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Abstract

TGF-,1 is a polypeptide that is abundant in bone matrix, is
produced by bone cells, and modulates proliferation and dif-
ferentiated functions of osteoblastic cells in vitro. TGF-,82 is a
closely related polypeptide that was originally isolated from
bone matrix. TGF-,61 has been shown previously to stimulate
prostaglandin production in cultures of neonatal mouse calvar-
iae, which causes these bones to resorb. Wefound similar
effects with TGF-,62. In comparison, TGF-,81 and TGF-#2
failed to stimulate bone resorption in fetal rat long bone cul-
tures during a 3-d incubation period in concentrations up to
50-100 times greater than those capable of inducing bone re-
sorption in calvariae. Incubation with TGF-(?1 for a further 3 d
decreased bone resorption up to 30%. Moreover, bone resorp-
tion induced by the bone-resorbing agents IL 1 and 1,25-di-
hyroxyvitamin D3 was partially or completely inhibited by
TGF-,61 and TGF-,62 during the second half of the 6-d incuba-
tion period. Inhibition of DNA synthesis with hydroxyurea
inhibited bone resorption in long bones in a similar pattern to
that seen with TGF-01. The inhibitory effects of TGF-,81 and
TGF-#2 on bone resorption in long bone cultures may there-
fore be due to inhibition of osteoclast precursor proliferation.

Introduction

Transforming growth factor beta 1 (TGF-3 1)1 is a member of a
recently discovered family of homologous factors that are in-
volved in a large variety of cell functions, ranging from cell
growth and differentiation to extracellular matrix production
and degradation (1, 2). TGF-#l is produced by many cell types
and most cells have high affinity receptors for TGF-# 1. One of
the major storage sites for TGF-# I and the related molecule
TGF-,32 is the bone matrix (3). TGF-,B2 is also found in plate-
lets, the human prostatic adenocarcinoma cell line, PC-3, and
human glioblastoma cells (4, 6). Amino acid sequence analyses
indicate that TGF-431 and TGF-32 differ from each other by
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1. Abbreviations used in this paper: HU, hydroxyurea; TGF-#, trans-
forming growth factor beta.

32 amino acid substitutions, and have > 70% sequence iden-
tity (5). Recent studies indicate that there may be separate
receptors for TGF-,B1 and TGF-f#2 (7). Whether there are
functional differences between these receptors is unknown.

Evidence that TGF-,B may be involved in the bone resorp-
tion process has come from studies on neonatal mouse calvar-
ial cultures in which TGF-fl1 stimulated bone resorption
through an indirect mechanism by stimulating the production
of PGE2 (8). Prostaglandin production has been shown to be
the main mechanism for the bone-resorbing effects of many
cytokines in neonatal mouse calvariae (9, 11). These other
cytokines also stimulate bone resorption in cultures of fetal rat
long bones, a widely used alternative model for the study of
bone resorption in vitro. Prostaglandin-dependent stimula-
tion, however, could not account for the stimulatory effect of
many factors such as epidermal growth factor, tumor necrosis
factor, or TGF alpha, indicating different mechanisms for
bone resorption in the two culture systems (12, 14).

In this report, we show that the homologous growth regula-
tory peptides TGF-, I and TGF-(#2 inhibit bone resorption in
fetal rat long bones and that their inhibitory effects on bone
resorption in this system maybe due to inhibition of osteoclast
precursor proliferation.

Methods

Reagents. TGF- Il and TGF-j32 were purified from bovine demineral-
ized bone as previously described (3, 15). Recombinant IL I# was a gift
from Dr. P. T. Lomedico (Hoffmann-La Roche, Inc., Nutley, NJ).
1,25(OH)2D3 was generously provided by Dr. M. R. Uskokovic (Hoff-
mann-La Roche). Indomethacin and hydroxyurea (HU) were pur-
chased from Sigma Chemical Co. (St. Louis, MO). All stock solutions
of reagents were diluted 1:1,000 or greater in medium.

