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Collagen is the predominant structural protein in tendons
and ligaments, and can be controlled by hormonal
changes. In animals, injections of insulin-like growth
factor I (IGF-I) has been shown to increase collagen syn-
thesis in tendons and ligaments and to improve structural
tissue healing, but the effect of local IGF-I administration
on tendon collagen synthesis in human has not been
studied. The purpose of this study was to study whether
local injections of IGF-I would have a stimulating effect
on tendon collagen synthesis. Twelve healthy nonsmoking
men [age 62 * 1 years (mean = SEM), BMI 27 * 1] par-
ticipated. Two injections of either human recombinant
IGF-I (0.1 mL Increlex©) or saline (control) into each

patellar tendon were performed 24-h apart, respectively.
Tendon collagen fractional synthesis rate (FSR) was
measured by stable isotope technique in the hours after
the second injection. Simultaneously, interstitial peri-
tendinous (IGF-I) and [procollagen type I N-terminal
propeptide (PINP)], as a marker for type I collagen syn-
thesis, were determined by microdialysis technique.
Tendon collagen FSR and PINP were significantly higher
in the IGF-I leg compared with the control leg (P < 0.05).
In conclusion, local IGF-I administration can directly
enhance tendon collagen synthesis both within and
around the human tendon tissue.

Tendon and ligaments play an important role for the
force-transmitting function of the muscular—skeletal
system, and collagen represents the most common and
structural important protein in these structures (Finni
et al., 2000). The regulatory role of different hormonal
growth factors and cytokines in humans in relation to
stimulation of tendon and ligament synthesis is not fully
clarified (Kjaer, 2004), but a rise in expression and tissue
content of insulin-like growth factor I (IGF-I) is found to
be associated with a rise in tendon collagen synthesis
after mechanical loading (Langberg et al., 1999; Miller
etal.,, 2005; Heinemeier etal., 2007; Olesen et al.,
2006b). Furthermore, a stimulating effect of IGF-I on
collagen synthesis in tendon/ligament tissue is supported
by in vitro studies, which have shown that IGF-I directly
stimulates fibroblast proliferation and synthesis of extra-
cellular matrix proteins (e.g., collagen) in tendon and
ligament explants (Abrahamsson et al., 1991a, b; Abra-
hamsson & Lohmander, 1996; DesRosiers et al., 1996;
Murphy & Nixon, 1997). Thereby, IGF-I injections
promote tendon and ligament healing in animals after

collagenase-induced tissue atrophy (Dahlgren et al.,
2002) or ligament disruption (Kurtz et al., 1999; Proven-
zano etal., 2007). In humans, muscle collagen ex-
pression is positively correlated to muscle IGF-IEa
expression in patients with acromegaly and growth
hormone (GH) deficiency (GHD) (Doessing etal.,
2010b). Finally, after systemic GH administration for
14 days, human data have demonstrated an increase in
circulating IGF-I and expression of IGF-I in tendon
tissue and an accompanying rise in tendon collagen
mRNA expression and tendon collagen synthesis in
young healthy individuals (Doessing et al., 2010a). The
later finding supports a potential regulatory role of the
GH/IGF-1 axis upon tendon collagen synthesis in
humans, but neither provides any direct proof for a
causative effect nor is able to identify whether IGF-I or
rather GH is the regulating factor for collagen synthesis
in human tendon. Thus, the present study was designed
to test the hypothesis that local IGF-I administration
induces an elevation in collagen synthesis in human
tendon tissue.
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Subjects and methods
Subjects

Twelve healthy men [62 * 1 years (range 55-70 years); weight:
88 £ 3 kg; height: 181 = 1 cm; body mass index (BMI): 27 * 1;
body fat %: 28 * 1%; and maximal oxygen uptake (VOima, est):
35 = 2 mL O2/min/kg] were enrolled in the study. The local
Ethics Committee for Medical Research in Copenhagen (H-B-
2009-032) approved the protocol. Prior to inclusion, informed
written and oral consent was obtained from each subject according
to the Declaration of Helsinki. Each subject underwent a medical
evaluation, including routine blood tests, and underwent body
composition evaluation and had their maximal exercise capacity
tested. Exclusion criteria for participation in the study were dia-
betes, obesity (BMI above 30), smoking, skeletal muscle diseases,
hypermobility, previous or present knee injuries, medicine with a
potential effect on connective tissue, and screening blood samples
values outside normal range.

