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The stimulation of the production of osteocalcin by human osteoblast-like cells in
response to 1,25(0OH),D3 is antagonized by several agents that induce the synthesis of
prostaglandin E; (PGEj) including interleukin 1 (IL-1), tumour necrosis factor (TNF) and
parathyroid hormone {(PTH). The mechanism whereby these agents inhibit the synthesis of
osteocalcin is not known. In this report we show that exogenous PGE; inhibits this
stimulatory action of 1,25(0OH)>D3 on human osteoblast-like cells in a dose-dependent manner,
suggesting that PGE; may contribute to the inhibition of osteocalcin synthesis in response to
these agents. Assessment of the inhibitory role of endogenous PGE synthesis in the action of
rhIl-1e, rhIL-1p and thTNFa on the production of osteocalcin demonstrated that the inhibition
by these agents could be partially overcome by the addition of indomethacin, an inhibitor of
PGE; synthesis. In contrast, the inhibitory action observed with bPTH (1-84) was unaffected
by indomethacin. These observations indicate that endogenous PGE; synthesis mediates, in
part, some of the inhibitory actions of the cytokines on the induction of osteocalcin synthesis in
response to 1,25(OH)>D 3, but not of PTH. Since the antagonism of the synthesis of
osteocalcin by rhlL-1«, thIL-18 and thTNFa was not completely abolished following the
inhibition of PGE; synthesis this would indicate that additional PGE;-independent mechanisms
also account for the action of these cytokines on osteocalcin production. The nature of these
mechanisms is currently not kKnown. 1990 academic Press, Inc.

Following the discovery and characterization of prostaglandins, these fatty acid-derived
compounds have been shown to be produced by numerous tissues and to exhibit a wide
spectrum of biological activities including the regulation of bone cell metabolism (1). The first
demonstration of an effect of prostaglandins on bone was the stimulation of bone resorption
(2). This observation has subsequently been confirmed in several bone culture systems and the
relative potencies of the various prostaglandins and metabolites have been determined (1). The
observations that the major bone active prostaglandins have a short half life in the circulation
and that prostaglandins are synthesized within bone (3,4) led to the concept that prostaglandins

* Address for correspondence: Bath Institute for Rheumatic Diseases, Trim Bridge, Bath
BA1 1HD,UK.

Abbreviations used:

1,25(0H),D3, 1,25-dihydroxyvitamin Ds; rhIL-1a, recombinant human interleukin lo;
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may act as local modulators of bone metabolism. Indeed, several bone resorbing factors such
as epidermal growth factor (5), platelet-derived growth factor (6), interleukin 1 (IL-1) (7-9)
and tumour necrosis factor (TNF) (9,10) stimulate bone resorption by a mechanism partially
dependent on the stimulation of prostaglandin synthesis. Within bone, osteoblast-like cells
have been identified as a potential source of prostaglandins (1,11). In addition, prostaglandins
also exhibit regulatory actions on the osteoblast (12-16). One characteristic synthetic product
of cells of the osteoblast lineage is the bone matrix protein osteocalcin (17). Under basal
conditions, the synthesis of osteocalcin is low but may be increased several-fold by stimulation
with 1,25-dihydroxyvitamin D3 (1,25(OH);D3) (18-21). The production of osteocalcin by
normal human osteoblast-like cells, unlike malignant rat and human osteoblasts, is dependent
upon the addition of 1,25(0H);D3 (19,22). The induction of osteocalcin by 1,25(0OH),D3
occurs via transcriptional regulation of the osteocalcin gene (23) at 1,25(0OH)2D3-responsive
regions (24-27). Subsequent post-transiational modifications result in the release of a mature
single chain polypeptide with a molecular weight of approximately 6000 (28). Previous
studies have demonstrated that a number of bone active agents including IL-1 (29-31), TNF
(32) and PTH (19) antagonize the synthesis of osteocalcin by human osteoblast-like cells. The
mechanism whereby these inhibitory actions are mediated are however unknown. One
common action exhibited by these agents is the stimulation of prostaglandin E; (PGE>)
synthesis by the human osteoblast-like cells (11,30-32). For this reason we investigated the
effect of exogenous PGE; on the stimulation of the synthesis of osteocalcin and assessed the
contribution of endogenous PGE, synthesis in the inhibitory regulation of osteocalcin
production by human osteoblast-like cells in response to IL-1a, JL-18, TNFa and bovine
PTH (1-84) (bPTH (1-84).

