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Local application of basic fibroblast growth factor
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An in-vitro and in-vivo study in rats
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Introduction  Local application of growth factors to
stimulate wound and fracture healing is attracting
increasing interest. We studied the effect of local appli-
cation of a potent angiogenic growth factor, basic fibro-
blast growth factor (bFGF), on resistance to local infec-
tion after soft tissue trauma.

Methods For in-vitro and in-vivo experiments, we
used recombinant human bFGF. The in-vitro investiga-
tions were performed by isolation of human leukocyte
fractions, cytokine analysis, phagocytosis assay, flow
cytometry, and LDH assay. For the in-vivo investigation,
a paired comparison of infection rates was carried out
on Sprague-Dawley rats after standardized, closed soft
tissue trauma and local, percutaneous bacterial inocu-
lation of different concentrations of Staphylococcus
aureus (2 x 10% to 2 x 107 colony-forming units (cfu)).
The lower leg was treated with 1, 10 or 100 ng bFGF
(16 animals for each concentration) and without bFGF
(16 animals).

Results Cytotoxic reactions due to the concentrations
of bFGF used could be excluded in the in-vitro tests
since incubations of isolated peripheral blood mono-
nuclear cells (PBMCs) with increasing concentrations of
bFGF for 24 h did not lead to an increase in the release
of lactate dehydrogenase in the culture supernatants
compared to corresponding control incubations with-
out any bFGF added. A significant increase in cytokine
release was observed after the co-incubation of PBMCs
with 100 or 200 ng of the same bFGF that was used for
the animal experiments. Furthermore, the capacity of

phagocytes in whole blood to phagocytose bacteria was
suppressed in the presence of 100 ng exogenously added
bFGF. We found continuously reduced granulocytic
phagocytosis in FGF-supplemented blood compared to
non-supplemented blood.

In the in-vivo investigation, the infection rate for the
group without bFGF was 0.25. In the groups with 1, 10
and 100 ng bFGF, the infection rates were 0.5, 0.7 and
0.8, respectively. A dose-dependent increase in infection
rate was observed after local application of bFGF, com-
pared to the untreated control group. The difference in
infection rates for the groups in which 10 and 100 ng
bFGF was used, relative to the group without bFGF, was
statistically significant.

Interpretation If these initial results are confirmed
for other potent angiogenic growth factors, then the
local use of growth factors for stimulation of wound and
bone healing—a main focus of current research in trau-
matology—will have to be reconsidered and preceded
with a strict evaluation of the risks and benefits.

Regarding the current pathophysiological model,
local posttraumatic infection of the locomotor
system is the result of an imbalance between the
amount, virulence and pathogenicity of the micro-
organisms introduced on the one hand, and insuf-
ficient capacity of the host immune response on the
other. The injury-induced structural and functional
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damage to the local tissue leads to an impairment
in humoral immunocompetence (cytokines, growth
factors and others) and cellular immunocompe-
tence (granulocytes, macrophages, lymphocytes,
etc.) due to devascularization, reduced perfusion,
disturbed endothelial permeability, hypoxia, acido-
sis, hematoma, and edema, together with increased
intracompartmental. Thus, rapid and specific acti-
vation of the immune system at both the local and
the systemic levels is of prime importance for an
adequate resistance to infection after trauma. A
prerequisite for the rapid effect of immunocom-
petent cells at the trauma site is the earliest pos-
sible restoration of vascularization/perfusion of the
damaged tissue—to ensure the permanent recruit-
ment of immunocompetent cells for protection
against infection within the traumatized tissue and
to induce rapid wound healing by the formation of
granulation tissue.

Clinical and animal experiments have shown
that local application of growth factors may accel-
erate this restoration of vascularization/perfusion
and lead to improvement of wound and fracture
healing (Mustoe et al. 1987, Sprugel et al. 1987,
Riftkin andMoscatelli 1989, Klingbeil et al. 1991,
Yasko et al. 1992, Albertson et al. 1993, Lind et
al. 1993, Kawaguchi et al. 1994, Nash et al. 1994,
Nielsen et al. 1994, Steenfos et al. 1994, Critchlow
etal. 1995, Heckman et al. 1995, Nagai et al. 1995,
Richard et al. 1995, Okumura et al. 1996, Wang
and Aspenberg 1996, Beer et al. 1997, Davidson et
al. 1997, Leunig et al. 1997, Bostrom and Camacho
1998, Kato et al. 1998, McGee et al. 1998, Naka-
mura et al. 1998, Wieman et al. 1998, Corral et al.
1999, Radomsky et al. 1999, Bouxein et al. 2001,
Govender et al. 2002, Luppen et al. 2002, Einhorn
et al. 2003, Hom and Manivel 2003).