Health examination and screening

One to 3 weeks prior to the experimental days, the subjects under-
went health examination and screening procedures, which
included questionnaires about disease and training history, blood
samples, and height, weight and skinfold measurements. Blood
samples were analyzed for plasma concentrations of creatinine,
creatinine kinase, calcium, c-reactive protein, basic phosphatase,
asparate aminotransferase, alanine transaminase, erythrocyte
volume fraction, sodium, potassium, blood concentrations of
hemoglobin (Hb), thrombocytes, leucocytes, and HbAlc and
serum concentrations of thyroid stimulating hormone. Fat mass
(%) was determined by the skinfold technique. Estimated maximal
oxygen uptake (VOamay, est) Was estimated by a 10-min two-step
submaximal bike test. The workload was increased once after
6 min and the heart rate registered when it was stable.

Study design

The study was designed as a placebo-controlled, double-blinded
study comparing effects of a two local injections of either IGF-I or
saline (control) on tendon collagen synthesis. In the morning at
day one of the experiment, one bolus of IGF-I was injected into the
patellar tendon of one leg and a similar volume of saline was
injected into the contralateral patellar tendon. The following
morning, the procedures were repeated. During the subsequent
hours, tendon collagen synthesis was measured directly by stable
isotope incorporation and indirectly by microdialysis technique
(Fig. 1).

Experimental days

On each of the two experimental days, each subject attended the
laboratory at 8:00 h after an overnight fast. No strenuous physical
exercise was allowed 2 days preceding the experimental days to
ensure that mechanical loading caused no stimulation of tendon
collagen synthesis above the stimulus from normal everyday
activities. Each subject was instructed to continue normal dietary
habits while enrolled in the study period.

IGF-I and saline injections

Because this is the first time IGF-I is injected into human patellar
tendons with the purpose to raise tendon collagen synthesis, the
delay from the injection of IGF-I until a stimulation of tendon
collagen synthesis potentially could be detected was not known.
After acute exercise, we have observed an increase in tendon
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Fig. 1. Overview of the study protocol during day 2 of the
experiment. Schedule of the application of insulin-like growth
factor I (IGF-I)/saline injections, the flooding dose of labeled
proline, blood sampling, sampling of dialysate by microdialysis
technique for IGF-I, and PINP (amino terminal propeptide of
type I collagen) analyses and sampling of tendon biopsies.

fractional synthesis rate (FSR) a few hours after exercise, peaking
24 h post-exercise (Langberg etal., 1999; Miller et al., 2005).
Thus, there may be a time lag from the time of IGF-I injection until
a stimulating effect on tendon collagen FSR can be measured. If it
mimics the time lag from the end of acute exercise to the enhance-
ment of tendon collagen FSR, one injection of IGF-I 24 h before
measuring tendon collagen FSR would be the most appropriate.
Nevertheless, the response time might also be shorter. Thus, as the
main purpose of the present study was to explore whether tendon
collagen FSR can be stimulated by administration of IGF-I locally
in the tendon tissue, two injections of IGF-I both 3 h and 24 h
before the measurements of tendon collagen FSR was performed
to reduce the risk of overseeing a positive effect of the IGF-1
administration.

The two local injections of recombinant human (rh) IGF-I (each
I mg corresponding to 0.1 mL INCRELEX®©, Tercica Europe
Ltd., Dublin, Ireland) into the patellar tendon were performed
randomly between subjects into either the dominant or nondomi-
nant leg. Saline (control) was injected into the contralateral patel-
lar tendon. The injections were performed under ultrasound
guidance 1 cm distal from the distal patella tip. At day one of the
experiment, the subjects rested in bed for 1 h after the IGF-I and
saline injections to minimize the disappearance of the infused
IGF-I from the tendon area. The following day, the IGF-I and
saline injections were repeated in the same leg, respectively, as on
the previous day. After the second bilateral injection the subjects
stayed in bed and fasted until the end of the experiment. The
subjects were allowed to drink water freely throughout the period.

