
INTRODUCTION
Many investigations have shown that it is practicable to

create bone in a convenient anatomical area with good vascular
supply, for instance in the muscle (1-5). The extracellular matrix
(ECM) of muscle is a conglomerate of substances in which
biochemical and biophysical properties allow for the
construction of a flexible network that integrates information
from loading and converts it into mechanical capacities. In
developing skeletal muscle, an important interplay between
muscle cells and the ECM is present, and some evidence from
adult human muscle suggests common signalling pathways to
stimulate contractile and ECM components. Unaccustomed
overloading responses indicate an important role of ECM in the
adaptation of myofibrillar structures in adult muscle (6).

Vascular endothelial growth factor (VEGF) is secreted by
myocytes, diffuses through and interacts with ECM and basement
membranes, and binds to VEGF receptors and on neuropilin-1
endothelial cell surfaces of blood vessels (7). It induces

endothelial cell proliferation and migration to sprout neovessels,
and provides a survival signal until mural cells, i.e. pericytes and
smooth muscle cells, stabilize these immature vessels (8-10).

Particularly the adaptation of the muscle is dependent on
extra- and intracellular signalling pathways. Growth and
transcription factors play a significant role in muscle
development and growth. Important growth factors for muscle
regeneration and differentiation are insulin like growth factor 1
(IGF-1) for positive adjustment of cell proliferation and
myostatin (GDF8) as a negative growth factor. Myostatin is a
potent negative regulator of myogenesis (11). Besides, IGF-2 is
also involved in muscle development.

Although IGF-2 plays a crucial role in muscle development
(12), its role in the repair/regeneration process is secondary to
other growth factors, for example IGF-1 (13). Age-associated
decrements in muscle repair process have also been shown to be
associated with levels of IGF gene expression. Marsh et al. (14)
compared young, adult, and old rats exposed to bupivicaine
induced muscle damage and showed that young rats exhibit
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The present study aimed at researching the synergistic effect between an ectopic bone substitute and surrounding muscle
tissue. To describe this effect, changes of insulin like growth factors (IGF1, IGF2), myostatin (GDF8) and vascular
endothelial growth factor (VEGF) mRNA content of 12 Wistar-King rats musculus latissimus dorsi with implanted poly-
3-hydroxybutyrate (PHB) scaffold were examined after 6 and 12 weeks. At each time interval six rats were killed and
implants and surrounding tissues prepared for genetic evaluation. Eight rats without any implants served as controls.
RNA was extracted from homogenized muscle tissue and reverse transcribed. Changes in mRNA content were measured
by Real-Time PCR using specific primers for IGF1, IGF2, GDF8 and VEGF. Comparing the level of VEGF mRNA in
muscle after 6 and 12 weeks to the controls, we could assess a significant increase of VEGF gene expression (p<0.05)
whereas the level of mRNA expression was higher after 6 than after 12 weeks of treatment. Expression of IGF1 gene
was also significantly increased as compared to the controls over the observed period of time (p<0.05). In the case of
the IGF2 gene, the expression was significantly elevated after 6 weeks (p<0.05), but not significantly increased after 12
weeks (p>0.05). We observed a significantly decreased GDF8 gene expression (p<0.05) both after retrieval of implants
after 6 as well as after 12 weeks. Moreover, mRNA level of GDF8 after 6 and 12 weeks were comparable the same. Our
results show that PHB implants in rat musculus latissimus dorsi interact with the surrounding muscle tissue. This
interaction works itself on growth potential of the muscle.
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relatively higher levels of IGF-II expression and better recovery
of muscle mass and protein concentration postinjury.

The aim of this study was to assess the effects of poly-3-
hydroxybutyrate (PHB) implants on factors that regulate
vascularisation or interaction with the extracellular matrix of the
surrounding muscle tissue.

Because of PHB unique combination of biodegradability and
biocompatibility it is of great interest for medical applications
(15). PHB completely degrades to release a normal component
of blood and tissue, D, L-β-hydroxybutyrate (HB). In recent
studies PHB has been evaluated as a scaffold for ectopic bone
formation in vivo (1).

Literature reports show that the tissue response to the PHB
implants was characterized by mild inflammatory reaction of
short time period, increasing macrophage infiltration and
granulation response with formation of a highly vascularized
thin fibrous capsule at the microspheres/tissue interface, with
was resorbed after several weeks of implantation. Neither
necrosis nor any other adverse morphological changes and tissue
transformation in response to the implantation of PHB implants
were recorded (16).

The synergistic effects between PHB scaffold and m.
latissimus dorsi have not been sufficiently investigated. It has
been demonstrated in a previous study that PHB implants can
have an influence on the myosin isoform composition of the
surrounding muscle tissue. The mRNA of myosin isoform type I
was increased while the studied muscle tissue showed a decrease
in isoform IIx compared to the controls (17). This result is in
accordance with other studies, where changes in the expression of
myosin isoforms I and IIx occurred, but no or very little changes
in the expression of myosin isoform IIb were recorded (18).