One of these growth factors, basic fibroblast
growth factor (bFGF), has particularly high
potency. It has been possible to show in in-vitro
experiments that the mobilization and proliferation
of endothelial cells can be increased by a factor
of 10 by administration of bFGF (Joseph-Silver-
stein and Rifkin 1987). Ritkin et al. (1989) showed
that the local application of bFGF promoted more
rapid neovascularization of the rabbit cornea and
of the yoke in hen’s eggs. In studies of McGee et
al. (1998) and Sprugel et al. (1987) local applica-
tion of bFGF in incision wounds and subcutaneous

wound chambers was found to lead to increased
accumulation of fibroblasts, macrophages and cap-
illaries (Sprugel et al. 1987, McGee et al. 1998).
In a similar model, antiserum against bFGF was
found to prevent the production of granulation
tissue (Broadley et al. 1989). Investigation of skin
transplants has shown that the survival rate of an
implant after administration of bFGF rises, due
to an increase in revascularization (Burges 1989).
In animal models with diminished wound heal-
ing (mice with diabetes, with obesity, or in receipt
of steroid treatment), bFGF increased the rate of
wound healing (Richard et al. 1995). Likewise,
local application of bFGF in patients with diabetic
ulcer led to an increase in healing rates (Albert-
son et al. 1993, Okumura et al. 1996). However,
no studies investigating whether the local applica-
tion of bFGF has a favorable effect on the course
and extent of bacterial infections of the soft tissues
have been reported to date. Based on the patho-
physiological model of wound healing, and taking
the biological function of bFGF into account, local
application of bFGF after severe soft tissue trauma
may minimize the infection risk or promote more
rapid healing of manifest infection. The effect of
bFGF on the risk of local infection would be an
indirect one. An increase in neovascularization may
lead to more rapid mobilization of both the immu-
nocompetent cells required to fight infection and
the factors required for granulation. The possibility
of a direct stimulatory and/or suppressive effect of
bFGF on the growth of Gram-positive bacteria has
been excluded in in-vitro experiments (Okumura
et al. 1996). Systemic effects and associated side
effects following local application of bFGF have
not been shown in any of the existing studies.

Material and methods

For the in-vitro and in-vivo experiments, recombi-
nant human basic fibroblast growth factor (bFGF;
the 146-amino acid form) was obtained from R&D
Systems (Wiesbaden, Germany). The endotoxin
level in this preparation was < 0.1 endotoxin unit/
L of protein (R&D Systems). We selected bFGF
as angiogenic growth factor because, besides its
angiogenic potency, it possesses other character-
istics that might lead to a reduction in infection
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rates. Moreover, bFGF increases the mobilization
and proliferation of endothelial cells, leads to local
accumulation of fibroblasts and macrophages, and
accelerates wound granulation.

In-vitro investigation

Isolation of human leukocyte fractions. Peripheral
blood mononuclear cells (PBMCs) were isolated
from EDTA-anticoagulated peripheral blood (9
mL Monovette; Sarstedt, Niirnbrecht, Germany)
by a single-step procedure based on a discontinu-
ous double Ficoll gradient as described by Koller et
al. (2001). This method led to viable PBMCs with
more than 95% purity. Isolated cells were adjusted
to 1 x 109 cells/mL RPMI 1640 cell culture medium
(Invitrogen, Eggenstein, Germany) supplemented
with L-glutamine (0.3 g/L) and sodium bicarbon-
ate (2.0 g/L), 10% fetal calf serum (FCS) (Invit-
rogen), and 20 mM N-(2-hydroxyethyl)-pipera-
zine-N"-(2-ethanesulfonic acid) (Sigma-Aldrich,
Deisenhofen, Germany).