We wanted to inject as high a dose of IGF-I to ensure the
stimulation of tendon collagen synthesis; on the other hand, we did
not want to enhance circulating IGF-I and thereby transfer the
effect of the IGF-I injection to the contralateral control leg. The
recommended dose of IGF-I administered to children with
primary IGF-1 deficiency is two daily injections of 0.04—
0.12 mg/kg each. Assuming a body weight, as the subjects in the
present study (average body weight: 88 kg), would correspond to
a treatment dose between 7 and 21 mg per day. Assuming the knee
region corresponds to 2 kg would result in a dose between 0.16
and 0.48 mg per day. Based on these calculations and our concerns
regarding enhancement of circulating IGF-I, we chose a dose of
1 mg IGF-I per injection per day.

Tendon collagen synthesis measured by stable
isotope technique

Measurement of tendon collagen FSR were performed according
to previously applied approaches (Babraj et al., 2005; Miller et al.,



2005). Briefly, a flooding dose of proline (3.75 g total; 0.75 g
labeled L-1-"*C-proline (>99 Atoms% '*C-proline, Cambridge
Isotope Laboratories, Andover, MA, USA), 3.0 g unlabeled '*C-
proline (AppliChem, Darmstadt, Germany) was dissolved in 0.9%
NaCl using a sterile technique, and intravenously infused over
3 min 1.5 h after the last tendon injections. After flooding, blood
samples were drawn at 10-30-min intervals to determine the area
under the '*C-proline enrichment curve in plasma measured as
tracer-to-tracee ratio. Three hours later, the isotope flood tendon
biopsies were taken from the patella tendon (~10 mg) of each leg
after a sterile wash of the skin and anesthetizing the skin at inci-
sion sites with lidocaine, 1%. Subsequently, a 3- to 5-mm-long
skin incision was created using a scalpel. The biopsies were
obtained by using a Bard MAGNUM Biopsy Instrument (C.R.
Bard, Inc, Covington, GA, USA) with a 14-gauge disposable core
biopsy needle under ultrasound guidance. The biopsy needle was
inserted through this incision onto the tendon surface at an
approximately 30 © angle and fired. Biopsies were cleaned free of
external adipose tissue and blood, and inspected under micro-
scope, frozen in liquid nitrogen, and stored at —80 °C for subse-
quent analysis.

Plasma proline enrichment. Plasma proline was prepared as
previously described and analyzed as its z-butyldimethylsilyl
derivative by gas chromatography (Trace GC 2000 series) and
mass spectrometry (Automass Multi, Thermo Quest Finnigan,
Paris, France) (Schwenk et al., 1984; Babraj et al., 2002), and
separated by a capillary column (CP-SIL 8, CB low Bleed,
30 m x 0.32 mm, coating 0.25 pm column, Chrompack, Varian,
Palo Alto, CA, USA).

Tendon preparation. Details regarding this procedure have
been given elsewhere (Babraj et al., 2005; Miller et al., 2005).
Briefly, tendon (5-10 mg) biopsies were homogenized in buffer
(0.15 M NaCl, 0.1% Triton X-100, and 0.02 M Tris—HCl, 5 mM
EDTA, pH 7.4), centrifuged with 1600 g and the pellet subse-
quently washed with 0.7 M KCl, centrifuged with 1600 g and the
pellet hydrolyzed in 6 M HCI at 110 °C overnight. Amino acids
were then extracted through disposable columns using acidic
cation exchange resin (Dowex AG-50W, Bio-Rad, Sundbyberg,
Sweden). The amino acids were derivatized as their N-acetyl-n-
propyl esters (Meier-Augenstein, 1999), and the '*C abundance
under the proline peak was determined by gas chromatograph
combustion isotope ratio mass spectrometry (Delta Plus XL,
Thermo Finnigan, Bremen, Germany) using a column CP-SII 19
CB 60 m x 0.32 mm, coating 0.25 pm (ChromPack, Varian, Palo
Alto, CA, USA).

Calculations. Plasma "*C-proline enrichment was assumed to
represent the enrichment of the true precursor pool, prolyl-tRNA
(Babraj et al., 2002). Thus, the tendon collagen synthesis was
calculated according to the precursor—product principle as: Frac-
tional protein synthesis (FSR%/h) = AE, x 100%/AUC,, where
AE, is the difference in 13C-proline abundance between the tendon
collagen protein sample obtained 3 h after the *C-proline flood,
and the plasma proline labeling in the venous blood sample
obtained prior the tracer flood, and AUC, is the area under the
curve of venous proline labeling with the exact time in hours from
the flood until the individual biopsies are obtained.

