2 cm.
After removal, muscle tissue was immediately frozen in isopentane with -80 °C, then in liquid
nitrogen and finally stored at -80°C for analysis.

After an overnight fast venous blood samples were drawn from an antecubital vein early in
the morning. Blood samples were centrifuged at 3000 rpm for 10 minutes and serum was

stored at -80°C for later analysis.
Protein preparation from biopsy samples:

Pooled frozen biopsy samples were powdered and homogenized in buffer (623,5 mM
Tris/EDTA, pH 8) containing enzyme inhibitors (5mg/ml aprotonin, 5mg/ml leupeptin, Img/mli
pepstatin-A, 5mg/ml antipain, 100 mM pefac in 0.5M EDTA pH 8). Protein concentrations
were determined by the method of Lowry (Dc Protein Assay, Bio-Rad). Dilutions of proteins

were made in sample dilution buffer.

Animal Experiment

Male Wistar rats (130g, age 7 weeks) were obtained from Janvier Laboratories (Le Genest
St. Isle, France) and were maintained under controlled conditions of temperature (20°C * 1,
relative humidity 50-80%) and illumination (12 h light, 12 h dark). All rats had free access to a
standard rat diet (SSniff R10-Diet, SSniff GmbH, Soest, Germany) and water. They were
maintained according to the European Union guidelines for the care and use of laboratory
animals. The study was undertaken with the approval of the regional administration of the

governmental body.
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The Hershberger assay was performed according to the guidelines of the rodent
Hershberger assay (Yamasaki et al. 2003). The rats were orchiectomised under anesthesia
(Rompun / Ketanest). After 7 days of endogenous hormone decline, the animals were
randomly allocated to treatment and vehicle groups (n = 6). For subcutaneous (s.c.)
administration DHT was dissolved in ethanol and diluted in corn oil. The animals were
treated once a day s.c. with DHT (1 mg/kg BW/day) for 12 days.

Rats were sacrificed after completion of the 12-day treatment period. Following removal, wet
weights of the prostate, seminal vesicle and levator ani muscle were determined.

The data of tissue weights are presented as mean + standard error of the mean (SEM).

STATISTICAL ANALYSIS

Statistical analyses were performed using the SPSS Statistical Analysis System, Version
12.0.

All data are expressed as arithmetic means with their standard deviations. Statistical
significance of differences was calculated using one-way analysis of variance (ANOVA)
followed by post hoc Tukey HSD test where appropriate. Statistical tests were used for

comparisons between groups and statistical significance was established at P<0.05.
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Results

Development of high sensitive Imperacer® for MYOPRO and FOLLI

To develop a highly sensitive assay for the detection of MYOPRO and FOLLI in serum and
tissue samples several antibodies were tested. Using the antibodies mentioned in materials
and methods we were able to develop functional ELISA’s. Based on these ELISA's functional
Imperacer® assays for FOLLI and MYOPRO were developed using the principle of Immuno
PCR (Fig. 1 A). The selectivity of the used antibodies was tested by western blotting in
human serum protein (Fig. 2 A). The sensitivity of the Imperacer® based assays was
superior compared to the corresponding ELISA’s (Fig. 2 B and C). Limit of detection, limit of

guantitation and the intra- and inter-assay coefficients of variation are provided in TAB. 1.

Effects of training on the expression of MYOPRO and FOLLI in the serum samples of trained

athletes

To investigate the effects of training on the serum concentration of MYOPRO and FOLLI,
three groups of volunteers were trained for three months as described in material and
methods. Effects of training on strength and endurance are shown in Fig. 3 A and B. It is
clearly visible that strength increased significantly in ST (Fig 3 A), whereas endurance
increased in ET (Fig. 3 B). FOLLI and MYOPRO concentrations in the serum of the
volunteers were determined before and after the training period. As shown in Fig. 4
Imperacer® technology allows highly sensitive and reliable measurements of MYOPRO and

FOLLI in human serum. Interestingly, all analysed individuals had very stable serum
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concentrations of FOLLI (Fig. 4 A). Obviously, neither endurance nor strength training

affected the average serum levels of MYOPRO (Fig. 4 C) and FOLLI (Fig. 4 B).

