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Local injection of TGF-B increases the strength of

tibial fractures in the rat

Hanne M Nielsen', Troels T Andreassen', Thomas Ledet? and Hans Oxlund’

The effect of Transforming Growth Factor 8 (TGF-B)
administered locally around the fracture line of heal-
ing rat tibial fractures was investigated after 40 days
of healing. TGF-B in a dose of 4 ng or 40 ng was
injected every second day during the healing period.
The strength, stiffness, energy absorption and deflec-
tion of the fractures were measured in a materials-
testing machine. Compared with placebo-treated ani-
mals, the ultimate load of the fractures increased in

the group injected with 40 ng of TGF-B, but not in
those injected with 4 ng. TGF-8 induced a dose-
dependent increase in the cross-sectional area of the
callus and bone at the fracture line. Consequently,
local treatment of fractures with TGF-8 increases the
callus formation and strength. The energy absorption
and deflection capacities of the healing fractures are
preserved.
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Fracture repair is a complex process involving both
systemically—and locally—produced factors (Bak and
Andreassen 1991, Joyce et al. 1991). The locally pro-
duced Transforming Growth Factor B (TGF-8) has
attracted considerable attention as being a local regula-
tor of bone formation and resorption, both in relation
to intact bones and healing fractures. TGF-1 and
TGF-B2 injections around the femoral bone of rats
resulted in increased formation of both cartilage and
bone (Joyce et al. 1990a). The localization and expres-
sion of TGF-f have been investigated in rat femur
fractures (Joyce et al. 1990b, c). By using immuno-
histochemistry, they showed both extra- and intracel-
lular localization of TGF-3 during the different phases
of healing. They also found that TGF-B mRNA was
apparent during the healing. In a dose-response study,
Beck et al. (1991) has shown that TGF-B1 induces
rapid bone closure of skull defects. We report how
local application of TGF- around a healing tibial frac-
ture increases the mechanical strength of the fracture
after 40 days of healing.

Animals and methods

Female Wistar rats (Mgllegdrd, Lille Skensved, Den-
mark) 3-months-old at the time of fracturing were
used. The rats were housed in cages in groups of 3,
with 12/12 hour light-dark cycles and had free access

to tap water and pellet food (Altromin Diet 1314,
Christian Pedersen, Ringsted, Denmark).

Using pentobarbital (50 mg/kg i.p.. SA, Copen-
hagen, Denmark) anesthesia, the operation was per-
formed under sterile conditions. A standardized,
closed fracture was produced above the tibiofibular
junction in the right tibiae by 3-point bending (Bak
and Andreassen 1988, 1989). Closed medullary nailing
was performed with a 0.79 mm Kirschner wire, and
the skin was closed with monofilament sutures. Con-
tact radiographs were taken immediately after opera-
tion, and animals with fractures located less than 2 mm
or more than 6 mm above the tibiofibular junction or
with displaced wires were excluded. Unrestricted
weight bearing was allowed; the rats resumed normal
activity immediately after recovery from the anesthe-
sia.

Local injection of TGF-B around the fracture

After radiography, the animals were divided randomly
into 3 groups and injected every second day around
the fracture with: 1) placebo, 2) TGF-8 4 ng, 3) TGF-
B 40 ng.

TGF-B was obtained from human blood platelets
(Assoian 1987). The isolated TGF- was analyzed on
HPLC using reverse-phase chromatography in an ace-
tonitrile  gradient (C18VYDAC 218TP54 column,
Vydac, Heseria, CA, U.S.A.). The position of the iso-
lated TGF-8 was compared with a commercial prepar-
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ation of TGF-8 (T-1654, Sigma, St. Louis, MO,
U.S.A.). The protein concentration was calculated by
the differences in the absorbance at 215 and 225 nm.
The biological effect of the TGF-B was tested in a tis-
sue culture system of human arterial smooth muscle
where the cell proliferation and collagen production
were estimated.

The placebo group was injected with vehicle, 0.15
M saline with 0.2% rat albumin (Sigma, St. Louis,
MO, U.S.A)) and 0.001 N HCI, pH 5.0. The TGF-8
preparations were solubilized in the vehicle, 1.33
pg/mL for the group injected with 40 ng/injection and
0.13 pg/mL for the group injected with 4 ng/injection.
The vehicle and TGF-8 plus vehicle preparations were
stored at —80 °C in vials at the start of the experiment
and blinded with respect to the person who performed
the injections.

Starting on the day of operation, the animals were
injected every second day throughout the entire heal-
ing period of 40 days. To ensure that TGF-B was
injected exactly around the fracture site, the dermis
around the fracture line was marked with Indian ink on
the day of operation. The fracture line was identified
by palpation under guidance of the contact radio-
graphs. Before injection, the rats were anesthetized by
intraperitoneal injection of a combination of metho-
hexital (50 mg/kg, Eli Lilly & Co, Indianapolis, IN,
U.S.A)) and tert-Amy] alcohol (0.14 mL/kg, Merck,
Darmstadt, Germany), and the skin over the fracture
was disinfected by 0.5% chlorhexidine in 62% ethanol
(SA, Copenhagen, Denmark). 15 gL were injected in
both the anteromedial and the anterolateral surfaces of
the fracture.

