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Abstract
Objective: Critical size defects (CSDs) of  bone are de-
fined as defects that do not heal spontaneously to new
bone during the lifetime of  an adult individual. In
contrast, immature animals are capable to heal defects
of  identical size. It was our hypothesis that age-related
paracrine effects are relevant for this difference in re-
generation. 
Methods: The pooled supernatant of  primary rat cal-
varial osteoblast-like cell cultures (POBC) derived
from prenatal or postnatal donors was concentrated
and applied into CSDs of  adult recipient organisms (n
= 10). In addition, the supernatant of  POBC derived
from prenatal donors was pooled and purified by re-
verse-phase chromatography. Each pre-purified frac-
tion was tested in a proliferation indicating bioassay.
Peptide fractions containing proliferative activities
were re-chromatographed and re-tested in a bioassay.
Finally, a proliferative activity was purified, identified
by sequence analysis and applied into CSDs of  adult
recipients. 
Results: The application of  POBC derived from pre-
natal donors resulted in osseous regeneration of  a
CSD in adult recipients, while the supernatant of  post-
natal donors had much smaller effects. The morpho-
logic features resembled the spontaneous osseous
healing of  calvarial defects of  the same size in imma-
ture organisms. The polypeptide „tissue inhibitor of
metalloproteinases type II“(TIMP-2) was isolated
from the supernatant of  cultures of  POBC derived
from prenatal donors by measuring the induction of
their proliferation. Additionally, the application of  hu-
man TIMP-2 injected into calvarial CSDs of  adult or-
ganisms resulted in osseous healing. 
Conclusion: We conclude that one component responsi-
ble for the healing effect of  CSDs of  POBC super-
natants derived from prenatal donors is TIMP-2.

Key words: Bone healing, Ageing, Tissue Inhibitor of
Metalloproteinases-2 (TIMP-2), Osteoblasts, Critical
Size Defect

Abbreviations: POBC: Primary osteoblast-like cell cul-
tures; CSD: Critical size defect

INTRODUCTION

It is a well known clinical experience that the regenera-
tive potential of  bone is related to the age of  an indi-
vidual [1]. Defects of  bone of  a certain size that are
incapable of  spontaneous regeneration by formation
of  new bone during the lifetime in adult organisms are
defined as “critical size defects” (CSD) [2]. Those de-
fects become repaired by a scar-like connective tissue
representing a functionally insufficient state of  regen-
eration [3]. Interestingly, immature organisms are com-
petent to heal defects of  an identical size completely
by the formation of  new bone, demonstrating their
superior intrinsic potential for osseous regeneration
[4]. 

Similar to these in vivo observations, variations of
osteoblast biology in vitro related to the donor`s age
were reported [5]. Primary cultures of  calvaria-derived
osteoblast-like cells (POBC) were shown to exhibit a
reduced proliferation and differentiation capacity
when derived from elder donor organisms [6]. It was
our hypothesis that paracrine acting substances syn-
thesized by POBC of  prenatal donors are responsible
for these age-related effects. Therefore, aim of  the
present study was to characterize the biological poten-
tial of  POBC supernatants derived from pre- and
postnatal donor ages and to identify functionally rele-
vant substances within the supernatants. 

METHODS AND STATISTICS

MATERIALS

All experiments were approved by the local animal
care committee (Bezirksregierung Hannover, Ger-
many).

PRIMARY CELL CULTURES

Rat calvarial osteoblasts were prepared as described
previously [7, 8]. Donor organisms were prenatal Wis-
tar rats at day 21 of  gestation and immature Wistar
rats of  21 days of  postnatal age. In brief, calvariae
were removed and the attached soft tissue was dissect-
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ed. The calvarial preparations were cut into small
pieces and submersed in PBS. After intense rinsing
with PBS the bone pieces were incubated sequentially
in a solution containing Collagenase P and Trypsin.
The isolated suspension was filtered through a 0.2 mm
metal mesh filter and centrifuged at 800 rpm. The pel-
leted cells were resuspended, counted and seeded at a
density of  100.000 cells per 10 cm Petri dish. Media
(Minimum essential medium (MEM), containing 10%
fetal bovine serum (FBS)) were changed every 2-3
days. Cells were washed the next day and split after 10
days. Cells derived from these preparations were used
for the cell culture experiments described here. 