Tendon collagen synthesis measured by microdialysis

Fluid collected from the interstitial fluid surrounding the patellar
tendon by using a microdialysis technique was analyzed for a
marker of type I collagen synthesis, the amino terminal propeptide
of type I collagen (PINP) as previously described in detail (Lang-
berg et al., 1999). After initial preparation of incision sites with
local anesthetic (lidocaine 1%) ethylene oxide sterilized catheters
with high molecular mass cut-off (3000 kDa, membrane length
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30 mm, i.d. 0.50 mm) were inserted under ultrasound guidance in
the peritendinous spaces of patellar tendons as previously
described (Langberg et al., 1999). The inflow tube of the micro-
dialysis catheter was connected to a high-precision syringe pump
with an infusion rate of 2 uL/min. The catheters were perfused
with a Ringer-acetate solution mixed with a small amount
of radioactive labeled glucose [D-(3-*H)-glucose in aqueous solu-
tion steri-pack, Perkin Elmer Life and Analytical Science, Boston,
MA, USA, Net 331A, 1ot#3559-801]. The total amount of radio-
activity that the patients received was less than 0.001 mSv. A
sample vial was placed at the end of the outflow tube, and after
30 min perfusion of the catheter, dialysate was collected in three
1-h periods and stored at —80 °C until the analyses were per-
formed. The relative recovery over the membrane was determined
for each dialysate sample (Scheller & Kolb, 1991). The dialysate
(3 uL) was pipetted into a counting vial in duplicates and mixed
with 3 mL scintillation fluid (Ultima Gold, Perkin Elmer, Boston,
MA, USA) and the samples were counted in a B-counter. The
mean relative recoveries for the microdialysis catheters did not
differ between the control and IGF-I leg (Control 34 * 3%, IGF-1
leg: 39 + 3%, P =0.25).

Dialysate collected in the time period from 3.5 to 4.5 h after the
last injections was used for analyses of PINP using a sandwich
enzyme-linked immunosorbent assay utilizing a purified alpha
1-chain specific rabbit antibodies (donated by Teisner B, Depart-
ment of Medical Microbiology, University of Southern Denmark,
Odense, Denmark) (Jensen et al., 1998). The within- (double
determination) and between-assay coefficients of variations (CVs)
were (on average) 2.2% and 4.9%, respectively.

IGF-1 concentrations

All blood samples were taken from a cubital vein into sealed vials.
After separation by centrifugation, serum was stored at —80 °C
until analysis. A serum sample collected 1.5 h after the last injec-
tions was used for analysis of circulating IGF-1. Tendon dialysate
collected 2.5 to 3.5 h after the injections was used for analyses of
IGF-1. Serum IGF-I and tendon dialysate IGF-I were determined
by time-resolved immunofluorimetic assay after acid—ethanol
extraction, as previously described (Frystyk etal., 1995). All
samples were measured in the same assay run (intra-assay
CV% < 5%).

Statistical analysis

Data are presented as median and range for interstitial IGF-I,
whereas all other data are presented as mean * standard error of
the mean. Nonparametric statistics (Wilcoxon signed-rank test)
was used to test for difference in interstitial IGF-I between IGF-I
leg and control leg because data were not normally distributed.
Student paired 7-test was used to test for differences between the
legs for the remaining parameters. The level of significance was
set at P <0.05.

Results

The interstitial tissue concentration of IGF-I determined
locally in the peritendinous tissue in front of the patellar
tendon 1-2 h after the last injections was higher in the
IGF-I leg compared with the control leg in all subjects
[median 7.95 (range 0.20-50.34) mg/L vs 0.01 (range
0.00-0.05) mg/L, P <0.05] and also much higher when
compared with the circulating IGF-I (0.31 = 0.02 mg/L,
P <0.05).
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Fig. 2. Tendon fractional synthesis rate. (a) Tendon collagen
fractional synthesis rate (FSR) in the patellar tendon in the
control leg exposed to saline injections (control) and the leg
exposed to insulin-like growth factor I (IGF-I) injections (n = 12
paired-samples). Stable isotope incorporation (*3C-proline) into
tendon collagen was determined from tendon biopsies. Values
are mean * standard error of the mean (SEM). (b) Individual
responses in tendon fractional synthesis rate (FSR) after IGF-I
injections compared with the control. ***P < (0.001.

