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Key points

• Loss of muscle and tendon function during periods of immobilisation and rehabilitation
represents a challenge in clinical medicine.

• It is not known to what extent growth hormone (GH) supplementation is able to counteract
the absence of mechanical loading during immobilisation in musculo-tendinous connective
tissue.

• This study examines the effect of GH in musculo-tendinous connective tissue in humans during
immobilisation and subsequent rehabilitation.

• The main study findings were the observation that GH supplementation stimulates collagen
expression in musculo-tendinous tissue and abolishes the normal decline in tendon stiffness
and lysyl oxidase during immobilisation. Furthermore, GH supplementation results in an
increased tendon size and stiffness during rehabilitation.

• GH supplementation has a matrix-stabilising effect during periods of inactivity and
rehabilitation in humans.

Abstract We examined the effect of growth hormone (GH) on connective tissue of tendon
and skeletal muscle during immobilisation and re-training in humans. Young men (20–30 years;
n = 20) were randomly assigned to daily recombinant human GH (rhGH) (33–50 μg kg−1 day−1)
or placebo (Plc), and had one leg immobilised for 2 weeks, followed by 6 weeks of strength training.
The cross-sectional area (CSA), maximal muscle strength (maximal voluntary contraction, MVC)
and biomechanical properties of the quadriceps muscle and patellar tendon were determined.
Muscle and tendon biopsies were analysed for mRNA of collagen (COL1A1/3A1), insulin-like
growth factors (IGF-1Ea/Ec), lysyl oxidase (LOX), matrix metalloproteases (MMP-2 and MMP-9),
decorin and tenascin-C. Fibril morphology was analysed by transmission electron microscopy
(TEM) to detect changes in the fibril diameter distribution. In muscle, CSA and MVC declined
with immobilisation and recovered with rehabilitation similarly in both groups. Likewise, both
groups showed increased IGF-1Ea/Ec and COL1A1/3A1 expression in muscle during re-training
after immobilisation compared with baseline, and the increase was more pronounced when sub-
jects received GH. The tendon CSA did not change during immobilisation, but increased in both
groups during 6 weeks of rehabilitation (∼14%). A decline in tendon stiffness after immobilisation
was observed only in the Plc group, and an increase during 6 weeks of rehabilitation was observed
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only in the GH group. IGF-1Ea and COL1A1/3A1 mRNA increased with immobilisation in
the GH group only, and LOX mRNA was higher in the GH group than in the Plc group after
immobilisation. Both groups showed an increase in MMP-2 with immobilisation, whereas no
changes in MMP-9, decorin and tenascin-C were observed. The tendon fibril diameter distribution
remained unchanged in both groups. In conclusion, GH stimulates collagen expression in both
skeletal muscle and tendon, abolishes the normal inactivity-related decline in tendon stiffness
and LOX, and results in increased tendon CSA and stiffness during rehabilitation. GH has a
matrix-stabilising effect during periods of inactivity and rehabilitation in humans.
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of view; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GH, growth hormone; IGF-1Ea, insulin-like growth
factor-1Ea; IGF-1Ec, insulin-like growth factor-1Ec; LOX, lysyl oxidase; MMP, matrix metalloproteinase; MRI,
magnetic resonance imaging; MVC, maximal voluntary contraction; rhGH, recombinant human growth hormone;
RM, repetitions maximum; RPLP0, 60S acidic ribosomal protein P0; TEM, transmission electron microscopy.

Introduction

Counteracting the loss of muscle and tendon function
during periods of immobilisation and recovering from
this catabolic situation represent a challenge in clinical
medicine. It is well known that inactivity of leg
musculature over 2–3 weeks causes a 10–15% loss of
skeletal muscle and a 20–25% reduction in muscle
strength (Berg & Tesch, 1996; de Boer et al. 2007a; Suetta
et al. 2009). Furthermore, in tendon tissue, it has been
demonstrated that lower limb leg inactivity over just a few
weeks results in a loss of tendon stiffness and a marked
reduction in collagen synthesis, but without any change in
tendon size (de Boer et al. 2007b; Seynnes et al. 2008;
Couppe et al. 2012). Whether or not pharmacological
intervention with special focus on both matrix and contra-
ctile musculo-tendinous tissue adaptation can counteract
the loss of tissue quality and mass, or accelerate the effect
of rehabilitation, is unknown.

The growth hormone/insulin-like growth factor-1
(GH/IGF-1) axis is known to play a central role
in the regulation of human collagen turnover in
musculo-tendinous tissue (Doessing et al. 2010b). In both
patients with acromegaly (high GH/IGF-1 levels) and
those with GH deficiency, or in healthy humans receiving
GH supplementation, it has been shown that high GH and
IGF-1 levels in the blood are associated with increased
local mRNA expression of both IGF-1 and collagen in
tendon and skeletal muscle, suggesting a stimulating role
of GH/IGF-1 in human musculo-tendinous connective
tissue (Trepp et al. 2008; Doessing et al. 2010a, b).
Although GH supplementation has been shown to have
a positive anabolic effect on musculo-skeletal tissues in
both animals (Wilson et al. 1995) and humans with
GH deficiency (Claessen et al. 2013), the anabolic effect
of GH/IGF-1 levels on healthy human adults under a
challenged situation (e.g. inactivity, malnutrition) is less

clear, and its interaction with mechanical loading remains
unexplained.

Studies on humans have revealed that mechanical
loading increases peritendinous and intramuscular
collagen turnover (Langberg et al. 1999; Heinemeier et al.
2003; Miller et al. 2005). However, it is not known to
what extent elevated GH/IGF-1 axis activity – through
GH administration to humans – will be able to counter-
act the absence of mechanical loading during inactivity in
connective tissue adaptation.