For the collection of  serum-free supernatants cells
were washed once with PBS and incubated (37°C, 5%
CO2 atmosphere) for 24 hours with MEM without
FBS. Subsequently, the cells were allowed to regrow in
MEM containing MEM for 24 hours. This procedure
was repeated up to one week.

IN VIVO EFFECTS OF PRENATAL VERSUS POSTNATAL
SUPERNATANT

The CSD model of  the calvaria was choosen because
of  its easy and reliable surgical management and its
wide distribution for the analysis of  bone healing, test-
ing of  bone substitute materials, DNA vectors or pep-
tide growth factors [9-12]. The serum-free culture su-
pernatants were collected and pooled for each age
group. Five litres of  each supernatant were purified by
reverse-phase chromatography and concentrated by
batch-elution. After lyophilization, the eluates were re-
constituted in sterile 0.9% sodium chloride solution
salt solution, transferred onto collagen carriers
(Lyostypt®; Braun, Melsungen, Germany) and im-
planted into fresh critical size defects (8 mm diameter)
of  the calvaria of  adult Wistar rats (n = 10 per group).
The control group was implanted with collagen carri-
ers containing 0.9% sodium chloride solution. After 2,
4 and 8 weeks the healing process was analyzed radi-
ographically and histologically (Alizarin red staining).

ISOLATION OF ACTIVE COMPONENTS

Serum-free supernatant from calvarial osteoblasts de-
rived from prenatal donors was collected and pooled.
Isolation of  the activity was done by stepwise chro-
matographic separation. After each chromatographic
step an activity test in the rat calvarial cell proliferation
assay using WST-1 was done. In brief, cells were seed-
ed in 96-well plates at a density of  5,000 cells per well
in serum-free medium. Aliquots of  the chromato-
graphic fractions were added directly after seeding and
the induction of  proliferation was measured after two
days of  incubation. WST-1 detects mitochondrial lac-
tate dehydrogenase activity which reflects cell number
and vitality. WST-1 assay-derived values correlated well
with cell counting using a hemocytometer, a Coulter
counter or a CASY device. The identified active frac-
tions were repeatedly chromatographed and tested un-
til isolation. 

For peptide isolation several chromatographic steps
were performed: first the supernatant was applied to a
preparative YMC column (Gel Basic, 15-30 µm, 47 ×

300 mm). Subsequently, the active fractions were ap-
plied onto a Biotek RP silica C4 column (10 nm, 5 µm,
20x125 mm). The active fractions obtained were fur-
ther separated using analytical reverse-phase material
(YMC C18, 12 nm, 5 µm, 4.6 × 250mm). Finally, a
Phenomenex C4 column was used (30 nm, 5 µm, 4.6 ×
250 mm). The partial sequence of  the isolated factor
was determined by N-terminal sequencing and the
molecular mass by MALDI-MS as described [13, 14].

APPLICATION OF TIMP-2

Experiments were performed with TIMP-2 purified
from rat prenatal POBC or human MG-63 cells [15]
and with commercially available recombinant human
TIMP-2 (Triple Point Biologicals, Portland, Oregon,
USA) with identical results. 1 µg (low dose) or 10 µg
(high dose) of  TIMP-2 were dissolved in 0.9% sodium
chloride solution and applied in a volume of  150µl
into collagen carriers (Lyostypt®; Braun, Melsungen,
Germany). The loaded carriers were implanted into
fresh CSD (8 mm diameter) of  the calvaria of  adult
Wistar rats (n = 10 per group). In a third group (n =
10) 2.5 µg of  bone morphogenic protein-2 (BMP-2),
an osteoinductive peptide (R&D Systems, Minneapo-
lis, USA), was implanted into the CSD. Finally, in a
control group (n = 10) collagen carriers containing
0.9% sodium chloride solution only were implanted.
Additionally, at the first, second and third day after
surgery identical dosages of  TIMP-2 and BMP-2 as
applied intraoperatively were dissolved in 150µl of
0.9% sodium chloride solution and injected locally
into the collagen carriers implanted in the calvarial de-
fects. In the control group 150µl of  0.9% sodium
chloride solution were injected. After an observation
period of  2, 4 and 8 weeks the healing process was an-
alyzed radiographically and histologically (Alizarin red
staining). The tissue density of  the regenerates was
analysed by computer tomography. The tissue density
scores were collected in a data base and compared by
Student’s t-test. The data are presented as means and
±SD. Values of  p≤0.05 were considered as statistically
significant. 

