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Abstract

Background Complicated tibial fractures with severe soft
tissue trauma are challenging to treat. Frequently associ-
ated acute compartment syndrome can result in scarring of
muscles with impaired function. Several studies have
shown a relationship between angiogenesis and more
effective muscle regeneration. Vascular endothelial growth
factor (VEGF) is associated with angiogenesis but it is
not clear whether it would restore muscle force, reduce
scarring, and aid in muscle regeneration after acute mus-
culoskeletal trauma.
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Questions/purposes Therefore, we asked whether local
application of VEGF (1) restores muscle force, (2) reduces
scar tissue formation, and (3) regenerates muscle tissue.
Methods We generated acute soft tissue trauma with
increased compartment pressure in 22 rabbits and short-
ened the limbs to simulate fracture débridement. In the test
group (n = 11), a VEGF-coated collagen matrix was
applied locally around the osteotomy site. After 10 days of
limb shortening, gradual distraction of 0.5 mm per 12
hours was performed to restore the original length. Muscle
force was measured before trauma and on every fifth day
after trauma. Forty days after shortening we euthanized the
animals and histologically determined the percentage of
connective and muscle tissue.

Results Recovery of preinjury muscle strength was
greater in the VEGF group (2.4 N; 73%) when compared
with the control (1.8 N; 53%) with less connective and
more muscle tissue in the VEGF group. The recovery of
force was related to the percentage of connective tissue
versus muscle fibers.

Conclusions Local application of VEGF may improve
restoration of muscle force by reducing connective tissue
and increasing the relative amount of muscle fibers.
Clinical Relevance  VEGF may be useful to improve
skeletal muscle repair by modulating muscle tissue regen-
eration and fibrosis reduction after acute trauma.

Introduction

Appropriate fracture healing requires intact soft tis-
sue coverage. Closed fractures, however, can cause an
acute compartment syndrome (ACS), which can be limb-
threatening and requires immediate treatment, most often
with fasciotomy [20] or by acute limb shortening [24].
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ACS may lead to widespread muscle necrosis and
intramuscular scar tissue formation. During regeneration,
various cellular responses are synchronously activated. On
injury, damaged tissue is infiltrated by fibroblasts, neutro-
phils, and monocytes and macrophages [30]. There is a
close relationship between maintaining blood supply and
muscle regeneration, indicating revascularization plays an
important role in the success of muscle regeneration [6]. In
models of revascularization, endothelial cells and capillary
pericytes undergo degeneration and subsequently new
capillaries begin to develop along the existing capillary
basement membrane. The new capillaries sprout out from
peripheral surviving capillaries toward the center of the
injured area. Taken together, these observations suggest
the newly developed capillaries would help to provide the
injured area with oxygen and substrates and therefore aid in
the regenerative process. Angiogenesis is highly regulated
by factors such as vascular endothelial growth factor
(VEGF). As a mitogenic factor, it acts on endothelial cells
and plays a crucial role in vasculo- and angiogenesis [7].
Several studies suggest increased VEGF-A expression after
acute exercise [5, 11, 14] or electrical stimulation [13, 31].

Soft tissue trauma not only leads to reduced muscle
force attributable to scarring of the muscle fibers, but also
to insufficient callus [22]. We recently found VEGF can
enhance deficient callus resulting from acute soft tissue
trauma of the lower extremity leading to an ACS [25].
Average callus diameter and torsional strength were sub-
stantially higher in the VEGF-treated group than in the
control group without VEGF. Blood vessel formation in
damaged bone increased with a substantially higher num-
ber of vessels in the VEGF-treated group as compared with
controls. Because ischemia leads to necrosis of muscle
tissue, treatment with proangiogenic factors might be a
novel approach in the treatment of damaged muscle after
trauma.

Therefore, we asked whether local application of VEGF
(1) restores muscle force, (2) reduces scar tissue formation,
and (3) regenerates muscle tissue.