GH supplementation in healthy subjects has not been
shown to have any anabolic effect on muscle growth and
strength (Yarasheski et al. 1992; Lange et al. 2002; Rennie,
2003), and these findings are supported by a study in which
2 weeks of GH supplementation in healthy young males
did not affect myofibrillar protein synthesis (Doessing
et al. 2010a). Rats receiving a single bolus injection of
IGF-1 showed an increase in muscle mass and strength
compared with the placebo group and, furthermore, an
additive effect on muscle protein was observed when
combining IGF-1 injection with strength training (Lee
et al. 2004). The same study examined how IGF-1 affected
muscle in a period of de-training for 12 weeks after 8 weeks
of strength training. The study showed that the loss of
muscle mass and strength with de-training was attenuated
by IGF-1 expression, indicating that IGF-1 could diminish
the loss of muscle mass and function during inactivity of
rats (Lee et al. 2004).

It is hypothesized that systemic GH supplementation
will reduce the degradation of connective tissue (collagen)
and thus affect tendon biomechanical properties during
inactivity via the stimulation of local IGF-1 and collagen
expression in the connective tissue of the skeletal muscle
and adjacent tendon, and that GH supplementation will
have a stimulating effect on the same parameters during
rehabilitation.
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The aim of this study was to determine the effect of GH
supplementation on the musculo-tendinous tissue during
inactivity and rehabilitation.

Methods

Study design

Subjects. Twenty young, healthy, physically untrained
men (age ± SD, 23 ± 2 years) with a body mass index
between 18.5 and 25 were recruited in this study. All sub-
jects were healthy non-smokers and none took any kind of
prescribed medication. Furthermore, all subjects had no
known injuries to their lower extremities. The study design
was a double-blind, randomised, placebo-controlled trial.
The study (H-4-2010-010) was approved by the local
Ethics Committee of Region Copenhagen in accordance
with the Declaration of Helsinki. All subjects were informed
of the risks associated with the study and gave written
informed consent.

Intervention protocol. All participants were subjected to
2 weeks of unilateral (randomly selected limb) lower limb
cast immobilisation from the hip to the ankle, followed
by 6 weeks of supervised unilateral strength training
(three times a week). All measurements described below
were conducted at baseline prior to the immobilisation
procedure (Pre), after 2 weeks of immobilisation (Post
immob) and again after 2 weeks and 6 weeks of heavy
resistance training. Measurements in the training period
were always performed 48 h after the last training session.

Recombinant human GH (rhGH) administration. Sub-
jects were randomly assigned in a double-blind fashion
to receive either rhGH (Norditropin, Novo Nordisk,
Denmark) (rhGH; n = 10) or placebo (Plc; n = 10).
rhGH/Plc was administered by daily subcutaneous
injection in the thigh for the 8 week intervention period.
The rhGH dosage was 33.3 μg kg−1 day−1 for the first week
and, if there were no signs of side effects, the dosage
was up-regulated to 50 μg kg−1 day−1 for the remaining
7 weeks. After detailed instructions, the subjects were
able to perform the injections by themselves at home.
The participants visited the institute once every week
during the intervention to ensure that no side effects
had occurred. If side effects were present (pitting leg
oedema, carpal tunnel syndrome, trigger fingers, weight
gain or transient atrial fibrillation from fluid retention),
the rhGH dosage was adjusted to a tolerable concentration.
If possible thereafter, the dose was gradually increased
again up to the maximum of 50 μg kg−1 day−1.

Immobilisation protocol. Immobilisation was performed
for 2 weeks using a lightweight fibre cast applied from

just above the malleoli to just below the groin, which, in
other studies, has been proven to induce substantial muscle
atrophy in short-term immobilisation studies involving
young individuals (Suetta et al. 2009). The cast was
positioned at 50◦ of knee joint flexion to minimize walking
ability of the casted limb, and the subjects were carefully
instructed to perform all activities on crutches and to
abstain from ground contact, as well as to perform iso-
metric contractions of the quadriceps of the immobilised
leg. During the 2 weeks of immobilisation, the subjects
were contacted every second day by mail or telephone and
were carefully instructed to perform passive movements
around the ankle joint (venous pump exercises) several
times a day to prevent the potential formation of deep
venous thrombosis.

Re-training procedure. After removal of the cast, the sub-
jects received rehabilitation training for 6 weeks, three
sessions per week (18 training sessions in total). The
re-training protocol was a supervised unilateral strength
training programme focusing only on the immobilised
leg, which has been proven previously to elicit increases
in muscle size and maximal muscle strength in young
individuals (Suetta et al. 2009). After a 5 min warm-up on
a stationary bike, the subjects performed supervised knee
extension and leg press exercises. To induce a sufficient
response in the thigh musculature, the training intensity
was 3–4 sets × 12 repetitions [15 repetitions maximum
(RM)] in week 1, 4 sets × 10 repetitions (12 RM) in weeks
2–4 and 4 × 8 repetitions (10 RM) in weeks 5–8. The
training load was adjusted on a weekly basis by the use of
5 RM tests.

Measurements

The structural measurements [magnetic resonance
imaging (MRI) of the quadriceps muscle and patellar
tendon, maximal voluntary contraction (MVC) and
patellar tendon mechanical properties] were performed
on both sides at baseline (Pre) and after 6 weeks of
strength training, but only on the immobilised leg
after immobilisation (Post immob) and after 2 weeks of
re-training.

MRI of skeletal muscle. All participants were scanned in
a 1.5 T Philips Intera (Eindhoven, the Netherlands) or
a General Electric (GE) Signa Horizon (Milwaukee, WI,
USA) MRI scanner using the following protocol. With the
subject in the supine position, and both limbs extended
and relaxed using the body array coil, a scout localizer
centred mid-femur was performed to ensure that the
femurs and knee joints were included in the scanners field
of view (FOV = 48 cm). Dependent on the femur length
of the subject, seven to eight T1-weighted axial scans
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of the femur [echo time (TE) = 17 ms; repetition time
(TR) = 500 ms; matrix, 864 × 864; FOV = 420 mm], with
a slice thickness of 10 mm and an interslice gap of 50 mm,
were performed. The first slice was always positioned
just below the femur condyles where the tibia plateau
was visible to ensure the same scan position between
examination time points. The cross-sectional area (CSA)
of the quadriceps muscle was analysed as described in
detail previously (Suetta et al. 2009). The slice equivalent to
50% of the femur length was used to calculate the CSA, and
the measurements were performed three times by a blind
trained person using the imaging software Osirix 2.7.5
(Osirix Imaging Medical, Geneva, Switzerland). The mean
value of the three measurements was used as the result,
and the coefficient of variation for acceptance between
measurements was set to <5%.