Effects of Training on the expression of MYOPRO and FOLLI in muscle biopsies

To investigate whether the detected serum levels of MYOPRO and FOLLI correlate to protein
concentrations in the trained skeletal muscles, biopsies were taken before and at the end of
the training period. Using Imperacer® the concentrations of MYOPRO and FOLLI were
determined in biopsy samples from the end of the training period. Whereas the concentration
of MYOPRO in the biopsies was below the detection limit, FOLLI concentrations could be
determined. In agreement with the serum concentrations no training effects were observed (4

D).
Effects of the total muscle mass on the ratio of MYOPRO and FOLLI

Since physical activity in the performed endurance and strength training had no effects on
FOLLI and MYOPRO serum and tissue concentration, we were interested whether there may
be an alteration by total body muscle mass. Therefore, we collected serum samples from
tetraplegic patients and bodybuilders and compared them to trained young healthy male
sport students. The detailed personal characteristics of the investigated groups are shown in
Tab. 2. The serum levels of MYOPRO were significantly increased in the bodybuilder group
(Fig. 5A). In contrast the expression levels of FOLLI remained unaffected (Fig. 5 A).
Remarkably, there was no difference between the control group and the tetraplegic people.
To verify the data, the serum concentration of total MSTN was determined by ELISA in
tetraplegic persons and bodybuilders. Similar to the FOLLI results there was no difference
between the two groups (Fig. 5 A). The calculated ratio FOLLI/MYOPRO (Fig. 5 B) was

significantly lower in the bodybuilder group.
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Effects of testosterone on MYOPRO and FOLLI in serum and m. gastrocnemius of

orchiectomised rats

To investigate the effects of androgens on MYOPRO and FOLLI, orchiectomised rats were
treated with Dihydrotestosterone (DHT) as described in material and methods. As shown in
Fig. 6 A and B prostate weight and Lev ani weight were stimulated by DHT treatment.
MYOPRO and FOLLI concentrations in the plasma of the animals were determined by IPCR.
In Fig. 6 C it is clearly visible that the FOLLI/MYOPRO ratio is significant lower in the animals
treated with testosterone. MYOPRO expression in the m. gastrocnemius is increased in the

DHT treated animals (Fig. 6 D).

Discussion

To identify manipulations of MSTN signalling, a promising strategy is to monitor the
expression fingerprints of members of the MSTN signalling pathway in different biological
samples. Therefore, our aim was to establish a real-time Immuno PCR method (“IPCR”,
Imperacer®) for the sensitive and reliable detection of MYOPRO and FOLLI. In this study we
were able to establish functional ELISAs and Imperacer® assays for FOLLI and MYOPRO.
An important result of our investigations is the fact that the overall sensitivity of the
developed Imperacer® assays was significantly higher compared to the sensitivity in the
corresponding ELISAs (Fig. 2). Immuno PCR is a detection system with superior sensitivity
that allows protein detection using small volumes of serum samples (below 30ul). This offers
the opportunity to use capillary blood or other biological matrices like saliva for testing.
Moreover, using Immuno PCR we determined protein concentrations in skeletal muscle

tissue. Analysing muscle biopsies we were able, at least with Imperacer®Folli, to determine
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FOLLI concentrations in these tissues (Fig. 4 D). In contrast to conventional techniques, such

as ELISA or Western Blotting, Immuno PCR in this case allows quantitative detection.

To investigate individual variability and effects of physical activity on serum concentrations of
MSTN, MYOPRO and FOLLI, the impact of a three-month strength and endurance training
was analysed. As shown in Fig. 3 training resulted in a significant increase of strength in the
resistance trained individuals, whereas endurance training resulted in a right shift of the
lactate curve, demonstrating an increase in aerobic capacity. Both training protocols
obviously resulted in measurable physiological changes. Analysing the individual MYOPRO
and FOLLI levels in the training groups before and after the training period (Fig. 4) revealed
that there is only a moderate inter-individual variability with respect to the measured
MYOPRO and FOLLI serum levels. In our study the serum concentrations varied between 6
and 10 ng/ml for FOLLI and between 35 and 50 pg/ml for MYOPRO. With respect to FOLLI
serum concentrations, data presented in the literature is very controversial. There are several
reports analysing human FOLLI serum levels in females. In these investigations the
observed levels vary between 57 ng/ml in pregnant women (Rae et al. 2007) and 0.49 ng/mL
(Reis et al. 2007) in healthy women. MYOPRO is known to bind and inhibit MSTN in vitro
(Thies et al. 2001). This interaction has also been shown to be relevant in vivo (Hill et al.
2002) where about 70% of MSTN in serum is bound to its propeptide. Reports about the
typical FOLLI serum levels in healthy young men as well as reports about typical human
MYOPRO serum levels are, to our knowledge, not available.