Materials and Methods

We divided 22 male New Zealand White rabbits into two
equal groups. Both groups received standardized muscu-
loskeletal trauma to one lower leg resulting in a critical
elevated intracompartmental pressure of the tibialis ante-
rior muscle [21]. One group (test) was treated locally with
VEGF whereas in the other group no VEGF was used
(control). To compare the effect of the treatment on muscle
force restoration, muscle force was measured before
trauma and every fifth day after trauma until euthanasia. To
study the effect of VEGF on scar tissue formation and
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regeneration of muscle tissue the specimens were exam-
ined histologically and histomorphometrically. Animals
were administered general anesthesia for all procedures.
The average weight of the animals was 3.8 kg. Data from
these same animals were reported to explore the effects on
callus [17]. To highlight the effect of VEGF on two dif-
ferent tissues (muscle and bone) and to emphasize different
potential therapeutic strategies, we thought it was neces-
sary to publish these results separately. The investigation
was approved by the local University Animal Ethics
Committee.

A tourniquet was placed on the upper thigh to stop
arterial blood flow for 90 minutes. During the first
30 minutes of ischemia a contusion clamp (10-mm
aluminum base, compression load of 100 kilo Pascal =
10 Newtons/cm?) was placed directly on the tibialis ante-
rior muscle belly 15 mm below its origin. Arterial blood
pressure was documented continuously after cannulating
the medial auricular artery. The compartment pressure was
gauged using a piezoelectric transducer (KODIAG; Braun-
Dexon GmbH, Spangenberg, Germany). Bilateral pressure
measurements confirmed the onset of a critically elevated
intracompartmental pressure (defined as pressure greater
than 30 mmHg) on the traumatized side. A unilateral
external fixator (Orthoﬁx@ M-103; Orthofix SRL, Verona,
Italy) was applied to the anteromedial aspect of the tibia.
Both groups underwent osteotomy of the tibia with a
10-mm diaphyseal block being removed. Thus, the trau-
matized leg was shortened. In the test group (n = 11), the
osteotomy was sheathed with a 1 x 0.5 x 0.5-mm collagen
matrix coated with 12 pg VEGF surrounded by the trau-
matized tibialis anterior muscle. Hereby, the collagen
matrix was contiguous to muscle (outer site) and bone
(inner site). In the control group (n = 11), no collagen
matrix was applied. Distraction started 10 days after sur-
gery and was performed with 0.5 mm per 12 hours for
10 days until the original length was restored.

A power analysis was performed to determine the
sample size required to detect a difference in the absolute
muscle force of 25% (mean value of 1.8 N in the control
and 2.4 N in the VEGF (4) group; common SD, 0.5) at
Day 30 after trauma with 76% power and a two-sided alpha
of 0.05. We assumed a 25% difference would be clinically
important. The expected effect size greater than 20% for
calculation was estimated from data on the use of long-
term electrical stimulation to improve muscle force and
muscle atrophy [2]. The calculation revealed that 11 ani-
mals would be required per group. Although muscle force
restoration data of this type of model were not available at
the time, one study showed a difference of 23% to be
beneficial in the treatment of denervation atrophy [2].

Before surgery, we measured the baseline dorsiflexion
force for each limb of each animal. These data were used as
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reference values for normalization. To measure the dorsi-
flexion force, a bipolar electrode for transcutaneous
stimulation (amplitudes of 5.1 mA for durations of
2.56 ms) of the peroneal nerve was used. Each measure-
ment consisted of 20 single fast signals at 50-ms intervals.
Measurements were made at an interval of 5 days. On
every testing day they were repeated four times on each
side (traumatized and nontraumatized legs in each animal),
resulting in 80 values per animal per side, which were
presented as an overall average value. The contralateral
side (nontraumatized) served as the paired control. Bilat-
eral force measurements were obtained at Days 0 (before
trauma), 5, 10, 15, 25, and 30 after trauma [21].