Mechanical tests

Both the right fractured and the left non-fractured tib-
iae were tested after 40 days of healing. The rats were
killed by an overdose of pentobarbital (250 mg/kg
i.p.), and both tibiofibular bones were dissected free
and stored in Ringer’s solution (4 °C, pH 7.4) until
testing, which was performed within 4 hours. Contact
radiographs of all the fractures were obtained. The fib-
ula and the proximal epiphysis were resected and the
intramedullary nail was removed. The mechanical
properties of the healing fractures were analyzed using
a destructive 3-point-bending procedure. The bone
was placed on 2 rounded bars at a distance of 15 mm
in a materials-testing machine (Alwetron 250, Lorent-
zen and Wettre, Stockholm), and deflected from above
by another rounded bar at the fracture line. A constant
deflection speed of 2 mm/min was used. All the bones
were oriented alike, with the concave facet of the lat-
eral tibial condyle resting on one of the supporting
bars and the bone loaded from the medial side. The

left unfractured tibia was tested at the same level of
the bone as that of the fracture in the corresponding
right tibia, using exactly the same procedure. The load
and deflection were recorded continuously by trans-
ducers coupled with measuring bridges, and the sig-
nals were fed to an x—y recorder. The load-deflection
curves obtained were read by a digitizer into a calcula-
tor, and the following parameters were calculated: ulti-
mate load, ultimate stiffness, deflection at ultimate
load, and energy absorption at ultimate load (Andreas-
sen et al. 1981, Bak et al. 1991). Before testing, the
external transverse and anteroposterior diameters of
the fracture were measured at the point of loading,
using a sliding caliper. Likewise, dimensions of the
non-fractured tibia were measured at the correspond-
ing level. The transverse diameter of the marrow space
was measured from the contact radiographs in a pro-
jection microscope, using the diameter of the nail as a
reference. Stress values could then be calculated from
the bending moment and the second moment of area
(Kenedi 1980). In the non-fractured tibia, Young's
modulus was calculated from ultimate stiffness, from
the distance between the supporting bars in the bend-
ing procedure, and from the area moment of inertia,
assuming that (a) the cross-sectional area of the bone
was constant during loading, (b) the shape and area of
the cross-section were constant between the supporting
bars, (¢) the extent of deflection was small, and (d) the
composition of the bone was homogeneous (Kenedi
1980).

After mechanical testing, the cross-sectional area of
the bone, including callus, was measured at the frac-
ture line. A transverse section was cut by means of a
bone saw (EXAKT-Apparatebau, Otto Hermann, Nor-
derstedt, Germany). The sections were projected onto
a screen by means of a projection microscope (Allen
Microfilm Products, Bournemouth, UK) with %21
magnification. The projected sections were outlined,
and the inner and outer diameters were measured.
Finally, the outlined sections were cut out and the
cross-sectional areas estimated by their weight.

Of the 52 rats included in the experiment 17 were
excluded; 7 died due to the anesthesia given in relation
to local injections, and 10 had infection around the
nail. The TGF-8 injections did not influence the body
weight during the experiment.

Statistics

The data from the groups were analyzed by the non-
parametric Kruskal-Wallis test and, in case of differ-
ences, the individual groups were compared with each
other by the non-paired Mann-Whitney test. P < (.05
was statistically significant.
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Table 1. The effect of local injection with TGF-B8 around the fracture line on the mechanical properties of healing tibial fracture in
the rat. Mean, SEM

Experimental Ultimate Ultimate Ultimate Energy absorption Deflection at
groups n load stress stiffness at ultimate load ultimate load
(N) (N/mm?) (N/mm) (N x mm) (mm)
Placebo 13 17 3 9.0 1.7 66 16 58 1.1 0.68 0.11
TGF-B 4 ng/injection 12 18 3 68 1.1 55 15 60 1.1 0.65 0.10
40 ng/injection 10 3t &b 149 6.1 108 44 11.0 3.1 068 0.11
P-value {Kruskal-Wallis test) 0.02 0.3 0.6 0.2 0.9

Mann-Whitney's non-paired test. P < 0.01 versus placebo; bP < 0.05 versus TGF-B (4 ng/injection).

Table 2. Cross-sectional area of callus and bone at the frac-

ture line. Mean SEM

Experimental
groups n
Placebo 13

TGF-8 4 ngfinjection 12
40 ng/injection 9

P-value (Kruskal-Wallis test)

Callus-bone Medullary
area area
(mm?) (mm?)

129 1.0 41 04

168 1.3 50 06

195 2.8 50 0.9
0.04 0.4

Mann-Whitney’s non-paired test.