RESULTS

Radiographic analysis of  bone healing (Fig. 1) showed
no spontaneous formation of  new bone in the control
animals 2, 4 or 8 weeks after surgery (Fig.1 A-C). Like-
wise, preparations from POBC derived from postnatal
donors did not induce relevant bone formation in
CSD healing of  adult rats (Fig. 1D-F). Only small
amounts of  new bone formation could be detected 8
weeks after the implantation. This new bone was ex-
clusively located at the margins of  the defect. In the
centre of  the defect no bone formation was observed.
On the contrary, treatment with the supernatant de-
rived from prenatal donors resulted in a strong induc-
tion of  bone formation after only 4 weeks and was in-
creased even stronger after 8 weeks (Fig. 1 G-I). Inter-
estingly, in this group the formation of  new bone was
located predominantly in the centre of  the defect.

Histological analysis (Fig. 2) of  bone healing con-
firmed the results obtained from radiography. Staining
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with Alizarin Red demonstrated that defects treated
with the supernatant of  cells derived from postnatal
donors did not heal by the formation of  new bone
(Fig. 2 A-C). After resorption of  the collagen carrier,
only a few osseous islands embedded in a connective,
scar-like tissue could be observed at the end of  the ex-
periment (Fig. 2 C). In contrast, application of  the su-
pernatant of  POBC derived from prenatal rats result-
ed in a strong bone induction (Fig. 2 D-F). Already 4
weeks after surgery formation of  new bone was ob-
served all over the defect (Fig. 2 E), and 8 weeks after
surgery a complete osseous bridging of  the defect was
reached (Fig. 2 F).

We collected five litres of  prenatal POBC superna -
tants, subjected them to chromatographic separation,
identified a proliferation-inducing activity and used es-
timation of  proliferation activity to isolate this factor

(Fig. 3 A-D). After purification, the isolated compound
was characterized (Fig. 4 A,B). MALDI-MS analysis re-
sulted in a molecular mass of  21,719 kDa (Fig. 4 A)
and N-terminal (Edman-) sequence analysis in the se-
quence XSXSPVHPQQAFXNADVVIRAKAVE (Fig.
4 B; X corresponds to amino acids that could not be
determined). Thus, the purified protein represented
full length TIMP-2. The presence of  TIMP-2 and of
MMP-2 but not of  MMP3, MMP-9 and MMP–13 in
POBC-supernatants of  prenatal donors was also con-
firmed by ELISA measurements (data not shown).

To test the hypothesis if  TIMP-2 was contributing
to healing of  the CSD in adult rats, both purified
TIMP-2 and commercially available human TIMP-2
(hTIMP-2) were applied in the rat CSD model. Simi-
lar to the purified TIMP-2, the hTIMP-2-treated ani-
mals showed enhanced bone healing with the higher
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Fig. 1A-I. Radiographs of critical size defect
healing with/without application of POBC su-
pernatant: Radiographs were taken after 2,4 and
8 weeks of healing in critical size defects of adult
rat calvaria after application of purified and con-
centrated supernatants derived from POBC.
Donors of POBC were either prenatal or postna-
tal rat. While in the control group (Fig. 1 A-C)
and in the group with postnatal supernatant (Fig.
1 D-F) no relevant bone formation was observed
defects treated with supernatant of POBC of
prenatal donors showed pronounced new bone
formation after 4 and 8 weeks (Fig. 1 G,H,I).

Fig. 2. Histological analysis of CSD healing after
application of POBC supernatants: Fig. 2 A, B,
C: Application of supernatants derived from cul-
tures of  postnatal donors (Alizarin red; 12x).
The observation period extended 2 weeks (Fig. 2
A), 4 weeks (Fig. 2 B) and 8 weeks (Fig. 2 C).
Only small islands of bone formation were
found after 8 weeks (Fig. 2 C). Figure 2 D,E,F:
Application of supernatants from cultures of
prenatal donors. The observation period extend-
ed 2 weeks (Fig. 2 D), 4 weeks (Fig. 2 E) and 8
weeks (Fig. 2 F). Formation of new bone was
found at the entire defect centre after 4 weeks
(Fig. 2 E), resulting in complete osseous bridging
after 8 weeks postoperatively (Fig. 2 F).