Culture technique. Fetal rat long bone cultures and neonatal mouse
calvariae cultures were performed as described earlier (16, 17). Bones
were labeled with 45Ca by injecting the mothers 1 d before removal of
the fetuses (long bones) or 1-2 d before delivery (calvariae). Long
bones (radius and ulna) were dissected from 19-d-old fetal rats with
removal of cartilage and fibrous tissue. Bones were cultured in 0.5 ml
of serum-free Biggers-Gwatkin-Judah (BGJ) medium (Sigma Chemi-
cal Co.) supplemented with 1 mg/ml RIA-grade BSA(Sigma Chemical
Co.). Bones were incubated on steel grids at the interphase between
medium and a 95% air, 5%CO2atmosphere at 37°C. Calvaria halves
(frontal and parietal bones) were dissected from 4-d-old neonatal mice
and cultured in 1 ml of serum-free BGJ medium containing 1 mg/ml
BSAunder the same conditions as described for the long bone cultures.
All bones were precultured in medium for 24 h to remove exchange-
able 41Ca. Bones were then cultured for 3 d (day 1-3) in fresh medium
and after a second medium change the incubation was continued for
another 3 d (day 4-6). TGF-#,B, TGF-#2, indomethacin, and HUwere
added during the medium changes at days 1 and 4. IL 1 and
1,25(OH)2D3 were only added at day 1. Medium was collected after
days 3 and 6. Bones were removed from the cultures after day 6, placed
in 50% TCA for I h, and 45Ca in medium and TCAextract were then
analyzed by liquid scintillation. Bone resorption was assessed as the
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percentage of total 45Ca that was released into the medium. In some
experiments, 45Ca release in live bones was compared with non-cell-
mediated 45Ca release using devitalized bones. Bones were devitalized
after dissection by three cycles of freezing at -70'C and thawing, and
then incubated as described above.

DNAsynthesis. DNAsynthesis was assessed by the incorporation
of [3Hlthymidine into the acid-insoluble fraction of the bones as de-
scribed by Lorenzo et al. (18) with some modifications. No additional
cold thymidine was added to the medium. After 3 or 6 d in culture,
bones were pulsed for 2 h with 1 gCi [3H]thymidine (20 Ci/mM sp act;
ICN Radiochemicals, Div., ICN Biochemicals, Inc., Irvine, CA). Bones
were then rinsed extensively in saline, blotted and placed in 1 ml 5%
TCA, rinsed with 1 ml 70% ethanol, air dried, and dissolved in 1 ml
nuclear Chicago solvent (NCS) tissue solubilizer (Amersham Corp.,
Arlington Heights, IL) for 24 h. [3H]Thymidine in the TCA extracts
and the NCSdigest was then assessed by liquid scintillation.

Statistics. Statistical analyses were performed by unpaired t test. A
two-way analysis of variance for repeated measures was used to com-
pare TGF-fl and TGF-j#2 responses from individual experiments.

Results

Wefirst examined the effects of TGF-j31 and TGF-(32 on bone
resorption in the neonatal mouse calvariae system. Both fac-
tors increased bone resorption, but the increases were modest
(Fig. 1, Table I). Small but significant increases could be
achieved with 1 ng/ml TGF-f#2 and 1-2 ng/ml TGF-#1 (Fig.
1). In some experiments, TGF-,B2 caused significant increases
in bone resorption at concentrations of 0.5 ng/ml. Increases in
bone resorption with TGF-i 1 and TGF-,B2 could be com-
pletely inhibited by the prostaglandin synthesis inhibitor, in-
domethacin, during the first 3 d of incubation, indicating that
these factors stimulated bone resorption via a prostaglandin-
dependent mechanism, as has been shown before (9). How-
ever, in repeated experiments, indomethacin only partially in-
hibited TGF-#3I- and TGF-,32-induced bone resorption during
the second half of the 6-d incubation period (Table I), suggest-
ing that there may be another mechanism besides prostaglan-
din generation during this period.

Wethen determined if TGF-13I and TGF-,B2 would also
increase bone resorption in the fetal rat long bone system.
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Figure 1. TGF-# I and TGF-,B2 stimulate 45Ca release from neonatal
mouse calvariae. Values are mean±SEMfor five bones per group.
*Significantly different from control, P < 0.05. ***Significantly dif-
ferent from control, P < 0.005.