MRI of tendon. The patellar tendon was scanned in
the same 1.5-T MRI scanner as above with the patient
supine using a dedicated knee coil and an axial and
sagittal T1-weighted turbo spin echo sequence (TE = 17
ms; TR = 500 ms; matrix, 512 × 512; FOV = 150 mm; slice
thickness, 3 mm). The knee was slightly flexed (12%)
as a result of the built-in supportive pillow in the coil,
which ensured the same slight stretch on the patellar
tendon between examinations. The axial slices of the
patellar tendon were positioned orthogonal to the length
in the sagittal plane covering the distal patellar pole to the
tibial insertion. The procedure for analysing the patellar
tendon has been described in detail elsewhere (Kongsgaard
et al. 2007; Couppe et al. 2008). The patellar tendon
CSA was measured using the axial slice just distal to
the patellar insertion, the slice just proximal to the tibia
insertion and midway between these two sites (Couppe
et al. 2008). The patellar tendon length was obtained by
measuring the distance from the most dorsal insertion
part at the patella apex to the dorsal insertion on the
tibia. Patellar tendon CSA and length were manually
outlined by a blind examiner using the imaging software
Osirix 2.7.5 (Osirix Imaging Medical), described in detail
elsewhere (Kongsgaard et al. 2007; Couppe et al. 2008).
All measurements were performed three times by the
same observer who was blind to the chronological MRI
time points and treatment groups (GH or Plc). The
mean value of these measurements was used as the result,
and the coefficient of variation for acceptance between
measurements was set to <5%.

Maximal muscle strength (MVC) and mechanical proper-
ties of the patellar tendon. Details of the MVC
measurement and tendon mechanical properties,
including the reliability of the method in our laboratory,
have been reported previously (Kongsgaard et al. 2007;
Couppe et al. 2008). Within-day correlation coefficient

and typical error percentage results for repeated measures
were 0.95 and 9.9% for tendon stiffness, 0.97 and 5.5% for
tendon strain, and 0.94 and 9.4% for Young’s modulus.
The subjects were asked to refrain from strenuous
exercise 48 h prior to the experiments. The subjects
performed a 5-min warm-up on a stationary bike to ensure
appropriate preconditioning of the tendon before testing.
Subsequently, the subjects were seated in a custom-made
rigid chair with both hips and knees flexed to an angle
of 90◦. A leg cuff, which was connected to a strain gauge
(Noraxon Inc., Scottsdale, AZ, USA) through a rigid steel
rod perpendicular to the lower leg, was mounted on the
leg just above the medial malleolus. A Hitachi EUB-6500
ultrasound scanner (Hitachi Medical Corporation, Tokyo,
Japan), equipped with a 10 MHz, 100 mm long, linear
array B-mode transducer (Hitachi, Model: EUP-L53L),
was fitted into a custom-made rigid cast that was secured
to the skin above the patellar tendon in the sagittal plane.
The ultrasound probe and cast were positioned so that the
distal patella, the entire patellar tendon and the proximal
tibia were all visible within the FOV throughout the
performed isometric ramp contractions.

The subjects performed four to five slow isometric
knee extensions ramps by applying gradually increasing
force up to a maximum over a 10 s period during which
patellar tendon displacement and knee extension force
were measured simultaneously. All measurements were
performed on one side (immobilised). The maximal
muscle strength of the quadriceps muscles (MVC) was
determined as the maximum knee extensor moment
during a 10 s ramp contraction. During the ramps,
ultrasound S-VHS video images were sampled at
25 Hz using frame-by-frame capturing software (Matrox
Morphis Dual frame grabber and Matrox Imaging Library
software, Matrox Electronic Systems Ltd., Montreal,
QC, Canada). Custom-made frame-by-frame tracking
software, using a pyramidal implementation of the
Lukas–Kanade optical flow estimation, was used to assess
the tendon deformation from the ultrasound videos. The
accuracy and reproducibility of this tracking software
have been assessed previously (Magnusson et al. 2003). A
trigger signal (Pulse generator, PG 58AA, GouldAdvance,
Hainault, Essex, UK) initiated the recording of force
and ultrasound video, thus allowing for subsequent
synchronization of recorded data during the ramp
contractions.

The tibia moment arm was measured (from the leg
cuff to the lateral epicondyle of the knee) to calculate the
knee extensor moment. The force applied to the patellar
tendon was calculated by dividing the measured knee
extensor moment by the internal moment arm, which
was estimated from individually measured femur lengths
(Kongsgaard et al. 2007; Couppe et al. 2008). Tendon
deformation was defined as the change in distance between
the patellar apex and tibia (Kongsgaard et al. 2007; Couppe
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et al. 2008). The tendon stress was calculated by dividing
the tendon force with the average tendon CSA (mean of
proximal, middle and distal CSA from MRI). The tendon
strain was calculated as the change in length related to the
initial tendon length. Polynomial functions (second and
third order) were fitted to each single force–deformation
curve. The tendon stiffness (� force/� deformation) and
Young’s modulus (� stress/� strain) were calculated at
the final 10% of the force–deformation and stress–strain
curves, respectively.

Tissue biopsy procedure. Muscle biopsies were taken at
baseline, just after immobilisation and again after 2 weeks
and 6 weeks of rehabilitation. Tendon biopsies were taken
at baseline at the control leg and at the immobilised
leg after the immobilisation period to avoid potential
re-biopsy effects, and again from both sides after 6 weeks of
re-training. After initiating the present study, we analysed
biopsies from another study and found that a 6 week
‘washout period’ was insufficient to avoid a repeated
biopsy effect on mRNA for several growth and matrix
factors (such as IGF-1 and collagen) (Doessing et al.
2010a). On the basis of these data, the biopsies from the
6 weeks re-training were not used in the statistical analysis
of time or group interactions.