Animals were euthanized (intracardiac injection of
T61®; Hoechst GmbH, Munich, Germany) on Day 40. We
completely excised the anterior tibialis muscle. Five mus-
cle sections were taken from each specimen 15 mm from
the proximal insertion of the anterior tibial muscle. After
processing the samples, we embedded the specimens in
paraffin. Slices were prepared at a predefined level in a
cross section from the same area of the earlier contusion
and were stained histochemically (Heidenhain azan stain).
Light microscopic analysis was used to quantify morpho-
logic changes in muscle and connective tissue in one to five
sections from each animal [21]. For determination of the
ratio of muscle and connective tissue, single muscle fibers
and the area of connective tissue were outlined semiauto-
matically and counted at 100-fold magnification. We
measured digitized images of each muscle (treated and
nontreated) using image-editing software (Image-Pro Plus,
Version 7.0; Media Cybernetics, Inc, Bethesda, MD, USA).
The ratio between muscle and connective tissue was cal-
culated. Quantitative assessment included morphometric
analysis of muscle and connective tissue postmortem. Each

image was calibrated with the standard scale of 10 mm.
Accuracy of the linear measurement of the system was
0.01 mm [21].

Muscle specimens were stained with o-smooth muscle
actin antibody (0-SMA/monoclonal mouse antihuman
smooth muscle actin, 1:400). The second antibody was
antimouse IgG (Vector Laboratories, Burlingame, CA,
USA) followed by avidin-biotin-complex detection
(Vectastain® ABC Kit; Vector Laboratories) and coun-
terstained with Vector™ methyl-green (Carl Roth,
Karlsruhe, Germany). For analysis, 10 areas were chosen
and inspected with 100-fold magnification.

The variables of interest were restoration of muscle
force, scar tissue formation, and regeneration of muscle
tissue. We calculated mean values and SDs for each group
and each variable at different times. Data were approxi-
mately normally distributed by normal probability plots.
Differences in the variables between control and test
groups were performed using the t-test for unpaired data.
Paired t-tests were used to examine the differences for one
group at different times and when comparing traumatized
and nontraumatized extremities. For statistical analysis we
used SPSS 19.0 (SPSS Inc, Chicago, IL, USA) and R
2.13.1 (R Development Core Team [2011]; R: A language
and environment for statistical computing; R Foundation
for Statistical Computing, Vienna, Austria).

Results

The VEGF-treated group regained 22% more muscle force
output (back to 75% of original muscle force) than the
control group (53% of original muscle force) (Table 1).
There was no difference in force (p = 0.53) between the

Table 1. Muscle force and distribution of connective tissue 30 days after trauma*

Specimen Muscle Connective Specimen Muscle force Connective
number force tissue (VEGF+) (VEGF+) tissue (VEGF+)
1 3.8 3.7 1 449 2.6

2 66.6 6.4 2 100 0.6

3 85.0 14.5 3 61.8 2.8

4 32.0 14.7 4 42.7 2.0

5 40.0 11.3 5 100 2.5

6 51.5 17.4 6 48.3 2.3

7 23.0 15.8 7 100 1.7

8 60.0 6 8 100 2.0

9 78.1 6.5 9 814 52

10 87.5 9.0 10 95.9 3.1

11 57.6 33 11 52.5 2.6
Average 53.2 9.9 Average 75.3 2.5

* In percent; the pretrauma values are set as baseline (100%); VEGF = vascular endothelial growth factor.
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Fig. 1 Progression of muscle
force during the 30 days after

trauma is shown. The VEGF - -
group reached with a mean mus-
cle force of 2.42 N at 30 days
after surgery, 75% of their mean
force preoperatively. In compari-
son, the control group only
reached 53%. The greatest
increase in force was noted
between 10 and 15 days after
surgery with values almost dou-
bling during this period. In
general, muscle strength contin-
ued to improve until the 25th day
after surgery.

Absolute Muscle Force In Newtons

Preoperative

Table 2. Absolute values in Newtons (N) of the measured force
produced by dorsiflexion (control and VEGF(+) side)

Days* Mean value SD Mean value SD
™) ™)

0 3.16 0.41 3.15 0.15

5 0.19 0.25 0.82 0.09
10 0.35 0.30 1.42 0.17
15 1.00 0.83 2.39 0.16
20 1.43 0.91 2.52 0.21
25 1.73 0.94 2.67 0.21
30 1.73 0.90 2.42 0.27

VEGF = vascular endothelial growth factor; * Day 0 was before
trauma, all other days were after trauma.