Table L Indomethacin Inhibits (A) TGF-#3- and (B) TGF-02-
mediated 5Ca Release from Neonatal Mouse Calvariae

41Ca percent release

Group Day 1-3 Day 4-6

A.
Control 17.4±1.0 5.6±0.4
Indomethacin (10-6 M) 16.9±1.3 5.9±0.4
TGF-#1 (10 ng/ml) 20.4±0.8* 8.5±0.5*
TGF-fl1 + indomethacin 16.8±1.2 7.6±0.2*

B.
Control 14.2±0.6 6.8±0.3
Indomethacin (10-6 M) 13.6±0.4 6.3±0.2
TGF-#2 (10 ng/ml) 17.9±0.9§ 11.2±0.9*
TGF-#2 + indomethacin 14.8±0.6 8.7±0.6*

Values are mean±SEMfor five bones per group.
* Significantly different from control, P < 0.05.
$ Significantly different from control, P < 0.01.
§ Significantly different from control, P < 0.005.

TGF-# I and TGF-,32 in concentrations up to 100 ng/ml, how-
ever, failed to increase bone resorption (Tables II and III). On
the contrary, overall analysis from eight independent experi-
ments using 50 ng/ml TGF-j31 showed a significant decrease in
bone resorption up to 30% during the second half of the 6-d
incubation period (P < 0.01). TGF-,32 at 50 ng/ml signifi-
cantly inhibited bone resorption in some experiments but
failed to inhibit or rather slightly increased resorption in other
experiments, and the overall analysis from five experiments at
a concentration of 50 ng/ml revealed no significant difference
from control bone resorption. Addition of indomethacin to
TGF-f01- or TGF-,32-treated long bones was without addi-
tional effect (Table III).

Wethen determined if the inhibitory effect of TGF-,3l
would be more pronounced in bones treated with bone-re-
sorbing agents. Indeed, up to twofold increases in bone re-
sorption caused by IL 1 and 1,25(OH)2D3 could be partially or
even completely inhibited by TGF-$tl during the second half
of the incubation period, and a similar inhibition was observed
with TGF-,B2 (Fig. 2). No significant decrease of bone resorp-

Table II. Effect of TGF-#31 and TGF-42 on 5Ca Release
from Fetal Rat Long Bones

4'Ca percent release

Group Day 1-3 Day 4-6

Control 17.4±0.8 7.2±0.5
TGF-BI (1 ng/ml) 19.1±0.6 7.5±0.1
TGF-ft1 (10 ng/ml) 17.9±0.3 6.0±0.5
TGF-,1 (100 ng/ml) 18.2±0.7 5.2±0.5*
TGF-#2 (1 ng/ml) 17.8±0.8 6.4±0.5
TGF-#2 (10 ng/ml) 17.3±0.5 6.7±0.5
TGF-#2 (100 ng/ml) 18.6±0.3 5.8±0.5

Values are mean±SEMfor five bones per group.
* Significantly different from control, P < 0.05.
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Table III. Effects of TGF-f31 and TGF-q2 on 45Ca Release
from Fetal Rat Long Bones in the Presence and Absence
of Indomethacin

4"Ca percent release

Group Day 1-3 Day 4-6

Control 15.9±0.5 7.0±0.4
Indomethacin (1o-6 M) 14.8±1.0 7.0±0.7
TGF-01 (50 ng/ml) 14.1±1.2 5.5±0.6
TGF-#1 + indomethacin 14.7±0.7 5.2±0.7
TGF-02 (50 ng/ml) 13.5±1.0 5.1±0.6*
TGF-#2 + indomethacin 14.4±1.0 5.6±0.5

Values are mean±SEMfor five bones per group.
* Significantly different from control, P < 0.05.

