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The activities of bone fonning osteoblasts and bone 
resorbing osteoclasts are regulated in physiological 
bone metabolism by several endocrine and paracrine 
factors, including peptide and steroid hormones as 
well as a variety of cytokines and growth factors 
(reviewed by Vaes 1988, Suda et al. 1992). Recently 
it has been demonstrated that also proto-oncogenes 
(c-fos and c-src) are involved in the regulation of 
bone cell activities (reviewed by Suda et al. 1995). 
Several pathological conditions, e.g. inflammation, 
tumors, Paget disease, intraosseous cysts, hyperpara- 
thyroidism, osteoporosis, also influence the activity 
of bone cells by the release of endocrine and para- 
crine factors. This may give rise to loss of bone tissue 
or to new bone formation. Inflammatory processes in 
the vicinity of the skeleton, e.g. rheumatoid arthritis, 
periodontitis and osteomyelitis, frequently result in 
loss of bone. The disappearance and changes in the 
architecture of bone tissue in these diseases are most- 
ly a result of locally activated bone resorbing osteo- 
clasts, although inhibition of bone forming osteo- 
blasts also may contribute. 

The pathogenesis of inflammation induced osteo- 
clast activation is not well understood, but the com- 
mon view is that factors produced in the inflammato- 
ry reaction enhance osteoclastic bone resorption by 
mechanisms involving both activation of latent multi- 
nucleated osteoclasts and stimulation of late mononu- 
clear osteoclast progenitor cells present within or in 
the vicinity of the periosteum. This leads to more 
actively bone resorbing osteoclasts and to enhanced 
number of these multinucleated cells. Much efforts 
have been made to clarify which factor(s) in the 
inflammatory processes that are responsible for the 
local activation of osteoclasts. Current knowledge is 
summarized in Figure I. Several cytokines produced 
by lymphocytes and monocytes have been shown to 
be able to stimulate or inhibit bone resorption and 
bone formation. This list includes interleukin- 1 (IL- 
l a ,  IL-IB), IL-3, IL-4, IL-6, IL-11, tumor necrosis 

factors (TNF-a, TNF-B), granulocyte-rnacrophage 
colony stimulating factor (GM-CSF), M-CSF, leuke- 
mia inhibitory factor (LIF), as well as growth factors 
such as transforming growth factor B (TGF-B) and 
platelet-derived growth factor (PDGF; Gowen 1992). 
In inflammatory processes not only cytokines and 
growth factors are produced, but also several inflam- 
matory mediators. We have recently shown that fac- 
tors produced during inflammation by the kallikrein- 
kinin system and the coagulation cascade can stimu- 
late bone resorption. The kinins generated in the kal- 
likrein-kinin system-bradykinin and kallidin-were 
previously most well known for their effects on vas- 
cular dilatation, vessel permeability and pain. The 
end product of the coagulation cascade-thrombin- 
was known mainly for its capacity to release fibrin 
from fibrinogen. During the last decade, however, it 
has been reported that kinins and thrombin, in a hor- 
mone-like manner, affect the activity of a variety of 
cells, similar to the cytokines and growth factors. 
This review will briefly summarize the activation of 
the kallikrein-kinin system and the coagulation cas- 
cade and effects of kinins and thrombin on bone 
metabolism. For more extensive reviews, see Lemer 
1992, 1994. 

Activation of the kallikrein-kinin system 
and the coagulation cascade 

The key factor in the activation of the kallikrein-kinin 
system and the coagulation cascade is the Hageman 
factor (factor XII), which by unknown mechanisms is 
activated in inflammatory processes. The activated 
Hageman factor has enzymatic activity which can use 
both prekallikrein and coagulation factor XI as sub- 
strates. 

Prekallikrein is a single-chain plasma protein syn- 
thesized by the liver and which is cleaved by activat- 
ed Hageman factor into one heavy and one light chain 
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INFLAMMATION 

Thrombin 

Figure 1, In Inflammatory processes several cytokines and growth factors, as well as proinflammato- 
ry mediators produced in the kallikrein-kinin system and the coagulation cascade, are present which 
can affect the bone forming osteoblasts and the bone resorbing osteoclasts. The interactions 
between these factors and the bone cells most frequently leads to bone loss, but in some cases can 
result in new bone formation 