The muscle and tendon biopsy procedures have been
described in detail elsewhere (Hansen et al. 2009;
Kongsgaard et al. 2009). In brief, the sample sites were pre-
pared after sterilisation with local anaesthetics (lidocaine,
1%). Muscle tissue was taken from the vastus lateralis
muscle using a 5 mm Bergström needle with suction
(Bergstrom, 1975), and tendon tissue was taken from
the patellar tendon (Bard Magnum Biopsy Instrument,
C.R. Bard, Inc., Covington, GA, USA) with a 14 g needle
(Movin, 2000). The total wet weight of the muscle sample
was around 80–100 mg and the total wet weight of the
tendon sample was around 8–10 mg. The biopsies were
cleared of external adipose tissue and blood, frozen in
liquid nitrogen and stored at −80◦C for subsequent
analysis.

Hormone measurements. Blood samples drawn from
the antecubital vein were separated (3200 g, 4◦C) and
serum was stored at −80◦C. Serum GH and serum IGF-1
concentrations were determined in duplicate with GH
ELISA, RMEE022 (Biovendor, Heidelberg, Germany) and
IGF-1 ELISA, RMEE20 (Biovendor).

Subjects performed the injections before bedtime and
blood samples were drawn early the next day during
follow-up.

Muscle and tendon mRNA measurements. Tendon and
muscle were homogenized in TriReagent (Molecular
Research Center, Cincinnati, OH, USA) using a
bead-mixer with steel beads (Biospec Products,

Bartlesville, OK, USA). Following homogenization,
bromo-chloropropane (Molecular Research Center) was
added in order to separate the samples into aqueous and
organic phases. Glycogen was added to the tendon samples
to improve RNA precipitation. Following isolation of
the aqueous phase, RNA was precipitated using iso-
propanol, washed in ethanol and dissolved in RNAse-free
water. All tissue samples were weighed prior to RNA
extraction. Muscle RNA concentrations were determined
by spectroscopy and tendon RNA concentrations were
determined using RiboGreen assay (Molecular Probes,
Eugene, OR, USA). Good RNA quality was ensured by
gel electrophoresis.

The amount of mRNA for collagen 1 alpha 1 (COL1A1),
collagen 1 alpha 3 (COL3A1), insulin-like growth
factor-1Ea (IGF-1Ea), insulin-like growth factor-1Ec
(IGF-1Ec), lysyl oxidase (LOX), matrix metalloprotease-2
(MMP-2), matrix metalloprotease-9 (MMP-9), decorin,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and 60S acidic ribosomal protein P0 (RPLP0) was
determined and measured using reverse transcription
real-time polymerase chain reaction (RT-qPCR), as
described in detail elsewhere (Doessing et al. 2010a).
Primer sequences are given in Doessing et al. (2010a),
except for LOX (CGC TGT GAC ATT CGC TAC ACA
GGA C, CAT TGG GAG TTT TGC TTT GCC TTC T),
MMP-2 (CCG CCT TTA ACT GGA GCA AAA ACA, TTG
GGG AAG CCA GGA TCC ATT T), MMP-9 (AGC GAG
GTG GAC CGG ATG TT, AGA AGC GGT CCT GGC
AGA AAT AG) and decorin (GGT GGG CTG GCA GAG
CAT AAG T, TGT CCA GGT GGG CAG AAG TCA).
RPLP0 was used for normalisation. To validate RPLP0
as an unregulated mRNA useful for normalisation, we
also measured GAPDH. Ideally, the ratio between GAPDH
and RPLP0 should be unity in all groups. Unfortunately,
after immobilisation, there is a slight decrease in GAPDH
relative to RPLP0 in the Plc group, indicating that either
GAPDH decreases or RPLP0 increases at this time point
(Fig. S1). It is not possible to distinguish between the
two possibilities, but, during immobilisation, we believe
that it is more likely that the metabolic marker GAPDH
will decrease than that protein synthesis (RPLP0) will
increase, and we have therefore chosen to use RPLP0 for
normalisation.

Transmission electron microscopy (TEM) and stereological
analysis (tendon). The procedure for making TEM
images from the tendon biopsies for stereological analyses
of tendon fibrillar morphology has been described in
detail previously (Kongsgaard et al. 2010). In brief,
after the tendon biopsies had been rinsed in 0.15 M

sodium cacodylate buffer (pH 7.2), the specimens were
fixed in 1% OsO4 in 0.15 M sodium cacodylate buffer
(pH 7.2) for 2 h and subsequently dehydrated in ethanol,
transferred to propylene oxide and embedded in
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EPON resin 828/862 mix (Hexion Specialty Chemicals,
Rotterdam, the Netherlands) according to standard
procedures. After this, sections were cut using a
Reichert-Jung Ultracut E microtome (Reichert, Depew,
NY, USA). Semi-thin sections, for preanalytical evaluation
of the samples, were stained with toluidine blue and
visualized (digital images) using a Nikon Coolpix 990
(Nikon Nordic ABl, København, Denmark). When an
appropriate condition and orientation of the sample
within the EPON block had been confirmed, ultra-thin
sections were cut and collected on a one-hole copper grid
with Formvar supporting membranes and stained with
uranyl acetate and lead citrate. From each biopsy sample
cross-section, a simple random sample of 10 digitized
TEM images was obtained from the intercellular space.