tion could be observed when TGF-f3I or TGF-f32 was added to
PTH-treated cultures (data not shown). HUis also ineffective
against PTH-stimulated bone resorption in this system (18).
As in the calvarial system, TGF-42 seemed to be more potent
than TGF-,Bl, since it decreased IL 1-mediated bone resorp-
tion at concentrations at which TGF-fl still failed to show
inhibitory effects (Table IV). However, the absolute concen-
trations needed to inhibit IL 1-mediated resorption varied in
individual experiments from 5 to 50 ng/ml. Whereas TGF-,Bl
was a potent inhibitor of mild increases in bone resorption
caused by low concentrations of IL 1, it was much less effective
at concentrations of IL 1 that caused substantial or maximal
increases in resorption (Table V). Wedo not know why TGFB
does not inhibit higher concentrations of IL 1, but one possible
explanation is that at higher concentrations, the major effect of
IL 1 (and PTH) may be on steps in osteoclast formation and
activation that are less susceptible to TGFB. For example, at
higher concentrations, IL 1 (and PTH) may stimulate pre-
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Figure 2. Inhibitory effects of TGF-#1I and TGF-(#2 (both at 50
ng/ml) on IL 1- (10 U/ml inA, 15 U/mi in B) or 1,25(OH)2D3- (IO~
M) induced increases in 45 release from fetal rat long bones (C and
D). Values are mean±SEMfor five bones per group and show the re-
lease of "5Ca during day 4 and 6 of incubation with TGF-,B1 and
TGF-#2. *Significantly different from IL 1 group, P < 0.02. **Signif-
icantly different from 1,25(OH)2D3 group, P < 0.00 1.

Table IV. Effect of TGF-f1 and TGF-#2 on 45Ca Release
from Fetal Rat Long Bones Incubated during Days 1-3
and Days 4-6 with IL I

4"Ca percent release

Group Day 1-3 Day 4-6

Control 14.7±0.5 7.6±0.2
IL 1(15 U/ml) 35.3±3.1 22.5±2.4
IL 1 + TGF-flI (6.25 ng/ml) 33.9±1.9 21.6±2.1
IL 1 + TGF-31 (12.5 ng/ml) 25.0±2.7* 14.0±3.4$
IL 1 + TGF-031 (25 ng/ml) 25.2±2.7* 14.0±3.4t
IL 1 + TGF-#2 (6.25 ng/ml) 25.0±3.5* 12.8±2.3$
IL 1 + TGF-j32 (12.5 ng/ml) 27.6±2.4* 13.6±2.0*
IL 1 + TGF-#2 (25 ng/ml) 24.1±3.6* 1 1.4±2.4§

Values are mean±SEMfor five bones per group.
* Significantly different from IL 1 group, P < 0.05.

Significantly different from IL 1 group, P < 0.02.
§ Significantly different from IL 1 group, P < 0.01.

formed osteoclasts (19-21) to resorb bone. If the major effect
of TGF-,B is on osteoclast formation as we propose, then inhib-
itory effects of TGF-,B may not be seen under these circum-
stances.

In most experiments, the effects of TGF-#3I and TGF-132
were much more pronounced during the second half of the 6-d
incubation period. TGF-fll is known to inhibit cell prolifera-
tion in many cell lines (22-27) and we therefore wondered
whether the effects of TGF-3 in the long bone system might be
due to a decrease in osteoclast precursor proliferation, which
would explain the observed delayed decrease in bone resorp-
tion. We therefore compared the effects of TGF-,BI on long
bone resorption with those of HU, a known inhibitor of DNA
synthesis (28). 1 mMHUdecreased basal bone resorption and
mild increases in bone resorption caused by low concentra-
tions of IL 1, but had little effect on resorption caused by
higher concentrations of IL 1, similar to the results we found
with TGF-# (Table VI A). Like TGF-#1, HUwas more effec-
tive during the second half of the incubation period and was
capable of reducing 45Ca release in otherwise untreated bones
to that seen with devitalized bones (Table VI B).

Table V. Effect of TGF-,l3 on 45Ca Release from Fetal Rat
Long Bones Incubated with Various Concentrations
of IL I during Days 1-3

45Ca percent release

Group Day 1-3 Day 4-6

Control 16.0±0.2 5.8±0.5
TGF-# I (50 ng/ml) 17.0±0.5 5.4±0.7
IL 1 (100 U/ml) 73.8±2.6 86.1±2.5
IL 1 (100 U/ml) + TGF-fl (50 ng/ml) 68.9±2.6 71.5±5.9*
IL 1 (100 U/ml) 24.9±1.1 18.4±1.4
IL 1 (10 U/ml) + TGF-fl1 (50 ng/ml) 24.4±2.4 1 1.2±1.5*