linked together by a disulfide bond. The enzymatic 
activity in the light chain preferentially uses high 
molecular weight kininogen (HMW-kininogen) as 
substrate. The kininogens, HMW-kininogen (molec- 
ular weight 120,000) and low molecular weight kini- 
nogen (LMW-kininogen; molecular weight 70,000) 
are liver proteins circulating in serum. The plasma 
prekallikrein releases the biologically active nine 
amino acid peptide bradykinin (H-Arg-Pro-Pro-Gly- 
Phe-Ser-Pro-Phe- Arg-OH) from HMW-kininogen. In 
addition to this circulating prekallikrein, several tis- 
sues contain a related enzyme called tissue kallikrein. 
This enzyme releases the decapeptide kallidin (Lys- 
bradykinin) from both HMW- and LMW-kininogens. 
Kallidin and bradykinin have overlapping biological 
effects which may by due to either that kallidin has 
affinity to the bradykinin receptor or that kallidin is 
converted to bradykinin by arginine aminopeptidase. 
It has been suggested that tissue kallikrein is more 
important for kinin generation in inflammatory pro- 
cesses since this enzyme can use both kininogens as 
substrate and since tissue kallikrein is less susceptible 
than plasma kallikrein to inactivation by protease 
inhibitors. 

The half-life of kinins is short since these peptides 
are locally degraded by several protesases. The car- 
boxyterminal Arg is cleaved off by kininase I leading 
to generation of des-Arg9-bradykinin and des-Arg'O- 
kallidin. In many tissues, these peptides are biologi- 
cally inactive, but in some they cause effects similar 
to those of bradykinin and kallidin. Kininase 11, also 
known as angiotensin-converting enzyme, further 

degrades des-Arg9-bradykinin or des-Arg'O-kallidin 
to inactive penta- and tripeptides. 

Activation of the Hageman factor in inflammatory 
processes thus leads to generation of kinins and 
thrombin, factors which cause several characteristic 
features of inflammation including edema, pain and 
extravascular fibrin deposition. In periodontal dis- 
ease increased kallikrein activity and kinin levels 
have been demonstrated in gingival exudates, similar 
to findings in synovial fluid from patients with rheu- 
matoid arthritis, gout and psoriasis-associated 
arthritis. Extravasacular fibrin deposition has been 
observed both in synovial tissue from patients with 
rheumatoid arthritis and in gingival tissue from 
patients with periodontal disease. Studies during 
recent years have shown that kinins and thrombin not 
only act as proinflammatory mediators, but also can 
affect the activity of connective tissue cells in the 
vicinity of inflammatory processes. Thus, kinins and 
thrombin initiate cell proliferation and prostaglandin 
biosynthesis in a variety of different fibroblasts. As 
will be discussed in detail below, we have reported 
that kinins and thrombin can stimulate bone resorp- 
tion. 

Effects of kinins on bone metabolism 
Bone resorption 
Bradykinin and kallidin, at concentrations of 3 nM 
and above, time- and dose-dependently stimulate 
bone resorption in neonatal mouse calvarial bones. 
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The effect of bradykinin in this system is due to 
enhanced recruitment of multinucleated osteoclasts 
and is inhibited by the specific osteoclast inhibitor 
calcitonin (Gustafson et al. 1986, Lemer et al. 1987). 
Whether or not bradykinin, in addition, directly or 
indirectly stimulate preexisting multinucleated osteo- 
clasts or if kinins can stimulate osteoclasts formation 
in bone marrow cultures have not been assessed 
hitherto. The degree of stimulation by bradykinin and 
kallidin is less than that induced by parathyroid hor- 
mone (PTH) or 1,25(0H),-vitamin D3, probably 
because bradykinin is degraded to inactive peptides 
in the long-term organ cultures used in the bone 
resorption bioassay. In line with this view, we have 
shown that kininase inhibitors potentiate the bone 
resorptive effect of bradykinin, but not that of PTH. 
Interestingly, des-Arg9-bradykinin also is a potent 
stimulator of bone resorption in vitro (Ljunggren and 
Lemer 1990). Since des-Arg9-bradykinin can be 
formed in the bone organ cultures used for assess- 
ment of bone resorbing activity, the relative impor- 
tance of bradykinin and des-Arg9-bradykinin in the 
bone resorptive effect of bradykinin is an open ques- 
tion. This point is particularly interesting since the 
two peptides use different receptors. 

In the mouse calvarial assay, most stimulators of 
bone resorption also enhance the formation of prosta- 
glandins. The stimulatory effect of bradykinin and 
kallidin on bone resorption is abolished by several 
non-steroidal antiinflammatory drugs, including 
indomethacin, meclofenamic acid, flurbiprofen and 
naproxen. In contrast, the stimulatory actions of PTH, 
1,25(OH)pitamin D3 and TGF-I3 are unaffected, 
whereas those of IL-1 and TNF are partially reduced 
by these drugs (Lemer et al. 1987, 1991, Lerner and 
Ohlin 1993, Lemer 1995). These observations show 
that activation of endogenous prostaglandin produc- 
tion is a prerequisite for kinin-induced resorption. 