The stereological analyses of the TEM images
were completed on a computer monitor onto which
the digitized TEM images were merged with a
graphic representation of the stereological test system
(C.A.S.T.-grid software, The International Stereology
Centre at Olympus, Ballerup, Denmark). The collagen
fibrils were counted and measured at a magnification of
210,000. The counting frames covered 3% of the TEM
image area, and the TEM images covered approximately
0.5% of the biopsy sample cross-section (∼5 μm2). On
average, 449 fibrils (range, 184–1006) were analysed
per cross-section. The fibril area was calculated from
measurements of the fibril diameter. The fibril diameter
was measured as the largest diameter perpendicular to
the longest axis of each fibril cross-section, thereby
eliminating the influence of sectioning angle. The fibril
density was expressed as the absolute number of fibrils per
square micrometre and the fibril volume fraction denotes
the area occupied by fibrils within the sample area. A single
experienced and blind investigator Jytte Overgaard Larsen
(JOL) performed all stereological analyses.

Statistics. Data were analysed in SigmaPlot v11 using
two-way repeated-measures analysis of variance with
Student–Newman–Keuls post-hoc test. Data are presented
as means ± SEM. mRNA data from RT-qPCR were log
transformed before statistical analysis and presented as the
geometric mean ± backtransformed SEM. P < 0.05 was
considered to be significant.

Results

Subjects

All 20 subjects participating completed the study. Of the
10 subjects receiving rhGH, a total of three experienced
mild side effects (all three experienced mild carpal tunnel
syndrome and, one of these, trigger fingers), and the rhGH
dose was reduced from 50 to 33 μg kg−1 day−1 until the
side effects disappeared (7–10 days).

There were no differences at baseline in age
(mean ± SD: GH, 23.2 ± 2.1 years; Plc, 22.1 ± 2.2 years),
height (GH, 183 ± 8 cm; Plc, 182 ± 8 cm), weight (GH,
76.4 ± 9.9 kg; Plc, 74.7 ± 5.9 kg) or body mass index (GH,
23.4 ± 2.2 kg m−2; Plc, 22.6 ± 2.2 kg m−2) between the
GH and Plc groups.

Systemic GH and IGF-1

Serum GH was increased by approximately threefold
during immobilisation and by approximately 10-fold
during re-training with rhGH supplementation. Serum
IGF-1 was increased by approximately threefold during
immobilisation and the increase by threefold was
maintained during re-training with rhGH supplemen-
tation (Fig. 1).

Quadriceps muscle and patellar tendon CSA

There was no difference between the experimental groups
in quadriceps muscle CSA before the intervention (base-
line). After immobilisation (Post immob), quadriceps CSA
decreased in both groups (mean: GH, 8.8%; Plc, 10.6%;
P < 0.05) and both groups showed a similar increase in
muscle CSA in response to re-training. Already, after

Figure 1. Circulating serum concentrations of growth
hormone (GH) and insulin-like growth factor-1 (IGF-1) during
2 weeks of immobilisation and 6 weeks of re-training in
young males (n = 20) with either recombinant human GH
(rhGH) (n = 10) or placebo (n = 10)
A, serum GH. B, serum IGF-1. Data are geometric means ± SEM.
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2 weeks of re-training, both groups had reached their
initial baseline values, and both groups achieved a further
increase after 6 weeks of re-training (Fig. 2A).

For average patellar tendon CSA, both a time effect
and a group interaction were demonstrated (P < 0.05).
No group differences in average patellar tendon CSA were
demonstrated prior to immobilisation (baseline), and no
changes were found during immobilisation (Fig. 2B). Both
groups showed a significant increase in average patellar
tendon CSA after 6 weeks of re-training (GH, +17%;
Plc,+11%; P < 0.05 compared with baseline; Fig. 2B) and,

Figure 2. Changes in cross-sectional area (CSA) (muscle and
patellar tendon) and maximal muscle strength during 2 weeks
of immobilisation and 6 weeks of re-training in young males
(n = 20) with either recombinant human growth hormone
(rhGH) (n = 10) or placebo (n = 10)
A, CSA of the quadriceps muscle; time effect (P < 0.01) and group
interaction (P = 0.09). B, CSA of the patellar tendon; time effect
(P < 0.01) and group interaction (P < 0.05). C, maximal isometric
muscle strength; time effect (P < 0.01) and group interaction
(P = 0.09). ∗Time effect, P < 0.05, compared with baseline (both
groups). $Time effect, P < 0.05, compared with Post immob (both
groups). §Time effect, P < 0.05, baseline/Post immob. vs. 2 weeks of
re-training (GH). Data are means ± SEM.

in the GH group, a significant response to re-training had
occurred already after 2 weeks of re-training (GH, +10%;
P < 0.05 compared with baseline; Fig. 2B).

Maximal muscle strength (MVC)

There was no difference at baseline in quadriceps
strength between the GH and Plc groups. After 2 weeks
of immobilisation, the maximal quadriceps strength
was reduced in both the GH and Plc groups (24%
and 36%, respectively; P < 0.01) and, in both groups,
muscle strength was regained during re-training with no
differences between the groups (Fig. 2C).

Tendon biomechanical properties

Patellar tendon stiffness revealed a significant time and
group interaction (P < 0.05). In the Plc group, tendon
stiffness decreased during the 2 weeks of immobilisation
(P < 0.05) and returned to baseline level during
re-training (Fig. 3A, Table 1). In contrast, in the GH group,
tendon stiffness was maintained during the 2 weeks of

Figure 3. Changes in patellar tendon biomechanical properties
during 2 weeks of immobilisation and 6 weeks of re-training
in young males (n = 20) with either recombinant human
growth hormone (rhGH) (n = 10) or placebo (n = 10)
A, patellar tendon stiffness; time effect (P < 0.05) and group
interaction (P < 0.05). B, patellar tendon Young’s modulus; time
effect (P < 0.05) and group interaction (P = 0.06). ∗Time effect,
P < 0.05, compared with baseline (Plc). $Time effect, P < 0.05, from
baseline, Post immob and 2 weeks of training (GH). §Group effect,
P < 0.05, GH vs. Plc within time point. Data are means ± SEM.
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Table 1. Tendon mechanical properties during 2 weeks of immobilisation and 6 weeks of re-training in young males (n = 20) with
either recombinant human growth hormone (rhGH) (n = 10) or placebo (Plc) (n = 10)