MATERIALS AND METHODS

Materials

Tissue culture medium, Eagle’s minimal essential medium (EMEM), fetal calf serum
(FCS), L-glutamine, L-ascorbic acid, penicillin-streptomycin solution were purchased from
Gibco Ltd., Paisley, Scotland. PGE,, indomethacin and vitamin K were purchased from
Sigma Chemical Co., Ltd., Poole, Dorset, UK. Goat anti-rabbit gamma globulin (GARGG)
was purchased from Cambridge Bioscience, Cambridge, UK. 1,25(OH);D3 was a gift from
Dr M.R. Uskokovic, Hoffmann-La Roche Inc., Nutley, New Jersey, USA. Recombinant
human interleukin- 1« (rhIL-1a) was a gift from Dr P.T. Lomedico, Dept., of Molecular
Genetics, Hoffmann-La Roche Inc., Nutley, New Jersey, USA. Recombinant human
interleukin-1p (rhIL-1p) was a gift from Glaxo Group Research Ltd., Greenford Road,
Middlesex, UK. bPTH (1-84) was obtained from Dr J. Zanelli, National Institute of
Biological Standards, Mill Hill, London, UK.

Isolation and culture of human bone cells

Human bone cells were derived from surgical specimens of trabecular bone grown in
explant culture as previously described (19). The cells obtained by this method express a
stable osteoblast-like phenotype in culture (19,33,34). Cells were initially grown in tissue
culture dishes (9 cm diameter) and subsequently for experimental purposes in 24-well (1.6 cm
diameter) tissue culture multiwell plates. All experimental incubations were conducted in
EMEM containing 5% (v/v) vitamin D-depleted FCS additionally supplemented with
L-ascorbate (50 pg/ml), L-glutamine (2 mM), penicillin-streptomycin (100 U/mi/ 100 pg/ml)
and vitamin K (108 M). All experimental incubations were conducted on confluent cells at first
cell passage. Test agents were added simultaneously and the cells were incubated in the
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presence of the test agents for 72 h. Since human osteoblast-like cells do not synthesize
osteocalcin under basal conditions (19,22), 1,25(0H);D3 (10-8 M) was added to the cultures
to induce protein synthesis.

Extraction of 1,25(QH);D3 from FCS

Extraction of 1,25(OH);D3; was accomplished by adding dry Norit A charcoal (BDH
Ltd., Warwickshire, UK.) (40 mg/ml) to the FCS and incubated, with rotation, at 4°C for 2h.
The charcoal was removed by centrifugation (10,000g, 30 mins, 4°C) and the vitamin
D-depleted FCS was then sterilized by filtration through sterile 0.22 pm pore size filters.

Assay of osteocalcin and cell protein
Osteocalcin released into the culture media over a 72 h incubation period was measured

by specific radioimmunoassay using an antibody raised in rabbits to purified osteocalcin
isolated from bovine bone as described previously (19). Bovine osteocalcin was used for the
preparation of the standard and the [1251]-1abelled tracer. Antibody/osteocalcin complexes were
separated from free iodinated tracer by a second-antibody technique using GARGG. The assay
buffer consisted of 0.1M NaCl, 0.025M EDTA, 0.01M Tris, 0.1% (v/v) Tween 20 and 0.25%
(w/v) bovine serum albumin, pH 7.4. The protein content of the solubilized cell layer was
determined spectrophotometrically by the method of Lowry et al (35) using bovine serum
albumin as standard. Media osteocalcin levels were corrected to cell protein and expressed as
ng osteocalcin per ug protein.

Prostaglandin assay

Prostaglandin E; (PGE,) released into the culture medium over a 72 h incubation
period was measured by radioimmunoassay using an antiserum with specificity towards PGE;
(Steranti Research, UK) as described in (31). The PGE; levels of the culture media were
corrected to cell protein and were expressed as ng PGE, per ug cell protein. This assay can
detect PGE) levels in the culture media over the concentration range of 0.01-10 ng/ml.