Values are mean±SEMfor five bones per group.
* Significantly different from U/ml IL 1 100 group, P < 0.05.
* Significantly different from 10 U/ml IL 1 group, P < 0.01.
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Table VI. Effect of HUon 4SCa Release from Fetal Rat Long
Bones Incubated with Various Concentrations of IL I during (A)
Days 1-3 and (B) Comparison of 45Ca Release from HU-treated
andfrom Devitalized Bones

41Ca percent release

Group Day 1-3 Day 4-6

A.
Control 14.8±1.3 6.0±0.4
HU(I mM) 13.8±0.5 3.5±0.2*
IL 1 (100 U/ml) 74.9±2.5 81.0±3.0
IL 1 (100 U/ml) + HU 69.3±5.0 78.2±6.3
IL I (10 U/ml) 20.4±1.3 11.1±1.5
IL 1 (10 U/ml) + HU 17.2±1.4 4.4±0.5$

B.
Control 13.0±0.5 5.1±0.5
HU(1 mM) 1 1.0±0.6§ 3.0±0.1"
Devitalized bones 8.3±0.1$ 3.1±0.1"

Values are mean±SEMfor five bones per group.
* Significantly different from 10 U/ml IL 1 group, P < 0.001.
$ Significantly different from control, P < 0.005.
§ Significantly different from control, P < 0.05.
"Significantly different from control, P < 0.005.

A difference in proliferative capacity of osteoclast precur-
sors might contribute to the observed difference of the effects
of TGF-f3 in long bones and in calvariae. Wetherefore tested
the effect of HU in the mouse calvariae system. Compared
with the long bone system, HUhad no effect on baseline or
stimulated resorption (Table VII) at a concentration at which
DNAsynthesis was > 90% inhibited (Table VIII). Since HU
might lead to cell death, which could cause prostaglandin re-
lease and obscure inhibitory effects, HUwas also tested in the
presence of indomethacin. However, HUstill had no effect on
bone resorption (data not shown).

Discussion

TGF-,3l stimulated bone resorption in neonatal mouse cal-
variae cultures in concentrations as low as 1-2 ng/ml. In com-
parison, it did not stimulate bone resorption in fetal rat long

Table VII. Lack of Effects of HUon 45Ca Release from Neonatal
Mouse Calvariae Incubated in the Presence and Absence of
Various Concentrations of IL 1 during Days i-3

"Ca percent release

Group Day 1-3 Day 4-6

Control 12.8±0.7 5.7±0.2
HU(1 mM) 13.1±1.4 6.1±0.7
IL 1 (100 U/ml) 36.0±2.4 19.3±2.2
IL 1 (100 U/ml) + HU 33.2±1.6 19.7±1.0
IL 1 (2 U/ml) 20.3±2.0 7.4±0.7
IL 1 (2 U/ml) + HU 21.3±2.0 7.9±0.7

Table VIII. Effect of 1 mMHUon [3H]Thymidine Incorporation
in Fetal Rat Long Bones and Neonatal Mouse Calvariae

3H cpm x 10-2

Group Day 1-3 Day 4-6

Fetal rat long bones Control 1 1.1±0.7 22.3±1.6
HU(1 mM) 0.5±0.1* 0.9±0.1*

Neonatal mouse calvariae Control 71.5±10.4 127.5±21.5
HU(I mM) 2.2±6.2* 2.6±0.2*

Values are mean±SEMfor five bones per group.
* Significantly different from control, P < 0.001.

bone cultures when used in concentrations up to 100-fold
higher. In this culture system, TGF-3l decreased basal bone
resorption and partially or even completely inhibited up to
twofold increases in bone resorption induced by IL 1 and
1,25(OH)2D3 .

Both culture methods are well established and are the most
commonly used techniques for studying bone resorption in
vitro. Most factors that stimulate bone resorption or inhibit
bone resorption in one organ culture system have similar
overall etects on bone resorption in the other system. It has,
however, become obvious over recent years that the mecha-
nisms for stimulation or inhibition of resorption in both sys-
tems can be at least partially different. This is particularly so
for many growth factors that stimulate bone resorption in cal-
variae by increased prostaglandin production, but do not or
only partially depend on prostaglaridin production for stimu-
lation of bone resorption in fetal rat long bone (9-15). How-
evef, TGF-j31 and TGF-32 are as yet the only factors that seem
actually to induce opposite effects on bone resorption in the
two systems.