Fig. 1A,B,C
Control
Group

Fig. 1D,E,F
Postnatal
supernatant

Fig. 1G,H,I
Pretnatal
supernatant

2                    4                      8      weeks

Fig. 2A Fig. 2D

Fig. 2B Fig. 2E

Fig. 2C Fig. 2F



dose being more effective when compared to control
animals (Fig. 5). The positive control BMP-2, an os-
teoinductive drug, was most effective (Fig. 5). Histo-
logical preparations show that in vehicle-treated con-
trol animals only fibrous, scar-like tissue was formed
(Fig. 5 A) whereas under both hTIMP-2 concentra-
tions (Fig. 5 B, C) and BMP-2 (Fig. 5 D) new mineral-
ized bone was formed. TIMP-2 related formation of
bone was always found to occur directly by intramem-
branous (direct) ossification (Fig. 5 B, C). The BMP-2
treated defects seemed more advanced in bone heal-
ing since signs for ongoing remodeling processes are
more evident under BMP-2 treatment than under
hTIMP-2 treatment (Fig. 5 D). The tissue density 
of  the regenerates was higher after TIMP-2 applica-
tion (low) (p<0.022) when compared to the control
group. Application of  BMP-2 resulted in a higher tis-
sue density than TIMP-2 application (high) (p<0.034)
(Fig. 5 E).

DISCUSSION

Bone healing in a postnatal organism is a specific bio-
logical process that recapitulates several aspects of
prenatal skeletogenesis [16, 17]. Both, postnatal bone
healing and prenatal skeletogenesis are processes that
include the recruitment, proliferation and differentia-
tion of  cells capable to develop a mature osteoblastic
phenotype, resulting in bone formation [18]. How-
ever, the potential of  postnatal bone healing is related
to the age of  an individual, suggesting an intrinsic dif-
ference between immature and adult individuals [6]. 
It might be hypothesized that some of  those differ-
ences might be overcome if  paracrine acting signalling
substances involved in prenatal skeletogenesis are
used to support postnatal bone healing. Therefore,
primary cell cultures of  rodent calvaria derived 
from prenatal donors were established and shown to
develop a mature osteoblast phenotype [7]. It was 
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Fig. 3 A-D. Isolation of proliferative activities
from supernatants of POBC derived from fetal
donors: Fig. 3 A) Activity profile of the peptide
fractions generated from the pooled cell culture
supernatant. The purification of activity C result-
ed finally in the isolation of TIMP-2 after several
analytical chromatographies (Fig. 3 B,C,D).

Fig. 4 A, B. Biochemical analysis of the isolated
rat TIMP-2. Determination of the molecular mass
by MALDI mass spectrometry (Fig. 4 A). The N-
terminal sequence analysis of the purified peptide
matched the detected mass and confirmed the iso-
lation of full length TIMP-2 (Fig. 4B).

A B

C D

A

B



the aim of  the current study to evaluate if  osteoblas-
tic synthesis/secretion products found in cultures of
prenatal donors possess the capability to support
bone healing in otherwise non-healing defects of
adult individuals. 

Application of  pooled concentrated prenatal os-
teoblast supernatant resulted in an improvement of
bone healing, leading to complete osseous bridging of
an otherwise non-healing defect in adult organisms
within only 8 weeks. In contrast, supernatants taken
from postnatal donors exhibited a much smaller os-
teogenic effect. The data presented here imply the ex-
istence of  certain osteoblast synthesis products found
in the supernatant of  prenatal donors that are capable
to maintain bone formation also in postnatal life. The
imitation of  a molecular environment similar to that
found during prenatal skeletogenesis was shown to
support also postnatal bone healing.

Interestingly, the effects of  the supernatant depend-
ed on the age of  the donor organism, suggesting that
the signalling molecules relevant for bone formation in
vivo are synthesized only up to a certain stage of  de-
velopment. Applying a series of  peptide purification
procedures and bioassays addressing (pre-)osteoblast
proliferation in a cell line capable to develop a differ-
entiated osteoblast phenotype [19], one of  the activi-
ties we identified in supernatants of  prenatal donors
was the “tissue inhibitor of  matrix metalloproteinases
type II” (TIMP-2). 

We also show that application of  human TIMP-2
into calvarial CSDs significantly enhanced bone for-
mation in comparison to untreated animals. However,
its activity was somewhat less pronounced when com-
pared to bone morphogenic protein-2 (BMP-2), an al-

ready approved morphogenic substance applied to
support bone healing. 