Cytokine analysis. Cytokine concentrations
(interleukin-1 receptor antagonist (IL-1ra), IL-6,
IL-8) in the supernatants of PBMCs that were incu-
bated in the absence and presence of different con-
centrations of bFGF (5 ng/mL, 10 ng/mL, 100 ng/
mL, and 200 ng/mL) were quantified by enzyme-
linked immunosorbant assay (ELISA). Antibod-
ies and recombinant human cytokines (standards)
were supplied by R&D Systems. Volumes of 100
uL were used in all ELISA procedures, except for
200 pL of blocking solution (PBS containing 1%
BSA) and washing buffer (PBS-Tween 0.05%).
Quantification was done following the manufactur-
er’s ELISA protocol. ELISA microtiter plates were
read with an ELISA reader (MRX Revelation;
Dynex Technologies, Denkendorf, Germany) set to
450 nm. Quantification of cytokine concentrations
was performed using recombinant human cyto-
kines as standards. The sensitivities of the immu-
noassays were 25 pg/mL for IL-1ra, 0.6 pg/mL for
IL-6, and 10 pg/mL for IL-8.

Phagocytosis assay. After preincubation of
whole heparinized blood (Li-Heparin-Monovette;
Sarstedt) for 10 min at 37°C in the absence or
presence of different concentrations of bFGF (5
ng/mL, 10 ng/mL, 100 ng/mL, 200 ng/mL) the
phagocytic function of granulocytes was analyzed
using a fluorescein-labeled opsonized Escherichia

coli diagnostic kit (PHAGOTEST; Orpegen, Hei-
delberg, Germany). This assay allowed the quanti-
tative determination of cells that ingested bacteria,
and also of ingested bacteria, while excluding bac-
teria attached to cellular surfaces. The assay proce-
dure was followed according to the manufacturer’s
instructions. Fluorescence signals were measured
using a flow cytometer (FACSCalibur; see below).
Fluorescence signals greater than fluorescence sig-
nals obtained after an identical incubation of cor-
responding polymorphonuclear neutrophil leuko-
cytes (PMN) fractions with E. coli in an ice/water
mixture were scored as a positive phagocytosis.

Flow cytometry. Flow cytometry was performed
using a FACSCalibur (BD Biosciences, Heidel-
berg, Germany) and fluorescence data were ana-
lyzed using CELLQuest 1.2.2 software (BD Bio-
sciences). Calibration reagents and solutions for
flow cytometry were also from BD Biosciences.
For each analysis, 10 cells were acquired. Fluo-
rescence values were expressed as mean fluores-
cent intensity (MFI).

LDH release. The cytosolic enzyme lactate
dehydrogenase (LDH) is released when the cells
are damaged. Release of LDH into cell superna-
tants was measured with a microtiter plate-based
assay (CytoTox 96; Promega, Madison, WI).

In-vivo investigation

For the in-vivo investigation, female Sprague-
Dawley rats were used. We decided to use the rat
because it is used routinely in experiments that
address immunological and molecular-biologi-
cal issues and those dealing with infection, and
because the rat is an animal for which the neces-
sary reagents (growth factors, primers, antibodies,
etc.) are available most readily and at relatively low
cost. This aspect of animal selection should not
be disregarded, especially when looking ahead to
other essential investigations that will give a better
understanding of pathophysiological changes after
soft tissue trauma.

We performed a paired comparison of local
infection rates after standardized, closed soft tissue
trauma to the anterior tibial muscle and local,
percutaneous inoculation of bacteria at different
concentrations (1 x 105, 2 x 105, 1 x 10° and 2 x
107 cfu) in female Sprague-Dawley rats without
administration of bFGF (group I) and with 1, 10
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and 100 ng bFGF (groups II, III, and IV). The bac-
teria and the bFGF were injected into the anterior
tibial muscle immediately after trauma to the soft
tissues. We used a computer-assisted, controlled-
impact technique powered by an electric motor,
as used by Kiilicke et al. (2003) and Schaser et al.
(1999), to produce a standardized degree of closed
soft tissue trauma. An impulse of 0.28 kgm/s was
applied to the anterior tibial muscle of the lower
leg. The diameter of the piston was 10 mm. The
right lower leg was shaved and positioned in a
plastic mold to avoid passive movement, and to
ensure optimal energy transmission. Immediately
after contusion and injection of the bacteria and
bFGF, we performed radiographic controls of the
right tibia in two views to exclude fractures and
preexisting pathologies in the tibia. The impulse
was selected so that it would not fracture the bone
beneath the soft tissues, and would not cause com-
partment syndrome. The procedure did not result
in an open wound. The clinically visible signs of
soft tissue inury were swelling of the soft tissues
and bruising.