TGF-#l is a potent inhibitor of proliferation in most non-
mesenchymal cell lines (22-27) and recent studies have shown
that TGF-j31 also inhibits the formation of osteoclast-like mul-
tinucleated cells in long term bone marrow cultures (29),
which is consistent with the data reported here. The decreases
in bone resorption observed with TGF-3 in fetal rat long bones
may therefore be caused by an inhibition of osteoclast precur-
sor proliferation. A comparison between TGF-# 1 and the
DNAsynthesis inhibitor HU, which effectively inhibits osteo-
clast proliferation in long bones (18, 30), showed that the in-
hibitory effects of TGF-#3l and HUin long bones were indeed
similar in many aspects. Unlike calcitonin, which rapidly in-
hibits bone resorption by acting on mature osteoclasts (31),
HUand TGF-#3l had little effect on bone resorption during the
first half of the 6-d incubation period, but both inhibited bone
resorption during the second half. HUand TGF-f31 were both
able to inhibit mild increases in bone resorption induced by
low concentrations of IL I but had little or no inhibitory ef-
fects at submaximal or maximal stimulatory concentrations or
IL 1. Both agents were more effective when the bones were
only pulsed with IL 1 from day 1 to day 3 instead of being
exposed to IL 1 during the whole incubation period (data not
shown). Therefore, TGF-3l1, like HU, apparently may inhibit
the proliferation of osteoclast precursor cells.

Although inhibition of osteoclast .precursor cells could be
the dominant effect of TGF-,B1 on long bone resorption, it
may not be the only one. The inhibitory effect of TGF-f was
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generally less pronounced than that of HU, but it is possible
that there might be additional effects of HUor TGF-0. Addi-
tion of indomethacin had no further effect on bone resorption
in long bones treated with up to 50 ng/ml TGF-ft1 and
TGF-,32, which makes prostaglandin-mediated effects at the
concentrations of TGF-fl we used unlikely. It cannot be ex-
cluded, however, that higher concentrations of TGF-# I might
also induce prostaglandin production in long bones.

In further contrast to fetal rat long bones, addition of HU
at concentrations that nearly completely inhibited DNAsyn-
thesis had no effect on basal or stimulated bone resorption in
calvariae in the presence and absence of indomethacin. Prolif-
eration of osteoclast precursors, therefore, does not seem to
contribute to the rate of bone resorption in calvariae.

Like TGF-3lB, TGF-fl2 stimulated bone resorption in cal-
variae and inhibited IL 1- and 1,25(OH)2D3-mediated in-
creases in bone resorption in long boies. TGF-(32, however,
was consistently more potent in calvariae and seemed to be
also more potent in inhibiting IL 1-stimulated resorption in
long bones. TGF-f#l and TGF-32 seem to bind preferentially
to different subclasses of TGF-ll receptors, which might ex-
plain the differences in potency (8); l3oth are present in the
bone environment and may work together to regulate TGF-fl-
like effects on bone more precisely.

Most of the TGF-fB produced by bone cells and present in
bone cultures is part of a biologically inactive, high molecular
weight complex and needs to be dissociated to gain activity
(32). Bone-resorbing agents such as PTH, IL 1, and
1,25(0H)2D3 have been shown to increase TGF-,3 activity in
bone cultures during bone resorption (17), which may be due
to activation of TGF-i3 in the osteoclastic environment.
TGF-f31 has been shown to stimulate proliferation and activity
of osteoblastic cells in vitro (33-36) and active TGF-fl gener-
ated during osteoclastic resorption may function as a local
coupling factor and stimulate new bone formation. TGF-fl
may also complete the ongoing bone resorption process by a
prostaglandin-mediated stimulation of resorption by mature
osteoclasts and a simultaneous suppression of the recruitment
of new osteoclasts. The differences we observed in TGF-,B ef-
fects on bone resorption in fetal rat long bones and neonatal
mouse calvariae may be due to differences in cell populations
and the developmental stage of each culture system. However,
these differences may also simply reflect differences in species
or bone structure. The further characterization of these sys-
tems will therefore be important in clarifying the role of
TGF-,B on bone resorption.
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