Statistics

Statistical differences between treatments were determined using one way analysis of
variance. All experiments were carried out at least four times and the data shown is
representative of these studies.

RESULTS

PGE, tested over a concentration range of 10-10 M - 10-6 M exerted no detectable
effect when added alone on the synthesis of osteocalcin by the human osteoblast-like cells
(Fig. 1). However, the induction of osteocalcin synthesis in response to 1,25(OH);D3
(10-8 M) was antagonized by PGE; in a dose-dependent manner over the concentration range
of 10-9M - 10-6 M (Fig. 1). The maximal effect was observed at the highest concentration
of PGE; used, with a progressive decline in the inhibitory effect being observed as the
concentration of PGE; decreased. PGEj; at a concentration of 10-10 M exerted no marked
regulatory activity on the stimulatory effect of 1,25(0H),Ds5.

Neither rhIL-1a (10 U/ml), rthIL-1p (10 U/ml), thTNFa (10 U/ml) nor bPTH (1-84)
(10-7 M) in the presence or absence of indomethacin (10-6 M) exerted any detectable effect on
the synthesis of osteocalcin (Fig.2). In contrast, all of these agents at the stated
concentrations antagonized the stimulation of osteocalcin synthesis by the human osteoblast-
like cells in response to 10-8 M 1,25(0H),D3. The % inhibition of the 1,25(OH),D3-induced
synthesis of osteocalcin by thIL-1a, rhIL-18, thTNFa« and bPTH (1-84) was 68%, 65%,
66% and 66% respectively. The contribution of PGE; to this inhibitory action was assessed
within the same experiment by culturing the cells in the presence of the cyclooxygenase
inhibitor, indomethacin. Indomethacin (10-6 M) exerted no effect on the osteocalcin synthesis
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Fig. 1. Antagonism by PGE; of the production of osteocalcin by human osteoblast-like

cells induced in the presence of 1,25(0H);D3. Media osteocalcin levels were
measured as described in Material and Methods. Values represent

mean * S.E.M. (n=4). Significant difference from control, *** p < 0.001.
Significant difference from 1,25(0H);D;3-treated cells,

°°p<0.01, °°°p<0.001.

alone and also exerted no marked effect on the stimulation of the production of osteocalcin in
response to 1,25(0H);D3 (Fig. 2). In contrast however, indomethacin partially blocked the
antagonistic action of thIL-1q, rhIL-18 and thTNF« on the induction of osteocalcin synthesis
by 1,25(0OH)2D3; whereas the inhibitory effect exerted by bPTH (1-84) was relatively
unaffected. Following treatment with indomethacin, the % inhibition of the
1,25(0H);D3-induced synthesis of osteocalcin in response to rhIL- la, thIL-18 and thTNFa
was decreased to 47%, 37% and 55% respectively. The influence of these agents on the
synthesis of PGE; was determined by measuring the media PGE; levels in the corresponding
culture wells. There was a small basal production of PGE; which was blocked following the
treatment with indomethacin (10-6 M) (Table 1). PGE; levels were relatively unaffected by
1,25(0OH);D3 (data not shown). rhIL-1a (10 U/ml), rhIL-1p (10 U/ml), thTNFa (10 U/ml)
and bPTH (1-84) (10-7 M) stimulated the synthesis of PGE> by the human osteoblast-like
cells (Table 1). In the presence of indomethacin (10-6 M), the stimulatory action of these
agents on PGE; production was totally abolished, with media PGE; levels being undetectable

DISCUSSION

Prostaglandins have been associated with a variety of physiological and pathological
roles including the regulation of bone cell metabolism. The present studies indicate that
exogenous PGE; modulates the stimulatory action of 1,25(OH)2D3 on the synthesis of
osteocalcin by human osteoblast-like cells. We observed a dose-dependent antagonism of
protein synthesis with PGE. This effect was most pronounced at higher concentrations
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Fig. 2. The effect of rhIL-1a, thIL-18, thTNFa and bPTH (1-84) on the osteocalcin

production by human osteoblast-like cells. Media osteocalcin levels were
measured as described in Material and Methods. Values represent

mean + S.E.M. (n=4). Significant difference from control, *** p < 0.001.
Significant difference from 1,25(OH);Ds-treated cells, °°° p < 0.001.
Significant difference from 1,25(0H);D3/agent-treated cells, ® p < 0.05,
***p <0.001.