MATERIALS AND METHODS

Poly-3-hydroxybutyrate (PHB)
Fully biodegradable biotechnologically produced polyester

PHB was used in powder form as raw material. The powder with
a molecular weight of 540000 g/mol was granulated using a twin
screw extruder equipment. The PHB multifilaments were
produced using a high-speed melt spinning and spin drawing
process (1). Round embroidery patches with a thickness of 1.2
mm and a diameter of 12 mm were generated using an
embroidery automat follwed by coating with calf skin collagen
type I. The average macro mesh pore size of the embroidery was
200 µm and the total weight of the implant was approximately
12 mg. A total of 24 implants were prepared. All implants were
ultrasonically cleaned in 70 % ethanol for 15 minutes and
sterilised by ethylene oxide before the surgical procedure.

In order to determine the optimal sampling site, histological
specimens of the whole region were produced from the test
animals. The entire region was immediately fixed in 4%
formalin and subsequently embedded in Technovit 9700 (19,
20). Specimen preparation was done using the hard tissue
cutting-grinding technique to avoid affecting the substitute bone
structure and the connected soft tissues (Fig. 1).

Experimental design and surgical procedure
Experiments were performed on twelve six-month-old adult

male Wistar-King rats, with approximately 200 g body mass. All
surgical and experimental procedures were approved by the
Animal Welfare Committee of the State Government (no. 24-
9168.11-1-2004-2).

Animals were anesthetized with intraperitoneal
pentobarbital at an approximate dosage of 75 mg/kg. For the

intra muscular implants a 3 cm sagittal incision was made in the
skin in the midline of the back. In a intramuscular pocket a PHB
embroidery was inserted. The muscle pocket around the implant
was closed with one resorbable suture and for skin closing a
continuous suture was used. The implants were located using a
complete statistical randomisation. Eight rats without any
intervention served as controls.

The biopsies were carried out 6 and 12 weeks after
implantation under anesthesia without resuscitation of the rats.
The implants with the surrounding tissues were retrieved and
prepared for molecular investigation. Subsequently, the
surrounding tissue after preparation was retrieved from the
implant by blunt dissection and placed in liquid nitrogen.

RNA-isolation and reverse transcription
RNA-Isolation was conducted by means of the Qiagen

Fibrous Tissue Mini Kit and the Fibrous Tissues Protocol
(Qiagen, Valencia, CA, USA). In the beginning the frozen
muscle tissue was homogenised under liquid nitrogen using a
mortar and pistle and than the cells were lysed and the RNA
released by centrifugation of the cell-homogenate through a
biopolymer shredder (Qiashredder, Qiagen, Valencia, CA,
USA). The quality and yield of the RNA was determined by
spectrophotometry at 260 nm and the integrity examined by
agarose gel electrophoresis with ethidium-bromide staining. The
Quantification of the total RNA was performed using a
NanoDrop®ND-1000 UV-Vis Spectrophotometer (NanoDrop
Technologies), which minimized the loss of RNA material
during the measurement procedure; only 2 µl RNA solution were
used per sample.

Forthwith 1 µg of the isolated RNA was transcribed in
cDNA according to the manufacturer´s instructions using the
High Capacity cDNA Kit (Applied Biosystems, Foster City,
CA, USA).

Reversce transcriptase-polymerase chain reaction 
- Real-Time PCR

Changes in mRNA content were measured by Real-Time
PCR using specific primers for IGF1, IGF2, VEGF, and GDF8
(Qiagen). The concentrations of the primers were adjusted as
described in a manual for the Power Sybr-Green Master Mix
(Applied Biosystems, Foster City, CA, USA). For every
sample double-appointments were measured and No Template
Controls were accomplished for each primer pair on each 96-
well plate. From each sample, Real-Time PCR with primers for
Igf1, Igf2, Gdf8, VEGF and β-actin was performed. In each
well 12.5 µl of Master Mix was added and 300 nM of each
primer, which was used at 50 nM. 2 µl of 1:50 diluted cDNA
of a sample served as a template. The specifity of the reaction
was examined by creating a dissociation curve for each sample
and finally by checking the PCR products by agarose gel-
electrophoresis.

Quantification of expression of target genes - 2(-∆∆Ct) method
To determine the quantity of the target-gene specific

transcripts present in treated cells relative to untreated ones, their
respective Ct values were first normalized by subtracting the Ct
value obtained from the β-actin control (∆Ct = Ct, target – Ct,
control). The concentration of gene-specific mRNA in treated
cells relative to untreated cells was calculated by subtracting the
normalized Ct values obtained for untreated cells from those
obtained from treated samples (∆∆Ct = ∆Ct, treated – ∆Ct,
untreated) and the relative concentration was determined
(2–∆∆Ct) (21).
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Fig. 1. Histologic specimen of the entire treatment area in
Technovit 9700. The specimen was stained with Masson-
Goldner trichrome stain. A connective tissue layer with bone
substitute can be noticed on the musculature. The square shows
the sampling site for molecular-biological analyses.

Fig. 2. Rat musculus latissimus dorsi with implanted poly-3-
hydroxybutyrate (PHB) scaffold examined after 12 weeks.
Morphologic image after skin dissection.