One of the major aims of this study was to identify biomarkers to detect manipulations in the
MSTN signalling. Therefore, our finding that the individual ratios of the analysed proteins
turned out to be very constant (Fig. 4) and were not affected by training (Fig. 4 B, C) is very
important. A biomarker, which is already affected by moderate training, may not be a suitable
marker to detect the abuse of MSTN inhibitors. In Fig. 4 A it is visible, that the individual
FOLLI serum concentrations are highly constant. In individual samples, taken in a 3-month

interval, nearly identical concentrations were determined. The inter-individual variability
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seems to be low and much smaller than the intra-individual variability. This observation can
be taken as an indication for the reliability of our test system and it demonstrates that the
used training protocol does not affect FOLLI serum concentrations. This is in good
agreement to the FOLLI concentrations determined in the biopsy samples. FOLLI expression
was detectable in the skeletal muscle biopsy samples, but in good correlation to the
determined concentrations measured in serum, it was not affected by training. Effects of
training on the mMRNA and protein expression of FOLLI and MSTN in human muscle biopsies
have been reported in several studies. In other studies FOLLI expression in the M. vastus
lateralis (Jensky et al. 2007) was not affected by training. Also there are recent studies
investigating long term training effects on MSTN and MYOPRO proteins (Hulmi et al. 2009;
Kim et al. 2007). In both studies no major effects of long term training on myostatin or its
propeptide (Kim et al. 2007) could be detected.

To get an impression whether total muscle mass may affect the expression ratios of the
chosen proteins, serum concentrations were determined in individuals, with extreme different
muscle. Non-trained, healthy young males, tetraplegic patients and bodybuilders were
compared. The main result of these examinations is that there was no significant difference
in the average serum concentrations of all proteins between healthy young men and
tetraplegic patients (Fig. 5 A). Interestingly, the average serum concentration of MYOPRO
was significantly elevated in the bodybuilder group compared to the control and tetraplegic
group (Fig. 5 A). This observation could be taken as an indication that the extremely high
skeletal muscle mass of bodybuilders affects the circulating MYOPRO levels. However,
bearing in mind that there was no difference between the control group and the tetraplegic
group (the tetraplegic group had a significantly lower muscle mass than the control group of
healthy young men), an additional explanation could be that other factors like the extreme
training protocol or the intake of anabolic substances (most likely anabolic steroids) caused
the elevated levels. In a recent publication it has been reported, that MSTN levels were
significantly higher in older men treated with graded doses of testosterone (Lakshman et al.

2009). A modulation of MSTN activity by anabolic steroids would fit our recent observation
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that MSTN expression in cell culture and in animal studies is modulated by androgens and
anabolic steroids (Diel et al. 2008a; Diel et al. 2008b). The hypothesis is also supported by
our animal experimental data shown in Fig. 6. It is highly visible that treatment with DHT (1
mg/kg/BW/day) increased MYOPRO expression in the m. gastrocnemius (Fig. 6d) and, like
observed in the bodybuilder group, the FOLLI/MYOPRO (Fig. 6c¢) ratio decreased in animals

treated with DHT.

Summarising all data shown, we suppose that the FOLLI and MYOPRO Imperacer® assays
are promising tools to detect manipulations of MSTN signalling. The sensitivity of the assay
is high enough to detect the relevant proteins in small samples (capillary blood or sputum)
and in the future, multiplexing and/or polyplexing would allow the simultaneously detection of
at least two proteins in a single sample. The serum ratios of the analysed proteins turned out
to be very constant and were not affected by physical activity. In contrast, manipulations
resulting in an extreme and perhaps unphysiological increase of muscle mass seemed to
affect the ratios. Because MSTN signalling seems to be a basic molecular mechanism in
skeletal muscle adaptation, the analysis of ratios of members of MSTN signalling may be a

strategy to identify anabolic manipulations independent of the substance or technique used.
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Legends for Figures

Fig. 1

A. Principle of Immuno PCR.

B. Flow chart showing the individual steps involved in performing an Immuno PCR assay

Fig. 2

Western blot of human serum protein (30ug protein/lane, 4 different samples) demonstrating
the binding specificity of the used antibodies.

A. A single band is detected by the respective antibodies (MYOPRO 28kDa, FOLLI 38 kDa)
B. Comparison of the developed MYOPRO (Myo-P) assays to the corresponding ELISA.

C. Comparison of the developed Follistatin assays to the corresponding ELISA.

Fig. 3 Training results

Three groups of volunteers were trained for three months as described in material and
methods. Effects of training on strength (Fig. 3 A) and endurance performance (Fig. 3 B) are
shown.

A. Measured pre — post differences of isometric strength for knee extensor muscles in

newton before and after the training period. * Significant higher increase of isometric strength

(p < 0.05) in the post test of the strength group.
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B. Measured lactate concentrations in blood in relation to running velocity. Measurements
were performed before and after the three-month training period. * Significant lower (p <
0.05) lactate concentrations all over different running velocities in the post test of the
endurance group.