GH (n = 10) Plc (n = 10)

Baseline

2 wk

immob � (%) 2 wk train � (%) 6 wk train � (%) Baseline

2 wk

immob � (%) 2 wk train � (%) 6 wk train � (%)

Deformation

(mm)

3.2 ± 0.2 2.6 ± 0.2 −18.7 ± 5.2 2.9 ± 0.2 −6.1 ± 8.6 2.8 ± 0.2 −11.0 ± 6.1 3.1 ± 0.2 2.4 ± 0.2 −14.1 ± 9.2 2.65 ± 0.2 −7.3 3.1 ± 0.2 10.8 ± 13.9

Strain (%) 7.8 ± 0.4 6.2 ± 0.5 −19.7 ± 5.6 7.2 ± 0.7 −6.8 ± 8.8 6, 9 ± 0.5 −11.5 ± 6.8 7.2 ± 0.7 5.6 ± 0.4 −14.5 ± 9.5 5.9 ± 0.3 −16.6 ± 13.4 7.2 ± 0.5 11.6 ± 14.8

Stress

(MPa)

44.3 ± 4.2 31.8 ± 2.2 −24.2 ± 6.2 36.3 ± 2.7 −14.2 ± 7.6 40.9 ± 3.1 −3.3 ± 9.1 41.7 ± 3.4 26.3 ± 2.3 −35.5 ± 5.4 35.7 ± 2.4 −19.9 ± 10.5 32.7 ± 2.6 −20.9 ± 6.3

Stiffness

(N mm−1)

3479 ± 218 3143 ± 218 −8.4 ± 6.1 3392 ± 228 −0.2 ± 7.7 4147 ± 218 22.4 ± 10.6† 3451 ± 218 2465 ± 228 −27.6 ± 8.0∗ 3178 ± 223 −6.2 ± 10.0 2762 ± 390 −19.8 ± 10.0†

Modulus

(GPa)

1.3 ± 0.1 1.2 ± 0.1 −8.8 ± 5.8 1.16 ± 0.1 −8.5 ± 7.2 1.4 ± 0.1 6.5 ± 10.2 1.4 ± 0.1 0.97 ± 0.1 −26.0 ± 9.2 1.1 ± 0.1 −16.6 ± 14.4 0.96 ± 0.1 −27.4 ± 8.9

All values are means ± SEM. 2 wk immob, 2 weeks of immobilisation; 2 wk train, 2 weeks of re-training; 6 wk train, 6 weeks of
re-training. ∗Time effect, P < 0.05, compared with baseline. †Group effect, P < 0.05, GH vs. Plc within time point.

immobilisation and was found to increase significantly
after re-training (P < 0.05; Fig. 3A, Table 1). After 6 weeks
of re-training, a significant difference between the groups
was found (P < 0.05; Fig. 3A, Table 1). Young’s modulus
of the patellar tendon showed a significant time effect
(P < 0.05; Fig. 3B) and a different tendency between the
two groups (P = 0.06; Fig. 3B). In the Plc group, Young’s
modulus tended to decrease during immobilisation
(P = 0.06; Fig. 3B) and returned to baseline values during
re-training. In contrast, Young’s modulus remained stable
throughout the study in the GH group (Fig. 3B, Table 1).

In all other determined tendon biomechanical
parameters, there was a time effect (P < 0.05), but no
group interaction with respect to tendon deformation,
strain or stress throughout the immobilisation and
re-training period (Table 1).

IGF-1Ea, IGF-1Ec, COL1A1 and COL3A1 mRNA in
skeletal muscle and tendon

In skeletal muscle, there was an effect of both time
and treatment (P < 0.05). Both IGF-1Ea and IGF-1Ec
mRNA were increased after 2 weeks of immobilisation and
during re-training with GH supplementation (P < 0.05;
Fig. 4A, B), and both IGF-1Ea and IGF-1Ec showed an
increase relative to the Plc group after both 2 weeks of
immobilisation and re-training (P < 0.05; Fig. 4A, B).
There was also a stimulating effect of training on IGF-1Ea
and IGF-1Ec mRNA in the Plc group (P < 0.05; Fig. 4B).
Relative to the Plc group, GH supplementation increased
COL1A1 mRNA in muscle during immobilisation and,
especially, during re-training (P < 0.05; Fig. 4C), and
COL3A1 mRNA during re-training (P < 0.05; Fig. 4D).
Training alone affected COL1A1 and COL3A1 positively
(P < 0.05; Fig. 4C, D).

Tendon IGF-1Ea mRNA was increased after 2 weeks
of immobilisation with GH supplementation compared
with both baseline and the Plc group (P < 0.05; Fig. 5A).
IGF-1Ec mRNA concentration was below the detection
limit in the majority of the tendon biopsies and no further
analysis was made on the samples. Tendon COL1A1

and COL3A1 mRNAs were increased after 2 weeks of
immobilisation with GH supplementation compared with
baseline and the Plc group (P < 0.05; Fig. 5B, C).

LOX, MMP-2, MMP-9, decorin and tenascin-C mRNA
(tendon)

After 2 weeks of immobilisation, an increase in LOX
mRNA in the GH group was observed, whereas a decrease
in the Plc group was found, when compared with baseline
(P < 0.05; Fig. 6A). At baseline, no significant differences
in MMP-2 and MMP-9 mRNAs were seen between the
groups. After 2 weeks of immobilisation, the expression of
MMP-2 mRNA was increased in both groups (P < 0.05),
whereas the expression of MMP-9 mRNA remained
unchanged (Fig. 6B, C). At baseline, no significant
differences in decorin or tenascin-C mRNA were seen
between the groups. After 2 weeks of immobilisation, the
gene expression of both decorin and tenascin-C mRNA
remained unchanged compared with baseline and between
the groups (Fig. 6D, E).