The study was approved by the National Animal
Protection Authority (number 50.8720 3.68,
Bezirksregierung Arnsberg, Germany).

Bacterial inoculum

We obtained a human-pathogenic beta-hemolys-
ing phage-typed Staphylococcus aureus strain (V
8189-94) from an infected hip prosthesis and pre-
pared a broth inoculum suspension as described by
Melcher et al. (1994). We used bacterial concentra-
tions of 1 x 10° to 2 x 107 cfu per 100 mL.
Recombinant human bFGF was aseptically dis-
solved in 0.1 mL NaCl. For groups II, III and IV,
1 ng, 10 ng or 100 ng amounts (respectively) were
dissolved in 0.1 mL NaCl and subsequently admin-
istered to the anterior tibial muscle. In group I (the
control group), 0.1 mL NaCl only was adminis-
tered to the anterior tibial muscle.

Anesthesia. The animals were anesthetized
before application of the standardized closed soft
tissue trauma, and inoculation of Staphylococcus
aureus and bFGF. We used isofluran in an induction
chamber followed by intraperitoneal application of
2.0-2.5 mL/kg midazolam/fentanyl/fluanison. Post-
operative analgesia was performed with 0.2 mg/kg
buprenorphine in a flavored gelatine base.

Microbiology. After 7 days, the animals were
killed by CO2 inhalation in an induction chamber.
The anterior tibial muscle and the underlying tibia
were removed under sterile conditions and quan-
titatively and qualitatively evaluated for bacterial
growth. To achieve this, the soft tissue and the
bone were plated out onto agar plates. The samples
obtained were then weighed, crushed in a sterile
mortar, and poured into liquid tryptone soya agar.
After hardening of the agar, all the samples were
incubated for 24 h at 37°C. The aim was to count
the colonies growing in the filled Petri dishes with
a counter pen, and to relate the results to the ini-
tial weight of the sample in grams. Infection was
defined as positive bacterial growth in the soft tis-
sues and/or bone. From a theoretical standpoint,
this has to be regarded as an all-or-nothing defi-
nition, whereby even proof of a single bacterial
colony is rated as positive bacterial growth. Lyso-
typing of positive bacterial growth was conducted
according to standard international phenotyping
procedures (International bacterioPhage Set).

Experimental procedure and statistics. We
applied a grouped sequential experimental proce-
dure with an “up-and-down” dosage technique. As
described in previous publications, this technique
allows the determination of the level of bacterial
concentrations at which differences in the infec-
tion rates of the groups being compared are most
evident (Melcher et al. 1994, 1995, Hauke et al.
1996, Arens et al. 1996, 1999a, b, Kilicke et al.
2003). This concentration is close to the level of
the infection dose of 50% (ID) (Reed and Miinch
1938). In this procedure, the bacterial concentra-
tion is sequentially adapted to the predicted 1Dy,
in each test phase, whereby a high bacterial con-
centration was used initially in the first test phase
in which the groups with and without soft tissue
trauma both developed an infection. In subsequent
test phases, the bacterial concentration in both
groups was gradually reduced until negative test
results were achieved in both. Having established
the upper and lower thresholds, approximately 1
IDy, was applied to the remaining animals in the
subsequent test phases. The experiment consisted
of 6 phases.

For a priori calculation of the necessary sample
size based on a statistical power of 0.8 and a type-I
error probability a < 0.05, we had to estimate the



Acta Orthopaedica 2007; 78 (1): 63—-73

67

size of the effect that the closed soft tissue trauma
might be expected to have on infection resistance
compared to in the absence of such a trauma.
Adequate data were not available from the litera-
ture to assist us in this prediction. However, we
assumed that the effect of bFGF administration
would be at least as significant as the effects of
various osteosynthesis materials on local infection
resistance. In previous investigations with the same
experimental design, approximating to 1 ID50 and
incorporating the previously mentioned param-
eters, an infection rate for the titanium dynamic
compression plate of 35% had been demonstrated
in contrast to 75% for the steel DCP (Arens et al.
1996). In keeping with these values, we assumed
an effect size of 0.4, corresponding to an infection
rate of 30% (50-20) for at least one of the groups
with bFGF treatment and 70% (50 + 20) for the
group without bFGF treatment. On this basis, we
calculated a required sample size of 16 animals per
group and decided to perform an a priori statistical
evaluation based on a sample size of 64 animals in
all (16 animals per group), in order to identify the
differences between the group without bFGF and
the groups in which bFGF was used.