Prostaglandin biosynthesis 
In line with the observation that inhibitors of prosta- 
glandin biosynthesis abolish the bone resorptive 
effect of bradykinin and kallidin, we have found that 
these peptides stimulate the formation of PGE, and 
PGI, in intact bones, in enzymatically isolated pri- 
mary osteoblasts from mouse calvariae, in a cloned 
non-transformed mouse calvarial osteoblastic cell 
line (MC3T3-E1), in a human osteoblastic osteosar- 
coma cell line (MG-63) and in non-enzymatically 
isolated human bone cells (Lemer et al. 1989, 
Ljunggren et al. 1990). In the rat osteosarcoma cell 
lines ROS 17/23 and UMR 106-01, no effect by the 
kinins on prostaglandin production can be observed 
probably because the spontaneous release of PGE2 in 

ROS 17/2.8 is very high and the capacity of UMR 
106-01 to synthesize prostaglandins is vet-y low. 
Kinins cause a burst of prostaglandin production in 
all these cell types with an optimal effect after 5-10 
min, whereas IL-1, TNF and TGF-R have no effect at 
these early time points and cause a maximal effect 
after 18-24 h. Similarly, the stimulatory effect of des- 
Arg9-bradykinin on prostaglandin formation in bone 
cells is substantially delayed. These findings indicate 
that bradykinin and kallidin activate prostaglandin 
biosynthesis by a molecular mechanism different 
from that induced by cytokines and des-Arg9-brady- 
kinin. 

Receptors and signal transducing mechanisms 
Using pharmacological methods and different kinins 
and kinin analogues with agonistic and antagonistic 
properties, at least two separate kinin receptors have 
been demonstrated, designated B1 and B2 receptors. 
The B2 receptors have affinity to bradykinin and kal- 
lidin and are the receptor subtype most frequently 
distributed in different cell types. The B1 receptors 
preferentially recognize des-Arg9-bradykinin and 
des-Arg'O-kallidin. The cDNAs for the rat and human 
B2 receptors have been cloned and encode receptor 
proteins belonging to the superfamily of rhodopsin- 
like receptors with seven putative transmembrane 
spanning domains (McEachern et al. 1991). 

The receptors for hormones and cytokines stimu- 
lating bone resorption are, surprisingly, located in the 
bone forming osteoblasts and nn+ in mature osteo- 
clasts or their mononuclear precursor cells (Vaes 
1988). The activation of bone resorption is mediated 
by an hitherto not fully understood interaction 
between osteoblasts and osteoclasts. We have shown 
that receptors for bradykinin also are located on oste- 
oblasts. Thus, mouse, rat and human osteoblasts have 
B2 bradykinin receptors coupled to a burst of prosta- 
glandin formation (Ljunggren et al. 1991 a). 
Occupancy of these receptors gives rise to a rapid 
transient increase of intracellular calcium indepen- 
dent of extracellular calcium, to enhancement of 
inositol phosphate formation and increased activity 
of protein kinase C (Ljunggren et al. 1991 b, 
Ljunggren et al. 1993). These observations suggest 
that B2 bradykinin receptors use phospolipase C 
mediated turnover of phosphatidylinositol-4,5- 
bisphosphate as signal transducing mechanism. 
Using bradykinin analogues with agonistic and 
antagonistic properties, the existence of B 1 receptors 
on osteoblasts has also been demonstrated. These 
receptors are linked to a delayed stimulation of pros- 
taglandin biosynthesis and are not associated with 
any changes in phosphatidyl-4,5-bisphosphate 
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Figure 2. Schematical drawing of hypothetical mechanisms involved in bradykinin-induced bone 
resorption via 82 and 81 receptors. Occupancy of bradykinin 82 receptors in osteoblasts is linked to 
phospholipase C (PLC) mediated turnover of phosphatidylinositol-4,5-bisphosphate (PIP,) with the 
formation of the two intracellular second messengers inositol-l,4,5-trisphosphate (IP3) and diacylgly- 
cerol (DAG). IP, then causes a rapid transient increase of intracellular calcium (Ca2+i) by releasing 
Caz+ from intracellular stores and DAG activates protein kinase C (PKC). Caz+i and PKC, in a syner- 
gistic manner, activates phospholipase A, (PLA,) which releases arachidonic acid (AA) from mem- 
brane bound phospholipids (PL) with subsequent burst of prostaglandin E, (PGE,) formation. PGE, 
finally stimulates the formation of mature osteoclasts from a precursor pool of osteoclast progenitor 
cells. Occupancy of bradykinin 61 receptors leads by an unknown mechanism to a delayed stimula- 
tion of PGE, biosynthesis and then to osteoclast activation. 