Tendon collagen FSR was significantly higher in the
IGF-I leg compared with the control leg (0.051 = 0.005
vs 0.041 = 0.005%/h, P < 0.001) in the period from 1.5
to 4.5 h after the last injections (Fig. 2(a)). The increase
in tendon FSR was evident in all 12 subjects; however,
the size of the increase was different (Fig. 2(b)).

Similar to tendon collagen FSR, the indirect marker
for type I collagen synthesis, (PINP) in the peritendinous
tissue, was significantly enhanced 2 to 3 h after the last
injections in the IGF-I leg compared with the control leg
(103 = 21 vs 60 = 12 pg/L, P < 0.05) (Fig. 3). Analyses
for PINP and IGF-I in the dialysate were performed on
samples from 11 subjects (paired samples), because of
catheter diffusion problems in one of the microdialysis
catheters in one subject.
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Fig. 3. Type I collagen synthesis (PINP). N-terminal propeptide
of human procollagen type I (PINP) in peritendinous tissue in
front of the patellar tendon measured with the microdialysis
technique in the control leg exposed to saline injections (control)
and the leg exposed to insulin-like growth factor I (IGF-I) injec-
tions (n = 11 paired-samples). Values are mean * standard error
of the mean (SEM). *P < 0.05.

Discussion

The novel finding in the present study was a significant
increase in tendon collagen synthesis rate after local
injections of IGF-I into the patellar human tendon com-
pared with the injection of saline in the contralateral
tendon of the same individual. The size of the enhance-
ment of the synthesis rate was variable between subjects.
This could be due to difficulties in obtaining the tendon
biopsy exactly in the injection site. Nevertheless, a sig-
nificantly higher tendon collagen synthesis rate after
IGF-I injections measured by both methodological
approaches in this study. On one side, the use of the
stable isotopes to determine changes in the tendon tissue
as well as by using the microdialysis technique to evalu-
ate collagen synthesis peritendinously (Langberg et al.,
1999), it was confirmed that IGF-I administration has a
direct stimulating effect on collagen synthesis in human
connective tissue.

IGF-I is not only synthesized and secreted to the cir-
culation from the liver, but is also expressed and synthe-
sized locally in tendons and ligaments (Tsuzaki et al.,
2000; Olesen et al., 2006a). In healthy human subjects,
an enhanced IGF-I mRNA expression has been observed
in tendon tissue after systemic GH administration simul-
taneously with an increase in tendon collagen expression
and synthesis (Doessing et al., 2010a). Furthermore, in
patients with acromegaly and GH deficiency, positive
correlations between local IGF-IEa mRNA expression
and muscle collagen I and III mRNA expression have
been observed (Doessing et al., 2010b). These earlier
findings, together with the present results, support a
regulatory role of local IGF-I on collagen synthesis. Fur-



thermore, a stimulating effect of local IGF-I administra-
tion on collagen synthesis is in agreement with the
previous results from in vitro and animal studies. Admin-
istration of IGF-I to canine anterior cruciate ligament
fibroblast has been shown to enhance collagen produc-
tion and type I to IIT collagen ratio (DesRosiers et al.,
1996), whereas administration of anti-IGF-I antibody
eliminated most of the mitogenic activity in avian tendon
tissue (Tsuzaki et al., 2000).