The statistical evaluation was based on the two-
sided Fisher exact test (with p < 0.05 as the level
of significance).

Results
In-vitro investigation
Cytotoxic reactions due to the concentrations of
bFGF used could be excluded since incubations
of isolated PBMCs with increasing concentrations
of bFGF (5 ng/mL, 10 ng/mL, 100 ng/mL, and
200 ng/mL) for 24 h did not lead to an increase
in the release of lactate dehydrogenase (LDH) in
the culture supernatants, compared to respective
control incubations without added bFGF (data
not shown). Because of possible interference of
exogenous bFGF with host defense mechanisms,
we performed a series of in-vitro experiments on
leukocyte activation (cytokine release) and on the
phagocytic capacity of PMN using either isolated
leukocyte fractions or whole blood cells.

We observed a significant increase in cytokine
release after the coincubation of PBMCs with 100

or 200 ng of the same bFGF that was used for the
animal experiments (Figure 1). FGF at lower con-
centrations did not elicit a significant increase in
cytokine release.

Furthermore, the capacity of phagocytes (mainly
granulocytes) within whole blood to phagocytose
FITC-labeled bacteria was suppressed in the pres-
ence of 100 ng exogenously added bFGF (100 ng/
mL). Reduced granulocytic phagocytosis in FGF-
supplemented blood compared to non-supple-
mented blood was continuously observed.

In-vivo investigation
There were no complications relating to the proce-
dure or the anesthesia. All animals recovered from
the anesthesia within a few hours. None of the ani-
mals died or suffered from open wound infection.
Lysotyping of positive bacterial growth confirmed
that no bacteria were present in any of the speci-
mens other than the inoculated strain of Staphy-
lococcus aureus. Regrettably, only a sufficient
qualitative analysis of bacterial growth could be
performed. It was impossible to achieve a detailed
quantitative analysis because a complete blanket
of bacteria had formed in every case of a posi-
tive bacterial finding, so that the bacterial colonies
could not be counted. The main emphasis had to be
placed on quantitative analysis for this reason

The overall infection rate was 0.6. For the group
without bFGF, the infection rate was 0.25 (4/16
animals). In the groups that received 1, 10, and 100
ng bFGF, the infection rates were 0.5 (8/16 ani-
mals), 0.7 (11/16 animals) and 0.8 (13/16 animals).
There was a dose-dependent increase in the infec-
tion rates due to local injection of bFGF into the
anterior tibial muscle, as compared to the control
group that had not been treated with bFGF. Here
the differences in infection rates for the groups in
which 10 and 100 ng bFGF had been administered
were highly significant relative to the control group
(p=0.03 and p = 0.004). In the group in which only
1 ng bFGF was used, there was a 25% difference
in infection rate relative to the control group, but
this difference was not statistically significant (p =
0.3). The differences became more apparent when
comparing ID50. In the group without bFGF, the
ID50 was 2.5 x 10° cfu, as opposed to an IDy, of
1.9 x 107 and 1.8 x 10° CFU in the groups in which
10 and 100 ng bFGF was used, i.e. a more than 10-
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Figure 1. Cytokine release from PBMCs (1 x 108/mL) in
the presence of exogenously added bFGF (5, 10, 100, and
200 ng/mL) after 24 h of incubation. For culture conditions,
see Material and methods. Control: no exogenously added
bFGF. * p < 0.05; ** p < 0.01.
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Figure 2. Infection rate related to dose of inoculum (in
CFU), showing the positive results as percentages of each
group. The numbers indicate the number of infected ani-
mals over the total number of animals, at each dose of
inoculum.

fold difference. In the group with 1 ng bFGF, the
ID50 was recorded at 5.30 x 10° CFU, which was
likewise clearly below the ID50 for the group with-
out bFGF (Figure 2). Apart from phase I, a higher
rate of infection associated with the bFGF applica-
tion was apparent in all phases of the experiment
(Figure 3).