metabolism. These findings suggest that the molecu- 
lar basis for BI and B2 receptor activation is quite 
different and involves different signal transducing 
mechanisms. The existence of B1 and B2 receptor 
subtypes on osteoblasts has also been demonstrated 
with the use of specific radiolabelled ligands (Santora 
1989, Ljunggren et al. 1991 a). In Figure 2 is sche- 
matically shown our hypothesis by which bradykinin 
activates osteoblasts and the mechanism by which 
this receptor activation leads to osteoclast activation 
and bone resorption. 

Effects of thrombin on bone metabolism 
Bone resorption 
Thrombin, both bovine and human, was first shown 
to stimulate bone resorption in cultured neonatal 
mouse calvariae (Gustafson and Lemer 1983). Later, 
Hoffmann et al. reported that bovine thrombin stimu- 
lates bone resorption also in cultured fetal rat long 
bones (Hoffmann et al. 1986). Similar to bradykinin, 
the effect is delayed for 24 hours and is inhibited by 
calcitonin, suggesting that the mechanism involves 
recruitment of new osteoclasts. The stimulatory 
effect of thrombin is partially inhibited by several 

non-steroidal cyclooxygenase inhibitors (Lerner and 
Gustafson 1988). Glucocorticoids are more potent 
inhibitors of thrombin-induced resorption probably 
by interacting with a mechanism of action unrelated 
to prostaglandin biosynthesis. These findings suggest 
that prostaglandins contribute, but are not a prerequi- 
site for the bone resorptive effect of thrombin, simi- 
larly to IL-1 and TNF. 

Thrombin is a multifunctional protein with both 
enzymatic and non-enzymatic activities, including 
procoagulant activity and pleiotropic, hormone-like, 
cellular effects such as cell proliferation and chemo- 
taxis of monocytes (Fenton 1986). Stem et al. (1990) 
have shown that catalytically inactivated y-thrombin 
does not stimulate bone resorption but that y-throm- 
bin possess such an activity, showing that the site of 
thrombin molecule responsible for bone resorption is 
different from that involved in chemotaxis. 

Thrombin has not only effects on bone resorption, 
but has also been shown to stimulate proliferation of 
a variety of different osteoblasts (Tatakis et al. 1989) 
and the biosynthesis of type I collagen in the human 
osteosarcoma cell line MG-63 (Lemer et al. unpub- 
lished), indicating that thrombin may be an anabolic 
agonist in bone. 
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Prostaglandin biosynthesis 
Thrombin stimulates prostaglandin formation in 
chicken, rat and mouse osteoblasts (Feyen et al. 1984, 
Partridge et al. 1985, Ljunggren et al. 1991 c). 
Similar to bradykinin acting via the B2 receptors, but 
at variance with IL-I, TNF and TGF-5, thrombin 
causes a burst of PGE, and PGI, biosynthesis with 
maximal effect at 5-10 minutes. 

Receptors and signal transducing 
mechanisms 
Although radioligand studies have shown that differ- 
ent cells express specific binding sites for thrombin, 
very little is known on the interaction between throm- 
bin and cellular receptors. Recently, however, it was 
demonstrated that platelets express a thrombin bind- 
ing receptor with an aminoterminal extracellular 
domain, seven transmembrane spanning loops and a 
carboxytermindl intracellular end (Coughlin et al. 
1992). The thrombin receptor is unique since after 
binding to the aminoterminal end, thrombin cleaves 
the receptor at a specific site and releases an inactive 
peptide and thereby exposes a new aminoterminal 
extension, which then is responsible for cell activa- 
tion. It is not known if bone cells express this or 
another thrombin receptor. It was, however, recently 
reported that a pentapeptide corresponding to a small 
region of the new aminoterminal end of the thrombin 
receptor with capacity to activate platelets, stimulates 
plasminogen activator inhibitor-1 production in rat 
osteoblasts (Allan and Martin 1995). 

The receptor for thrombin seems to be located in 
osteoblasts, in agreement with findings for other 
stimulators of bone resorption. This receptor is likely 
to be linked to phosphatidylinositol-4,5-bisphosphate 
as signal transducing mechanism since thrombin 
causes an acute, transient rise of intracellular calcium 
independently of extracellular calcium in human 
osteosarcoma cell lines and in the mouse osteoblastic 
cell line MC3T3-El (Ljunggren et al. 1991 c). 
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