S — Individuals of the resistance training group, E - Individuals of the endurance training

group, C - untrained control group.

Fig. 4
Measured serum and tissue concentrations (Vastus lateralis) of MYOPRO and FOLLI in the

trained individuals.

A. delta CT values of FOLLI. Shown are the reference (synthetic serum, BISEKO spiked with
the respective recombinant proteins) and the determined delta CT values of individuals (each
number is one individual) before and after the 3-month training period. The figure
demonstrates individual differences in the FOLLI concentrations between the probands, but
also that training does not affect the individual FOLLI concentrations.

B. Average FOLLI serum concentrations in the different training groups before and after the
3-month training period. R resistance group baseline, RT resistance group after 3 month
training, E endurance group baseline, ET endurance group after 3 month training, C control
group, CT control group after 3 months.

C. Average MYOPRO serum concentrations in the different training groups before and after
the 3-month training period. R resistance group baseline, RT resistance group after 3 month
training, E endurance group baseline, ET endurance group after 3 month training , C control
group, CT control group after 3 months.

D. Measured tissue concentrations of FOLLI in biopsies taken from the vastus lateralis
muscle of individuals. Average FOLLI tissue concentrations in the different training groups,

after the 3-month training period are shown.
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Fig. 5

Measured serum concentrations of MYOPRO and FOLLI in untrained healthy young men
(Control), tetraplegic patients (TETRA) and body builders (BODY).

6A. Measured serum concentrations of MYOPRO, FOLLI and total myostatin (MYO).
MYOPRO and FOLLI serum concentrations were determined by Immuno PCR. Total MYO
was determined by a specific ELISA. ND means not analysed.

6B. Calculated ratios of FOLLI/MYOPRO from delta CT values.

* Significant different in comparison to control (p < 0.05), T-test

Fig. 6

Effects of Dihydrotestosterone (1 mg/kg /BW) on MYOPRO expression in orchiectomised

male rats.

Fig. 6A. Prostate weight

Fig. 6B. Lev. ani weight

Fig. 6C. Calculated ratios of FOLLI/MYOPRO from delta CT values in rat serum

Fig. 6D. A representative western blot of MYOPRO expression in the m. gastrocnemius is
shown. The figure demonstrates the mean results of a densitometric analysis of 3 different

western blots.

Orchi =orchiectomy, DHT= treatment with Dihydrotestosterone.

* Significant different in comparison to Orchi (p < 0.05), T-test

24
Page 24 of 32



Table

Pro

Average Average Average Average Average LOD (Limit LLOQ
intra-assay intra-assay inter-assay inter-assay recovery (Rg) of (Lower limit of
CV% CV% CV% CV% of detection) quantification)
of measured of of measured of calculated
delta Ct calculated delta Ct calculated concentrations

concentrations

10 £5%

concentrations

13 £12%

98 £12%

2.4 pg/ml

6.4 pg/ml

Folli |

19+1%

10 £6%

24 +13%

113 +#37%

40 pg/ml

64 pg/ml

Tab. 1: Statistical analysis of Imperacer® assay performance

In a set of two intra- and inter-assay double determinations of a spiked calibration
curve for each antigen, the following assay parameters of Imperacer® were obtained:
Assay precision was determined as standard deviation of measured signals (delta Ct)
and calculated concentrations (4 parameter fit, logistic model, R2 = 0.99 for all three
antigens, respectively) in double determination and represented as percent of
average signal (CV%).
Detection limit (LOD”) was calculated according to DIN 32645 by significant
difference of 3 x standard deviation of the negative control. Assay recovery of
calculated concentrations was determined in % of spiked concentrations. The lowest
actual spiked concentration which allowed an recovery >80% was determined as
lower limit of quantification (LLOQ).
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Table

Tab 2. Anthropometric data of analysed
tetraplegic subjects.

Tetraplegic subjects

bodybuilder

Month: Time since the accident leading to tetraplegy
Tetraplegy: First functional nerve segment

Subject | Gender | Age | Tetraplegy | Month
[yr]
1 M 18 C3 18
2 M 34 C5 12
4 F 44 C4 12
5 M 53 Cc7 12
6 F 33 C4 11
7 M 64 C4 15
8 M 33 C5 16
Body Builders
Subject | Gender | Body | Age Bench
weight | [yr] press
[kq] [kq]
1 M 95 34 180
2 M 92 34 150
3 M 91 28 170
4 M 85 38 145
5 M 86 29 140
6 M 81 33 140
7 M 93 35 150
8 M 90 33 140

and
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Figure
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