In physiological situations, like in response to
mechanical loading, an association between an
enhanced synthesis and release of IGF-I and a simulta-
neous increase in tendon collagen expression has been
observed in animals (Heinemeier et al., 2007; Olesen
etal., 2006b). In human subjects, only a few studies
have measured IGF-I in the interstitial fluid in peri-
tendinous tissue at rest and in response to acute exer-
cise. In the present study, the concentration of
peritendinous IGF-I in the control leg corresponded to
what has previously been reported peritendinous during
rest (Hansen et al., 2008). No significant change in peri-
tendinous IGF-I was detected in previous studies in
response to acute exercise, despite that tendon collagen
synthesis was enhanced (Miller et al., 2005; Olesen
et al., 2006a). However, no measurement of tissue con-
centration of IGF-I within the tendon tissue was per-
formed in these studies. Thus, it cannot be ruled out that
mechanical loading enhance IGF-I mRNA expression
and production within the tendon and thereby stimulate
collagen synthesis within the tendons. The present data
support such a role, and the increase in tendon collagen
FSR in the present study corresponds to the increase,
which has been observed 6h after 1-h one-legged
kicking in young men (from 0.045 to 0.057% hr™), but
is lower than the synthesis rate measured 24 h post-
exercise (Miller et al., 2005). Therefore, based on these
comparable observations, it can be hypothesized that
IGF-I might have a regulatory role on tendon collagen
synthesis in response to mechanical loading, but IGF-I
is just one of more growth factors, and probably not the
major stimulating agent. Another possibility is that the
stimulating effect of IGF-I is short-term and only influ-
ence the initial rise in tendon collagen synthesis after
mechanical loading. That supports the view that it is
predominantly the last injection of IGF-I in the present
study, which led to an increase in tendon collagen
synthesis.

In the present study, the injection of IGF-I was placed
in the mid-substance of the patella tendon, and ultra-
sonography assisted the guiding of the needle to ensure
placement of the substance. Evidently, it is difficult to
document exactly how much the injected volume will
spread, but from a recent cadaver study, it is likely that
the injected substance will spread proximally and dis-
tally along the loose connective tissue between fascicles
(Wiegerinck etal.,, 2011). Furthermore, it cannot be
excluded that part of the injected IGF-I will disappear
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via the injection canal. This might have happened as
interstitial peritendinous tissue concentration of IGF-I
was several (5000-6000x) fold elevated in some of the
subjects compared with expected values. It could be
hypothesized that in subjects where a greater fraction of
the injected dose of IGF-I had disappeared into the peri-
tendinous tissue and circulation, the response in tendon
synthesis would be lower compared with other subjects
where a greater fraction of the injected dose of IGF-I
remained within the tendon. Nevertheless, no correlation
between peritendinous IGF-I and tendon collagen FSR
was observed to support this notion (n =11, r=-0.26,
P =0.22). Furthermore, the fact that the circulating level
of IGF-I was maintained at a normal level indicates that
the two injections of IGF-I into the tendon did not result
in any marked disappearance of IGF-I from the tendon
region.

Perspectives

It may be hypothesized that an additional external
stimulation of the fibroblasts by growth factors such as
IGF-I may optimize and accelerate tissue healing and
shorten time to functional recovery. This is supported
by in vitro (Abrahamsson et al., 1991a, b; Abrahamsson
& Lohmander, 1996; DesRosiers et al., 1996; Murphy
& Nixon, 1997) and animal studies (Kurtz et al., 1999;
Dahlgren et al., 2002; Provenzano et al., 2007). Sys-
temic administration of IGF-I after surgical disruption
of rat knee medial collateral ligaments has been shown
to improve matrix organization, type I collagen expres-
sion, type I to type III collagen ratio, and tissue strength
with up to ~60% compared with the healing process
observed in rats receiving only saline (Provenzano
et al., 2007). Similarly, after collagenase-induced deg-
radation, reduced soft tissue swelling, smaller lesion
size, and a trend toward improvement of tendon
mechanical properties has been observed after 10 local
IGF-I injections compared with saline (Dahlgren et al.,
2002). To summarize, the present observation of
enhanced tendon collagen synthesis after injections of a
high local dose of rhIGF-I may indicate that local IGF-I
plays an important physiological role in the regulation
of collagen-rich tissues. Furthermore, the observation
could have implications for connective tissue injury and
rehabilitation.

Key words: extracellular matrix protein, connective
tissue, protein metabolism.

Abbreviations

BMI body mass index; CV variation coefficient; AE, change
in enrichment of proline; AUGC, is the area under the curve of
venous proline labeling with the exact time in hours from the
flood until the individual biopsies are obtained; Hb hemo-
globin; IGF-I insulin-like growth factor-I; PINP amino ter-
minal propeptide of type I collagen; VOoma, s, €stimated
maximal oxygen uptake per min per kg body weight.
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