treated and the control limbs before trauma. After trauma
and surgery, a difference (p < 0.001) was evident with the
force of all traumatized extremities being less than that of
the nontraumatized extremities. Muscle contractions were
negligible between 0 and 5 days after surgery. The greatest
increase in force was noted between 10 and 15 days after
surgery with values almost doubling during this period. In
general, muscle strength continued to improve until the
25th day after surgery (Fig. 1). In both groups, force was
measured 30 days after surgery and compared with values
before trauma. The difference between traumatized and
nontraumatized limbs remained even after completion of
the distraction in both groups (control group, p = 0.001;
VEGF group, p = 0.008) (Table 2). By the final day of
testing, more than 50% of the animals in the control group
had a force less than 60% of the presurgery baseline, four
animals had a measured force greater than 60% of the
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10 days 15 days

Time

20 days 25 days 30 days

baseline measure, and just one animal had regained 88% of
original muscle strength. In contrast, nine animals of the
VEGF group regained more than half of their muscle force
at Day 30 after surgery. Five of these nine animals regained
more than 90%, a value none of the animals in the control
group accomplished (Table 1). Compartment pressures of
all animals normalized after acute shortening of the limb.

The control group showed four times the amount of
connective tissue in the traumatized side in comparison to the
nontraumatized side (Fig. 2). The amount was 1.7-fold
higher in the VEGF group (traumatized versus nontrauma-
tized) (Fig. 2). None of the animals in the VEGF group
generated more than 10% connective tissue (control group,
five animals). In contrast, the proportion of connective tissue
was less than 5%. Compared with the nontraumatized leg,
the quantity of connective tissue was 1% greater on the
traumatized VEGF side (2.5% 4 0.9% versus 1.5% +
0.5%). The average connective tissue composition of the
traumatized side of the VEGF group (2.5% + 0.9%) com-
pared with the control group (9.9% + 1.9%) was lower. On
the sides without surgery, connective tissue percentages were
similar in the control and treatment groups (1.5% = 0.5% for
VEGF + compared with 2.5% £ 0.9% for control).

Histomorphometric evaluation of the muscle revealed
the recovery of force was related to distribution of con-
nective tissue and muscle fibers in the muscle. On average
the VEGF-treated animals had more than 95% muscle
tissue compared with 90% in the control group. Animals
treated with locally applied VEGF regenerated more
muscle tissue but generated less connective tissue. Immu-
nohistochemical staining revealed no difference (p = 0.05)
in the distribution and amount of vessels positively stained
for a-SMA.
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Fig. 2A—C Morphologic features of muscle and collagen expression
in (A) normal uninjured muscle, (B) control traumatized tibialis
anterior muscle, and (C) traumatized muscle regenerated in the
presence of VEGF are shown (Stain, Heidenhain azan; original

Discussion

Complicated tibia fractures with severe soft tissue trauma
remain a clinical challenge because outcomes are often
poor. Ischemic damage of the muscles after trauma pro-
vokes humoral responses and liberation of vasoactive
substances with early onset of an ACS, which then again
results in necrotic muscles. The generation of intramus-
cular connective tissue in the form of scar tissue with
associated reduction of muscle fibers reduces overall
muscle force production and therefore impairs the func-
tion of the injured limb, increasing the patient’s long-term
suffering from an already traumatic injury. Hypoxia and
necrosis of the soft tissues are risk factors for poor
fracture healing. Therefore, we asked whether local
application of VEGF (1) restores muscle force, (2) redu-
ces scar tissue formation, and (3) regenerates muscle
tissue.

P

9,

magnification, x4). The muscle fibers are stained red and the
connective tissue blue. There is less connective tissue in the
traumatized muscle, which was treated with VEGF.