Fig. 3 a-d. : Relative expression of genes : a. IGF1, b. IGF2, c. VEGF and d. GDF8 in the m. latissimus dorsi of control rats and in
the m. latissimus dorsi of rats carrying implants 6 weeks and 12 weeks after surgery. Given are the arithmetic means with standard
deviations, significance at p<0.05; (*)-indicates a significant difference between investigated groups.



RESULTS
Morphologically, the ingrowth of applied bone substitute

and a marked formation of capillaries are noticed (Fig. 2).
Figs 3 (a-d) show the values of 2(–∆∆Ct) reflecting the fold

change in gene expression level in muscle surrounding PHB
scaffold after 6 and 12 weeks, calculated relative to the level of
β-actin expression. Comparing the level of VEGF mRNA in
muscle after 6 and 12 weeks to the controls, we could assess a
significant increase of VEGF gene expression (p<0.05) whereas
the level of mRNA expression was higher after 6 than after 12
weeks of treatment. Expression of IGF1 gene was also
significantly increased as compared to the controls over the
observed period of time (p<0.05). In the case of the IGF2 gene,
the expression was significantly elevated after 6 weeks (p<0.05),
but not significantly increased after 12 weeks (p>0.05). We
observed a significantly decreased GDF8 gene expression
(p<0.05) both after retrieval of implants after 6 as well as after
12 weeks. Moreover, mRNA level of GDF8 after 6 and 12 weeks
were comparable the same.

Macroscopic we could observe that one of the early
responses to the PHB implants was capillary generation in the
muscle tissue surrounding the implants which indicates a good
compatibility of the PHB implants.

DISCUSSION
Mack et al., (17) had shown that PHB implants can have an

influence on the myosin isoform composition of the surrounding
muscles. Muscles adapt to stress by changing of fiber types and
respective mRNA content. Accordingly the basically fast rat
musculus latissimus dorsi adopted a slower phenotype with a more
efficient energy utilisation and greater potential for regeneration
(17). Our investigation focused on factors that regulate
vascularisation and interaction with the extracellular matrix.

Some investigation indicated that administration of vascular
endothelial growth factor (VEGF) as gene, protein, or factor-
overexpressing cell transplants can stimulate resident endothelial
cells to form new capillary tubes, thereby improving regional blood
flow in ill-perfused adult tissues (22, 23). In our study an increased
VEGF mRNA expression was detected in muscles surrounding the
PHB scaffold. However, this expression tended to decrease by and
by. Recent studies suggest that newly formed vessels are
eliminated by natural elimination (24). The VEGF-induced growth
of vessels is not accompanied by increased metabolic demand,
their durable presence is not essential for the function of the tissue.

Differentiation, maturation, maintenance, and repair of
skeletal muscle require ongoing cooperation and coordination
between an intrinsic regulatory program controlled by myogenic
transcription factors and signalling pathways activated by
hormones and growth factors (25, 26).

Insulin-like growth factors (IGFs) were the other decisive
growth factors that we have investigated. IGF1 and IGF2 play
key roles in normal muscle development in the embryo (27) and
are important for coordinating muscle regeneration and re-
innervation following injury (28, 29). However, their
mechanisms of interaction with other muscle regulatory
networks remain undefined (5).

We confirmed according to other studies that IGFs are
expressed in muscles (30) and could show that muscle fibers
express increased IGF mRNA while in contact with PHB
scaffolds. It is well established that endogenously produced IFG1
and IFG2 can exert a strong positive effect on skeletal muscle
differentiation (31). Combined with the observation that elevated
levels of IGFs are sufficient to promote interstitial cell
proliferation in otherwise untreated adult skeletal muscle (28, 29),

other findings support the hypothesis that the early production of
IGF1 by the inactive muscle fiber is involved in the initiation of
the proliferation reaction of muscle. IGF1 was identified as a
possible initiator of restorative reactions in injured muscles (29).

Recent results suggest that myostatin (GDF8) is a potent
regulator of cell-cycleprogression and functions by regulating both
the proliferation and differentiation steps of myogenesis. The role
of myostatin has been demonstrated in several studies not only
during embryonic myogenesis, but also in postnatalmuscle growth.
It is not known whether myostatin influences only muscle
formation or has also a function in the regulation of muscle
metabolism (32). Lack of myostatin results in accelerated
regeneration and reduced fibrosis (33). We observed after 6 as well
as after 12 weeks a significantly decreased myostatin expression.
The decrease after 6 and 12 weeks was about the same.

Several studies indicate that myostatin might function as an
inhibitor of satellite cells proliferation (34), suggesting a role for
myostatin in postnatal muscle growth and repair (35). Consistent
with this hypothesis, recent results from McCroskery et al. (33)
indicate that myostatin is indeed expressed in satellite cells.
Myostatin is known to block hematogenesis and enhance
chondrogenesis as well epithelial cell differentiation (36). Our
results show that PHB implants in rat musculus latissimus dorsi
interact with the surrounding muscle tissue. This interaction
works itself on growth potential of the muscle.
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