Discussion

Starting with the pathophysiological model of
wound healing and the biological function of
bFGF, we formulated our hypothesis that local
application of bFGF after severe soft tissue trauma
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Figure 3. Infection rates for the groups with and without
bFGF-application after soft tissue trauma in total and
related to each of six experimental phases are graphically
demonstrated in the upper section. The number of animals
in total and in each phase is noted at the top. Inoculum
doses between 1x105 CFU and 2x107 CFU were used.
Below the results from each phase for either group, the
inoculum doses and the number of animals used at these
doses are indicated, reflecting the sequential “up-and-
down” dosage technique

would lead to a minimization of infection risk, or
would result in more rapid healing in the face of
manifest infection. We used an established stan-
dardized trauma-infection rat model to validate our
hypothesis (Kilicke et al. 2003). Surprisingly, local
application of bFGF after soft tissue trauma did not
lead to a reduction in infection rates, as would be
expected from a theoretical-scientific standpoint.
On the contrary, it led to a dose-dependent, some-
times highly significant increase in infection rate
after soft tissue trauma; that is, the original hypoth-
esis was disproven.

What are the possible reasons for reduced infec-
tion resistance after local application of bFGF
in the rat model? One possible cause of reduced
resistance to infection after soft tissue trauma and
local application of bFGF is the possible toxicity
of bFGF. Given at high concentrations, bFGFs and
other growth factors have a toxic effect. Their bio-
logical efficacy after a one-dose local application
at the concentrations we selected, namely 1-100
ng bFGF, and also at much higher doses, has been
verified in numerous publications (Joseph-Silver-

stein and Rifkin 1987, Sprugel et al. 1987, Broad-
ley et al. 1989, Burges 1989, Rifkin and Moscatelli
1989, Klingbeil et al. 1991, Albertson et al. 1993,
Kawaguchi et al. 1994, Bland et al. 1995, Nagai et
al. 1995, Okumura et al. 1996, Leunig et al. 1997,
Kato et al. 1998, McGee et al. 1998, Nakamura et
al. 1998). With the exception of one study (Bland
et al. 1995), local application of the appropriate
growth factor led to an acceleration of wound and
fracture healing in all of the above studies.

bFGF is a growth factor with mitogenic potency,
i.e. it can stimulate the cell so that increased DNA
synthesis and cell division occur. In this context,
bFGF stimulates the proliferation of all cells of
mesodermal origin, and many cells of neuroec-
todermal, ectodermal, and endodermal origin.
These cells include fibroblasts, endothelial cells,
astrocytes, oligodendrocytes, neuroblasts, kera-
tinocytes, osteoblasts, smooth muscle cells, and
melanocytes. From a theoretical point of view,
bFGF—because of its mitogenic potency—might
also have stimulated the growth of the Staphylo-
coccus strain used in our study. Thus, bFGF could
stimulate DNA synthesis in bacteria which would
lead to proliferation of the strain. No evidence for
this possibility can be found in existing publica-
tions. Okumura et al. (1996) excluded the possi-
bility of a direct stimulatory or suppressive effect
of bFGF on the growth of gram-positive bacteria
and, therefore, on Staphylococcus aureus in their
in-vitro studies in 1996. In our own in-vitro experi-
ments, we also failed to observe an alteration in
the growth behavior of Staphylococcus aureus as a
reaction to the application of bFGF.

Depending on the dose of bFGF and the duration
of the local application, inhibitory effects of bFGF
have also been observed. In this regard, Nagai et
al. (1995) were able to prove both stimulatory and
inhibitory effects on terminal osteoblast differen-
tiation in the rat model, depending on the dose of
bFGF and the duration of local application. Bland
et al. (1995) were the only research group unable
to demonstrate accelerated fracture healing after
the application of bFGF. They used a comparably
high bFGF dose of 3 pg. Here, a possible inhibi-
tory effect must be taken into consideration as an
explanation for the test results because the mito-
genic potency of bFGF means that, depending on
the dose, its application may lead to increased cell
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stimulation or cell inhibition. This inhibitory effect
of bFGF could also explain our in-vivo results.
Inhibition caused by bFGF would bring with it a
retarded and reduced angiogenesis and the forma-
tion of granulation tissue within the traumatized
tissue, together with a reduced resistance to infec-
tion. Any inhibitory effect of bFGF can probably
be excluded in the present study since accelerated
wound and fracture healing was observed in all
other studies using similar doses of bFGF.

Another possible cause of reduced resistance to
infection after soft tissue trauma and local applica-
tion of bFGF is that due to the experimental design
of the study, it is not possible to exclude an effect
of small amounts of contaminating lipopolysac-
charide (LPS, endotoxin) in the recombinant bFGF
material. LPS may evoke an overwhelming spec-
trum of biological activities when administered to
animals or humans, or in vitro. In the interaction
with myeloid leukocytes, endotoxins induce a vari-
ety of intracellular signaling cascades, finally lead-
ing to the release of endogenous mediators such as
IL-1 and IL-6.