We recognize limitations to our study. First, experi-
mental studies like ours generally must be transferred to
human clinical practice with caution. There are no clinical
data on the use of VEGF in human musculoskeletal trauma.
Second, the short half-life and high costs of VEGF might
be a limiting factor in clinical use. Third, other delivery
techniques rather than a collagen matrix need to be tested
in terms of prolonged release. The VEGF-soaked collagen I
matrix we used in our experiment is similar to the one used
for clinical BMP application. The linear declining gradient
with time in release kinetics of the collagen I matrix with a
peak release in the first hours [15], seemed to be ideal for
our experiment. Next to it, the collagen matrix is biode-
gradable and uncomplicated to apply to the injury side.
However, there are different methods to deliver VEGF or
its gene to the injury site. For example, implantable bio-
degradable scaffolds can act as slow release [18] or
subcutaneous microosmotic pumps [12] can be used but did
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not seem to be appropriate in our experimental setup.
Fourth, we did not wait to produce a full ACS with a
contraction, but a critically elevated intracompartmental
pressure as in our experiment might lead to an ACS if not
treated. Each animal might tolerate different critical pres-
sure thresholds. Fifth, we observed a positive effect of
VEGEF in rabbit limbs but these tissues are not identical to
those of humans. Sixth, to determine whether VEGF had
some biologic effects on the muscle no lengthening of the
limb would be required. As we simulated fracture débri-
dement, the limb was shortened by 10%. Consequently,
length was restored to regain the physiologic prestress of
the muscle which is needed for measurement of muscle
force.

We found VEGF enhanced muscle force restoration and
reduced the amount of connective tissue after traumatic
injury and critically high intracompartmental pressure. The
peak of this effect occurred between Days 15 and 20 after
injury. A reduction of muscle force was seen when the
average portion of connective tissue was greater than 10%,
a feature noted particularly in the control group. The
positive effect of VEGF on muscle force restoration and
reduction of scar tissue presumably relies on induced
chemotaxis on inflammatory cells and myogenic precursor
cells [10]. Furthermore, VEGF seems to have an antiapo-
ptotic effect and direct myogenic effect [1]. In mice with
limb ischemia, local administration of a plasmid vector
with a hypoxia-responsive element sequence allowing
long-term VEGF expression, promoted gastrocnemius
mass and force recovery and ameliorated limb necrosis
better in comparison to the group treated without [33] as
seen in our experiments. Another study showed that
intramuscular administration of a plasmid engineered to
induce VEGF expression enhanced preserved grip strength
in a rat model of amyotrophic lateral sclerosis which sug-
gests that VEGF administration might be neuroprotective
and a practical approach for treating motor disorders [16].
Although data on muscle force restoration after musculo-
skeletal injury for this type of model were not available at
the time we conducted our study, recently published studies
[2, 4] confirm the restoration of muscle force we observed.

Quantitative assessment of the histologic specimens
showed that the amount of fibrosis was reduced. Similar to
our results, a reduction of fibrosis was observed after in
vivo transplantation of VEGF-expressing cells in a muscle-
derived stem cell (MDSC) transplantation-based skeletal
muscle regeneration model [7]. The synergistic effect of
VEGF and granulocyte-colony stimulating factor (G-CSF)
was tested in a mouse limb ischemia model. There was a
distinct reduction of the level of necrosis in the group
treated with VEGF and G-CSF compared with the un-
treated ischemic group [29], which underlines the
antifibrotic effect. Another study [3] showed that local and
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sustained release of VEGF from macroporous scaffolds
used to transplant and disperse cultured myogenic cells
limited fibrosis and accelerated the regenerative process.
Furthermore, limb ischemia not only led to impaired
angiogenesis, but also caused abnormal tissue fibrosis, as in
our study. Conversely, the fibrotic area in the ischemic
region was markedly reduced by injection of human mes-
enchymal stem cells transfected VEGF nanoparticles [32].
When VEGF was inhibited via its soluble antagonist
(sFltl), the level of angiogenesis was inhibited while an
increase of fibrosis was observed [7]. Not only contractile
properties but also passive mechanical properties such as
muscle stiffness differ by the fibrotic alteration of the
muscle as seen after trauma. We could show that force
recreation decreases if the compliance of the muscle is
reduced. We observed that VEGF reduces muscle scarring
which coincides with findings in the literature.