4P < 0.05 versus placebo; bP < 0.01 versus placebo

Table 3. Mechanical properties of the opposite (left), non-fractured tibia after local injection of TGF-81 around the fracture line

of the right tibia. Mean, SEM

Experimental Ultimate Uitimate Ultimate Young's  Energy absorption  Deflection at
groups n load stress stiffness modulus at ultimate load ultimate load
(N) {N/mm?) (N/mm) 10°N/mm? (Nxmm) (mm)
Placebo 13 80 2 238 4 230 8 12 3 27 2 0.52 0.03
TGF-B8 4 ng/injection 12 83 2 235 5 255 & 115 4 25 2 0.48 0.03
40 ngfinjection 10 81 3 226 5 238 8 107 3 25 2 0.50 0.03
P-value (Kruskal-Wallis test) 0.6 0.5 0.04 0.06 0.8 04

Mann-Whitney's non-paired test. 2P < 0.05 versus placebo.

Results

The highest dose of TGF-B (40 ng/injection) resulted
in an increase in ultimate load (85 percent compared
with placebo, and 75 percent compared with the low
dose of TGF-B), whereas no differences were seen
between the groups injected with 4 ng TGF- and pla-
cebo (Table 1). Uliimate stress, ultimate stiffness,
energy absorption at ultimate load, and deflection at
ultimate load showed no differences between the
groups. Both doses of TGF-8 increased the callus-bone
area, whereas no differences were found in the medul-

lary area (Table 2). TGF-B did not seem to affect the
mechanical strength of the opposite intact tibia bone,
apart from a 10 percent increase in ultimate stiffness in
the group given the lowest dose of TGF-8 (Table 3).

Discussion

In this study, injection of TGF-8 around the fracture
line increased the cross-sectional area of callus-bone.
Joyce et al. (1990a) showed that daily injections of
TGF-81 or B2 in a dose of 20 ng or 200 ng into the
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subperiosteal region of newborn rat femur diaphysis
resulted in localized bone formation and chondrogen-
esis. They reported that the cartilage/bone formation
ratio was about 3.5 after injection with the highest
dose of TGF-B1, whereas the ratio was zero when the
20 ng dose was used. Their study has now been
extended to animals of different ages and has revealed
that the degree of response varies with age, being max-
imal in 6-week-old rats and minimal in aged rats
(Roberts and Sporn 1992). Joyce et al. (1990a) dis-
solved TGF-8 in phosphate buffered saline and no pro-
tein carrier like rat albumin was added to protect TGF-
BB from sticking to the wall of the tubes and syringes.
In our study we prevented TGF- from sticking to the
walls by adding rat serum albumin to all solutions. We
used lower doses of TGF-B, as Joyce et al. (1990a)
found that the ratio of cartilage to bone increased with
increasing doses of TGF-8.

Local application of TGF-8 adjacent to periosteum
of the skull increases bone thickness in newborn rats
(Noda and Camilliere 1989) as well as in adult mice
(Mackic and Trechsel 1990, Marcelli et al. 1990).
Using adult rabbits, Beck et al. (1991) found that a sin-
gle application of TGF-81 to skull defects induced a
dose-dependent increase in bone formation, when the
range of doses were 00.1-2 pg per defect.

Our investigation is the first one dealing with
mechanical strength of the healing fracture and TGF-8
treatment. We find that TGF-8 in a dose of 40 ng
increases the maximum load, whereas no significant
ceffect is found on the ultimate stress, ultimate stiffness
and energy absorption. The absolute values, however,
show an increase in ultimate stress of 66 percent, ulti-
mate stiffness of 63 percent and energy absorption of
90 percent, compared with the values of the placebo
group. The dispersion in these parameters is consider-
able in comparison with the one for ultimate load, and
this can be the reason why these parameters show no
significant ditferences. TGF- in a dose of 4 ng does
not seem to influence the mechanical strength of the
healing fracture.

In soft connective tissue, it has been found that
local application of TGF-B accelerates mechanical
strength development in skin wounds of normal rats
(Mustoc et al. 1987, Broadley ct al. 1988, Beck ct al.
1990); the latter authors showed that application of a
single dose of TFG-81 on the day of operation
enhanced the mechanical strength of the skin wound,
and the increase in strength was almost the same when
doses in the range of 250 ng to 2500 ng were used,
whereas no effect was found when a dose of 25 ng was
applied.

Miller et al. (1992) have recently shown that sys-
temic administration of TGF-B2 increases cancellous

bone formation in juvenile and adult rats. However,
the dose of TGF-B2 shown by Miller et al. to possess
systemic effects was 5 mg per day for 5 or 14 days,
and this is far above the doses we used. Except for a
10 percent increase in ultimate stiffness in the animals
given 4 ng, we found no changes in the mechanical
strength of intact cortical bone of tibia and, conse-
quently, no systemic effect of 40 ng TGF-} injected
every second day.
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