However, the level of endotoxin in the bFGF
used was < 0.01 endotoxin units (EU) per 100
ng of bFGF. Nevertheless, very small amounts
of endotoxin might also activate LPS-sensitive
myeloid leukocytes, with a subsequent cytokine
release. The threshold values for endotoxin to elicit
a cytokine response are usually higher than 0.01
EU (Hartung et al. 2001).

Wound healing is characterized by numerous
complex immunological processes. Following
trauma, cascade-like activation of the clotting and
complement system occurs, as does the release
of growth factors that act chemotactically on the
(subsequently) immigrating cells active in wound
healing. Locally and systemically active, immu-
nocompromising factors of various origins can
lead to an imbalance between the activating and
inhibiting wound factors and thus increase the risk
of infection (Schiffer and Becker 1999). Every
exogenous application of a growth factor will
inevitably upset the natural balance of activating
and inhibiting wound factors. Exogenous applica-
tion of bFGF in traumatized tissue without bacte-
rial contamination accelerates wound healing. In
our standardized trauma-infection model involv-
ing the additional exogenous application of bFGF,

this balance is obviously so profoundly disturbed
in the presence of bacteria and due to as yet unex-
plained immunological processes that, depend-
ing on the dose, a highly significant increase in
infection rates results in some cases. In one of the
few studies performed so far in humans to investi-
gate the application of growth factors, Govender
et al. (2002) found a lower infection rate in open
tibial shaft fractures treated by tibial nailing and
local application of thBMP-2 than in the control
group, which was treated by tibial nailing without
rhBMP-2 application. These authors were able to
prove a reduction in infection rates for fractures
with severe soft tissue injury (Gustilo-Anderson
type III). In contrast, in fractures with only slight
soft tissue damage (Gustilo-Anderson type I-1I) no
differences in the infection rates were identified.
The explanations for the reduced infection rates
were, according to the authors, the acceleration of
fracture healing by 39 days relative to the control
group without thBMP-2 treatment, and the effects
of early definitive fracture stabilization. Why this
only affected the group with severe soft tissue
damage remains unclear. The authors did, how-
ever, state that the investigators were not blinded
to treatment assignment, and the potential for bias
cannot be excluded.

It is known that bFGF receptor expression is
essential for leukocyte development, and that
leukocytes are activated by bFGF (Satoshi et al.
2000). Our data suggest that bFGF may modulate
the host defense by increasing local tissue cytokine
concentration, which, in turn, may suppress local
host defense mechanisms. In fact, phagocytosis
is the major mechanism for combatting staphylo-
coccal infections, and our in-vitro studies on the
phagocytic capacity of leukocytes in the presence
of exogenously added bFGF have demonstrated
mainly suppression of phagocytosis. However, the
phagocytosis results were not consistent through-
out all experiments, and should be investigated in
more detail by further studies.

At the very least, this study has shown that spe-
cific recombinant growth factors with proven activ-
ities on angiogenesis and tissue regeneration may
have adverse effects of host defense mechanisms.

In recent years, there has been increasing interest
in the local use of growth factors to achieve local
stimulation of wound and fracture healing. The
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multitude of publications cited above gives some
indication of this. In some studies, the insights
gained in in-vitro and animal experiments were
transferred to in-vivo testing, and led to the use of
appropriate growth factors in humans. In the gen-
eral euphoria surrounding the local application of
growth factors, it may be that undesirable (side)
effects have not been taken into account—or they
may remain unrecognized. For this reason, we con-
sider it important to communicate our study find-
ings even though a definite and satisfactory expla-
nation for the reduction in resistance to infection
after severe soft tissue trauma and local applicatin
of bFGF is lacking. The lower leg of the rat is so
small that simultaneous microbiological and his-
tological evaluations were not possible in our test
series. Further studies will be dedicated to identify-
ing the definitive cause of our findings by perform-
ing histological, immunohistochemical and, pos-
sibly, molecular-genetics investigations. If these
initial results are confirmed for other potent angio-
genic growth factors, then the local administration
of growth factors to stimulate wound and bone
healing will have to be reconsidered and subjected
to a strict evaluation of the risks and benefits.
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