Table 1. The effect of thIL-1a, rthIL-18, thTNFa and bPTH (1-84) on the synthesis of
PGE; by human osteoblast-like cells

PGE; (ng/ug protein)

Control Indomethacin

Control 0.033 £ 0.004 0

rhiL-1a 0.634 £(0.058 *¥** 0o°°
(10 U/ml)

thIL-1p 0.674 +0.024 *** Qo°°
(10 U/ml)

thTNFa 0.388 £0.052 *** Qo°°°
(10 U/ml)

bPTH (1-84) 0.184 £0.017 *** Qo
(10-7 M)

PGE; released into the culture media was measured as described in Materials and Methods.
Cells were cultured in the presence and absence of indomethacin (10-6 M) with rhIL-1a,
rhIL-18, rhTNFa and bPTH (1-84). Values represent mean + S.E.M. (n=4). Significant
difference from control, *** p < 0.001. Significant difference from rhIL-1a-, rhIL-1p-,
rhTNFq- and bPTH (1-84)-treated cells, °°° p < 0.001.
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although significant inhibitory actions were also observed at 10-9 M. As far as we are aware
this is the first report of the modulation of osteocalcin synthesis by PGE>. An indication that
this effect was not a cytotoxic effect was obtained from visual assessment of the cell cultures
since it was not possible to discriminate between the cells treated with various concentrations of
PGE; and the untreated or 1,25(0OH),;D3-treated cells. In addition, previous studies indicate
that the higher concentrations of PGE, that inhibit the synthesis of osteocalcin also have
stimulatory actions on specific protein synthesis, namely the stimulation of plasminogen
activator activity by these cells (36).

The mechanism whereby PGE; inhibits osteocalcin synthesis by human osteoblast-like
cells is not known. However, one common action of PGE; on osteoblast-like cells is the
stimulation of adenylate cyclase activity (1,12-15,37-39). In a number of tissues including
bone, the biological activity of PGE; has been associated with the generation of cAMP (40). It
has previously been shown that the stimulation of cAMP is responsible for mediating the
induction of alkaline phosphatase activity by PGE; in the clonal MC3T3-E! osteoblast-like cell
line (39) indicating that cAMP may be important in mediating the cellular actions of PGE> in
osteoblast-like cells themselves. Recent analysis of the osteocalcin gene (24-27) indicate the
presence of cAMP-responsive regions in the 5" -flanking regions. We have previously reported
that agents that stimulate adenylate cyclase activity also antagonize the stimulation of
osteocalcin synthesis in response to 1,25(0H)D3 by human osteoblast-like cells (41). It is
possible therefore that the stimulation of the adenylate cyclase system by PGE; may mediate
the inhibitory actions of PGE; on the synthesis of osteocalcin. Whether the cells synthesizing
PGE; are the same cells that in turn respond to it by a suppression of osteocalcin synthesis is
not known. Some clonal cell lines from mouse bone have been shown to be responsive to
prostaglandins whilst others are insensitive (42). In addition, clonal cells of the UMR series of
malignant osteoblast-like cells are PGE»-responsive in terms of the stimulation of adenylate
cyclase but do not produce appreciable amounts of PGE), whereas the malignant
osteoblast-like cells of the ROS series which have a PGE;-unresponsive adenylate cyclase
produce higher levels of PGE3 (1). Clearly osteoblast-like cells exhibit a heterogeneity in the
PGE; productivity and responsiveness which may indicate that different cells within the
osteoblast lineage possess PGE- receptors and thus the ability to respond to them.