We found local application of VEGF to the injury site
improved the muscle tissue regeneration. VEGF reportedly
not only enhances neovascularization [19] but also muscle
regeneration after ischemia [5]. The expression of VEGF
was examined in ischemic skeletal muscle and its regen-
eration in eight patients and 20 New Zealand White rabbits
[28]. In that study acute ischemia led to diffuse generation
and distribution of VEGF and VEGF receptor-2 of muscle
cells and macrophages. Further, these cells had a high level
of hypoxia inducible factor-1a, which leads to upregulation
of VEGF and VEGF receptor-1 [28]. These findings
underline that endogenous VEGEF is released naturally in
ischemic tissues as a factor needed for regeneration. After
experimental muscle damage, VEGF and its receptors are
expressed in regenerating muscle fibers, suggesting there is
an autocrine pathway that may promote survival and
regeneration of myocytes [23]. Levenberg et al. [17]
reported a direct effect of VEGF-engineered myoblasts
transplanted subcutaneously into nude mice. The trans-
plantation led to substantially more muscle mass and
higher neovascularization. VEGF can promote myogenesis
and vascularization in numerous muscle injuries including
cardiac injuries [26]. After ischemic injury to normal
mouse skeletal tissue, VEGF expression increased and
direct injection of adenovirus VEGF at the site of ischemic
injury led to reduced apoptosis as compared with controls
that did not receive VEGF [10]. In contrast to the obser-
vation of higher neovascularization, we did not observe a
higher rate of blood vessels in the VEGF group. Because
high local concentrations of VEGF might be detrimental
for the regeneration process by generating excessively
disorganized vascular growth, at lower VEGF dosages, this
negative effect was not observed and muscle regenerations
appeared to be predominant [23]. After experimental
muscle damage with ischemia the delivery of adeno-
associated virus-VEGF markedly promoted muscle fiber



Volume 470, Number 12, December 2012

VEGF Improves Muscle Regeneration 3613

regeneration with a dose-dependent effect. This proregen-
erative effect was more evident when VEGF was delivered
5 days after muscle damage, suggesting a direct effect on
myogenesis in addition to the well-established proangio-
genic activity [9]. Moreover, vascular endothelial growth
factor receptor-2 (VEGFR-2) is reportedly the main
mediator of the effect of VEGF on myogenic cells [1].
Again, this suggests the potential importance of using
VEGF to improve myogenesis. We also suspect VEGF
might have had more a direct effect on stimulating myo-
genesis, as we saw better muscle regeneration rather than
contributing to repair by aiding neovascularization as the
number of vessels did not increase. In addition, this might
be explained by the mechanism that VEGF stimulates
satellite cell activation and proliferation, cells are protected
from apoptosis, the inflammatory response is muted, and
highly functional muscle tissue is formed [4]. Furthermore,
muscle regeneration appears to be mediated by MDSCs [7]
which are superior to myoblasts in terms of proliferating
ability, multipotent differentiation, and strong self-renewal
[27]. The main effects seem to be proregenerative and
proangiogenic [23].

The therapeutic use of VEGF has been limited to date.
There are no data regarding the treatment of posttraumatic
muscle malfunctions with VEGF or the appropriate dose to
be applied at the injury site. Comparison studies for dose
effects do not exist but are required. Treatment of mus-
culoskeletal trauma like the one described here and its
complications are primarily surgical. However, adminis-
tration of proangiogenic factors might provide a new
perspective in the treatment of subsequent posttraumatic
malfunctions. Additional work is needed to better define
the potential therapeutic range of VEGF in this setup.

VEGEF is a potent angiogenic factor with a unique role in
induction of endothelial cell proliferation. It not only elicits
migration of progenitor cells and promotion of capillary
sprouting, but also improves muscle regeneration and
reduces fibrosis. Our data highlight one part of the multi-
faceted capabilities of VEGF in skeletal muscle healing
after acute soft tissue trauma. We found the application of
VEGF improves muscle force. Nearly 2 of the animals
regained original muscle strength. The amount of scar
tissue was reduced. Thus, the observations suggest local
application of VEGF may improve skeletal muscle repair
by modulating angiogenesis, muscle fiber regeneration, and
fibrosis reduction after acute trauma and highlight possible
therapeutic uses for VEGF in the management of muscu-
loskeletal injury.
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