The mechanism of  action of  TIMP-2 for the ob-
served bone healing effect is not yet clear. The main
mode of  action previously described for TIMP-2 is
the name-giving inhibition of  matrix-metallopro-
teinases (MMPs) [20]. Those are known to be involved
in extracellular matrix proteolysis, by which the peri-
cellular environment is modulated [21, 22]. This in-
volves the turnover of  the extracellular matrix sub-
stances and also the regulation of  cell membrane pro-
teins such as growth factors and their receptors [23].
Bone formation in vivo is a complex process that can
be enhanced by presence of  active growth factors and
morphogens, enhancing both proliferation and differ-
entiation of  osteoblasts and their precursor cells [24].
Consequently, it might be assumed that one mode of
action of  TIMP-2 is an inhibition of  the inhibitory,
proteolytic activity of  MMPs, probably resulting in lo-
cally increased concentrations of  certain growth fac-
tors relevant for bone formation.

It has also been described that TIMP-2 raises pro-
liferation activity, cAMP-levels and RAS-activity in hu-
man osteosarcoma cells (MG-63) [25, 26]. However,
raising cAMP-levels leads in some cells to an inhibi-
tion of  proliferation and in others to enhanced prolif-
eration [27]. Intrestingly, we observed no changes in
cAMP- or phospho-MAPK levels in our cell prepara-
tions after TIMP-2 application (data not shown).
However, when increasing doses of  recombinant
TIMP-2 are applied onto rat calvarial osteoblastic cell
preparations in vitro a dose-dependent increase in the
level of  osteopontin occurred (data not shown). Os-
teopontin, a matrix protein of  bone, has been shown
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Fig. 5 A-E. CSD healing after application of
hTIMP-2: In the control group no bone forma-
tion was found (Fig. 5 A). Application of hTIMP-
2 resulted in formation of bone during CSD heal-
ing (Fig. 5 B). The amount and density of bone
was enhanced when the concentration of hTIMP-
2 was increased (Fig. 5 C). The amount of bone
in defects that were treated with BMP-2 was
highest (Fig. 5 D). The effects of hTIMP-2 on tis-
sue density were quantified by computer tomog-
raphy after CSD healing for 8 weeks (Fig. 5 E;
n=10; mean + STD). Control defects were treat-
ed with 0.9% sodium chloride solution or with
BMP-2. hTIMP-2 “low “ represents a dose of 1µg
per application; hTIMP-2 “high” represents a
dose of 10 µg per application. Tissue density was
higher after TIMP-2 application (low) (p<0.022)
when compared to a control group. BMP-2-appli-
cation resulted in a higher tissue density than
TIMP-2 application (high) (p<0.034) (Fig. 5 E).

Fig. 5A

Fig. 5DFig. 5B

Fig. 5C

Fig. 5E



to recruit “bone-acetylated glycoprotein” (BAG-75)
upon secretion, which serves in the extracellular space
of  osteoblasts as a scaffold for apatite nucleation [28,
29]. Consequently, TIMP-2 may contribute to this
process, by stabilizing or even increasing the amount
of  osteopontin.

Recently another mechanism of  action for TIMP-2
has been described in the context of  proliferation in-
hibition in human vascular endothelial cells [30]. It
was shown that TIMP-2 binds to and activates a α3β1-
integrin receptor which activates a protein tyrosine
phosphatase, presumably SHP-1. The proliferation in-
ducing action of  TIMP-2 on prenatal rat calvarial cells
contrasts to the observed inhibition of  proliferation in
human vascular endothelial cells and would contradict
a role for this mechanism in the intramembraneous
new bone formation observed here. However, it is well
possible that TIMP-2 induces proliferation in POBCs
and inhibits proliferation in other cells. It is even con-
ceivable that an initial inhibition of  vascular endothe-
lial proliferation contributes to the bone inducing ef-
fect of  TIMP-2 application in vivo. In conclusion,
which mechanisms are responsible for the effects on
proliferation in vitro and for the formation of  new
bone in vivo is unclear and will be investigated in the
future. 

In summary we have isolated and identified TIMP-2
as a polypeptide factor capable of  supporting in-
tramembraneous bone formation in otherwise non-re-
generating defects in adult organisms in vivo.
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