Tendon fibril morphology

There were no significant differences at baseline, after
2 weeks of immobilisation or after 6 weeks of re-training
in the GH or Plc groups or between groups in fibril
volume fraction, fibril density, mean fibril diameter or
mean fibril area (Fig. S2). With regard to the fibril diameter
distribution (number of fibrils per square micrometre), no
significant differences over time or between groups were
seen in the GH or Plc groups at baseline (Fig. 7A), after
2 weeks of immobilisation (Fig. 7B) or after 6 weeks of
re-training (Fig. 7C).

Discussion

In this study, we demonstrate that GH administration
during a period with lower limb inactivity in humans
stimulates collagen expression in both skeletal muscle
and tendon, and abolishes the normal inactivity-related
decline in tendon stiffness and in tendon LOX expression.
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Figure 4. Muscle insulin-like growth factor-1 (IGF-1) and
collagen (COL) mRNA expression during 2 weeks of
immobilisation and 6 weeks of re-training in young males
(n = 20) with either recombinant human growth hormone
(rhGH) (n = 10) or placebo (n = 10)
A, IGF-1Ea mRNA (muscle); time effect (P < 0.05) and group
interaction (P < 0.05). B, IGF-1Ec mRNA (muscle); time effect
(P < 0.05) and group interaction (P < 0.05). C, COL1A1 mRNA
(muscle); time effect (P < 0.05) and group interaction (P < 0.05). D,
COL3A1 mRNA (muscle); time effect (P < 0.05) and group
interaction, (P < 0.05). ∗Time effect, P < 0.05, compared with
baseline. $Group effect, P < 0.05, GH vs. Plc within time point. Data
are geometric means ± SEM.

Further, GH results in an increased tendon CSA and
stiffness compared with the control group during a
rehabilitation period. Taken together, the study supports
the idea that GH has a matrix-stabilising effect during peri-
ods of inactivity and rehabilitation in humans. In contrast,
skeletal muscle contractile protein does not seem to be
influenced by GH administration during either disuse
atrophy or rehabilitation in younger males.

The fact that tendon stiffness in the present study did
not decrease during the inactivity period, and increased
more during rehabilitation when GH was administered
relative to controls (Fig. 3A), suggests that the GH/IGF-1
axis could be involved in the observed changes in tendon
mechanical properties. In addition to these findings, a

Figure 5. Tendon insulin-like growth factor-1 (IGF-1) and
collagen (COL) mRNA expression during 2 weeks of
immobilisation in young males (n = 20) with either
recombinant human growth hormone (rhGH) (n = 10) or
placebo (n = 10)
A, IGF-1Ea mRNA (tendon); time effect (P < 0.05) and group
interaction (P < 0.05). B, COL1A1 mRNA (tendon); time effect
(P = 0.07) and group interaction (P < 0.05). C, COL3A1 (tendon);
time effect (P = 0.1) and group interaction, (P < 0.05). ∗Time effect,
P < 0.05, compared with baseline (GH). $Group effect, P < 0.05,
GH vs. Plc within time point. Data are geometric means ± SEM.
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tendency towards an effect of GH administration on the
tendon modulus during inactivity was found (P = 0.064,
Fig. 3B) (GH, −9%; Plc, −26%; Table 1). Furthermore,
a slight increase in tendon modulus was observed during
the 6 weeks re-training with GH, whereas a decrease was
found in the Plc group (GH, +7%; Plc, −27%; Table 1).
The decrease in tendon stiffness and, to some extent, in
modulus without affecting the tendon size in the Plc group
fits with the findings in earlier human studies (de Boer
et al. 2007a; Seynnes et al. 2008; Couppe et al. 2012).
Taken together, the demonstrated decline in stiffness
during immobilisation seems to be diminished with over-
expressed IGF-1 levels, indicating a matrix-stabilizing
effect of the GH/IGF-1 axis on connective tissue during
periods of reduced mechanical loading.

The current findings are in line with observations in
mice overexpressing IGF-1, where elevated IGF-1 levels
were associated with the overexpression of LOX, as well
as an increase in enzymatic cross-link formation (Reiser
et al. 1996). Further, in rat vascular cells grown on
matrices, IGF-1 (plus hyaluronic acid fragments) resulted
in an increased density of cross-links within cell layers
(Kothapalli & Ramamurthi, 2008). In our study, the
differences between GH administration and the control
groups with regard to tissue stiffness were associated with
an increased expression of LOX (Fig. 6A). LOX is known to
be associated with the formation of enzymatic cross-links
(Siegel, 1976; Reiser et al. 1992). Further support for
IGF-1 having a stimulating effect on LOX expression
is indirectly provided by a study in rat oral tissues,

Figure 6. Tendon lysyl oxidase (LOX), matrix metalloprotease-2 (MMP-2), matrix metalloprotease-9,
decorin and tenascin-C mRNA expression during 2 weeks of immobilisation in young males (n = 20)
with either recombinant human growth hormone (rhGH) (n = 10) or placebo (n = 10)
A, LOX mRNA (tendon); time effect (P = 0.5) and group interaction (P < 0.05). B, MMP-2 mRNA (tendon); time
effect (P < 0.05) and group interaction (P = 0.2). C, MMP-9 mRNA (tendon); time effect (P = 0.9) and group
interaction (P = 0.7). D, decorin (tendon); time effect (P = 0.5) and group interaction (P = 0.8). E, tenascin-C
(tendon); time effect (P = 0.7) and group interaction (P = 0.6). ∗Time effect, P < 0.05, compared with baseline.
$Group effect, P < 0.05, GH vs. Plc. within time point. Data are geometric means ± SEM.
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where the application of a mixture of both IGF-1 and
Fibroblast growth factor-2 (FGF-2) resulted in increased
LOX expression in the oral connective tissues (Trackman
et al. 1998).

In our study, we did not systematically analyse the
mRNA expression results at the end of the 6 weeks of
re-training because of a possible repeated biopsy effect.
However, with GH administration during re-training, we
found an increased expression of LOX relative to the
control group (data not shown). A further up-regulation
of IGF-1 and collagen was also seen during re-training,
especially when GH was administered (data not shown),
supporting the idea of GH/IGF-1 having a stimulating
effect on LOX and collagen expression, which could

explain the increase in tendon stiffness and modulus
during re-training. Taken together, it is likely that IGF-1
stimulates both LOX and collagen expression, and this
could result in an increased formation of cross-links,
leading to altered mechanical properties of the tendon. It
was not possible to measure the formation of cross-links
in this study, and therefore we can only speculate on
whether increased LOX and collagen expression leads to
an increased formation of cross-links.

GH administration was associated with elevated local
tissue IGF-1 expression, together with an increase
in collagen expression, during both inactivity and
rehabilitation (Figs 4 and 5). This is in accordance with
findings in animals, where changes in the level of physical

Figure 7. Absolute tendon fibril diameter distribution during 2 weeks of immobilisation and after
6 weeks of re-training in young males (n = 20) with either recombinant human growth hormone (rhGH)
(n = 10) or placebo (n = 10)
A, fibril diameter distribution of the GH and placebo groups at baseline. B, fibril diameter distribution of the GH
and placebo groups after 2 weeks of immobilisation (Post immob). C, fibril diameter distribution of the GH and
placebo groups after 6 weeks of training. No time effect or group interactions were seen within time points. Data
are means ± SEM.
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activity were associated with a change in IGF-1 and
collagen expression (Heinemeier et al. 2009). Likewise, in
humans, it has been found that GH administration leads
to increased expression of both IGF-1 and collagen, which
occur in parallel (Doessing et al. 2010a). More recent
data have indicated that animals with overexpression of
GH or with GH-receptor blockade demonstrate an over-
expression or underexpression of collagen, respectively
(Nielsen et al., unpublished data). In our study, we did
not determine the protein synthesis rate for collagen
directly, but only collagen expression, and thus we cannot
state definitively the amount of new collagen that was
synthesized. However, the TEM images showed no shift
towards an increased number of smaller diameter fibrils
after immobilization or during rehabilitation (Fig. 7).
This is supported by data showing no change in decorin
(Fig. 6D), which is expected to be involved in new fibril
formation (Zhang et al. 2006). The possible ultrastructural
changes (fibril morphology) as a result of immobilisation
and loading are still unclear. In some animal studies,
unloading causes a decrease in fibril size (Nakagawa
et al. 1989; Majima et al. 2003), whereas others have
found no changes during unloading (Lavagnino et al.
2005; Zhou et al. 2007). Mechanical loading has been
shown previously in animal studies to yield decreased
(Patterson-Kane et al. 1997), increased (Michna, 1984)
or unchanged (Patterson-Kane et al. 1998) collagen fibril
diameters. A recent human study examining the effect of
loading on fibrillar morphology in patients with patellar
tendinopathy did not find any changes in fibril diameter or
density in the control group (normal tendons) as a result
of loading, but an increase in fibril density and a decrease
in mean fibril size was seen in the group with patellar
tendinopathy (Kongsgaard et al. 2010).

GH administration results in a significant increase in
tendon CSA during rehabilitation (Fig. 2B). Although this
indicates an accumulation of more collagen fibrils, it
cannot be excluded that part of the increase in CSA is
a result of fluid accumulation in the tendons following
GH administration, as this has been observed in other
parts of the body during GH treatment (Lange et al. 2001;
Ehrnborg et al. 2005). In support of the latter, an increase
in tendon CSA with rehabilitation was also observed in the
Plc group. Another explanation regarding the discrepancy
between the lack of changes in fibril morphology and
increase in tendon CSA during re-training could be
stimulation of extracellular matrix proteins other than
collagen fibrils.

Loss of skeletal muscle mass in response to inactivity
was not influenced by the administration of GH in the pre-
sent study (Fig. 1A). This indicates that elevated GH/IGF-1
axis activity does not inhibit the effects on skeletal muscle
during inactivity. GH has been used previously in intensive
care patients and has been shown to have a large protein
retention effect in patients receiving both low-dose GH

(serum IGF-1 level normalised) (Zhang et al. 2007; Duska
et al. 2008) and supraphysiological GH doses (elevated
serum IGF-1) (Ziegler et al. 1990; Takala et al. 1999),
and thereby contributes to counteract net muscle loss,
an effect that potentially could also be present in the pre-
sent study. We did not determine protein turnover directly
in this study, but animal studies have concluded that
proteolysis is largely up-regulated during inactivity and
can explain the muscle loss that appears during inactivity
in animals (Tucker et al. 1981; Thomason & Booth, 1990;
Sacheck et al. 2007). Data on humans indicate that muscle
loss in disuse atrophy with inactivity can be explained
by a marked reduction in myofibrillar protein synthesis
(Paddon-Jones et al. 2006; de Boer et al. 2007). Thus, a lack
of influence of GH on muscle protein synthesis – as shown
in normally active individuals (Doessing et al. 2010a) –
would explain the fact that the administration of GH in
the present study did not influence the loss of muscle mass
with inactivity. Nor did we observe any beneficial effect
of GH on skeletal muscle growth during rehabilitation
(Fig. 2A). This fits with earlier findings indicating that
neither GH (Yarasheski et al. 1992; Lange et al. 2002;
Doessing et al. 2010a) nor the combination of training
and GH (Yarasheski et al. 1992; Lange et al. 2002; Doessing
et al. 2010a) resulted in any protein synthesis-stimulating
effect in skeletal muscle.

Conclusions

In conclusion, when GH is administered to young healthy
individuals, it stimulates collagen expression in both
skeletal muscle and tendon, and abolishes the normal
inactivity-related decline in patellar tendon mechanical
properties (stiffness and modulus) and the expression
of tendon LOX, and results in an increased tendon
size and stiffness compared with the control group
after rehabilitation with training over 6 weeks. This
demonstrates that GH has a matrix-stabilising effect
during periods of inactivity and rehabilitation in humans.
In contrast, skeletal muscle contractile protein does not
seem to be influenced by GH administration during either
disuse atrophy or rehabilitation.
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