Investigations using human osteoblast-like cells have demonstrated that the
1,25(0H),D3-mediated stimulation of the synthesis of osteocalcin is inhibited following the
treatment with a number of agents including IL-1 (29-31), TNFa« (32) and PTH (19). The
mechanism whereby these effects are induced is not known, but the common association that
these agents also stimulate the synthesis of PGEj3, coupled with the inhibitory action of PGE>
on the synthesis of osteocalcin suggest the involvement of PGE in this process. It is of
interest to note that several activities of IL-1 have been reported to occur via
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prostaglandin-dependent mechanisms including the stimulation of muscle breakdown (43),
induction of fever (44), the stimulation of plasminogen activator activity by human synovial
cells (45) and the stimulation of bone resorption (7-9). In a similar manner, the decrease in
body temperature and alterations in blood glucose in response to TNFa are associated with an
elevation of PGE; synthesis (46), as is the stimulation of bone resorption (9,10). The present
studies indicate that the antagonism of the synthesis of osteocalcin by the human osteoblast-like
cells in response to rhIL-1a, rhIL-16 and thTNF« is mediated in part by the endogenous
generation of PGE;. No such effect was found in the case of bPTH (1-84).

The complete inhibition of PGE; synthesis did not totally block the inhibitory actions of
rhlL-1e, rhIL-1p and thTNFa on the synthesis of osteocalcin by the human osteoblast-like
cells. Clearly additional but unknown inhibitory regulatory mechanisms other than the
stimulation of endogenous PGE; synthesis exist for the regulation of osteocalcin synthesis. In
addition, the stimulation of PGE> synthesis does not necessarily indicate that a concomittant
suppression of osteocalcin production follows. This is observed in the present study with
bPTH (1-84) and in previous studies with glucocorticoids (19) and in some instances with
granulocyte-macrophage colony-stimulating factor (47). Clearly the mechanisms govemning the
regulation of osteocalcin synthesis are extremely complex and the nature of these
multi-regulatory sites requires further clarification. The cellular responsiveness to
1,25(0OH);D3 is mediated by specific interaction of the hormone with its nuclear localized
receptor (48). This interaction results in the covalent modification of the 1,25(OH)2D3 receptor
resulting in rapid protein phosphorylation (49). In this phosphorylated form the 1,25(0H),;D3
receptor then interacts with the vitamin D-responsive elements of the target gene (50). It is
possible that alterations in the phosphorylation of the 1,25(0OH);D3 receptor by rhiL-1a,
rhIL-1p8, thTNFa, bPTH (1-84) and PGE; may affect the interactions between the
1,25(0H),D3 receptors and the 1,25(0H);D3-responsive domains within the osteocalcin gene
(24-27). In addition, the regulation of osteocalcin synthesis in the present study is assessed by
measurement of the osteocalcin levels in the culture medium. It is not possible therefore to
determine whether these agents exert their inhibitory action on the induction of osteocalcin
synthesis in response to 1,25(OH);D3 at the level of the 1,25(OH);D3 receptor or the
subsequent events involved in the transcriptional or post-translational modification of
osteocalcin synthesis. These possibilities need to be defined by future investigation for
example by the use of mRNA probes to osteocalcin.

In conclusion, we have shown that exogenous PGE; antagonizes the stimulation of
osteocalcin synthesis in response to 1,25(0H);D 3 by the human osteoblast-like cells and that
the inhibition of osteocalcin synthesis observed with rhIL-1a, rhIL-1p and thTNFa occur by
mechanisms which are in part PGE3-dependent. In contrast, the inhibitory action observed
with bPTH (1-84) appears to occur via a PGEj-independent mechanism. PGE; appears to
represent a newly characterized regulator of osteocalcin synthesis in human osteoblast-like
cells.

200



Vol. 167, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS

This work was supported by a project grant from the Nuffield Foundation (DBE) and a
programme grant from the Medical Research Council (MT).

REFERENCES

—

Raisz, L.G. and Martin, T.J. (1983) In Bone and Mineral Research Annual 2
(W.A. Peck,ed.) pp. 286-310. Elseveir, Amsterdam.

2. Klein, D.C. and Raisz, L.G. (1970) Endocrinology 86, 1436-1440.

3. Raisz, L.G., Vanderhoek, J.Y., Simmons, H.A., Kream, B.E. and Nicolau, K.C.
(1979) Prostaglandins 17, 905-914.

4, Voelkel, E.F., Tashjian, A.H. and Levine, L. (1980) Biochim. Biophys. Acta 620,
418-428.

5. Tahjian, A.H. and Levine, L. (1978) Biochem. Biophys. Res. Commun. 85, 966-975.

6. Tashjian, A.H., Hohmann, E.L., Antoniades, H.N. and Levine, L. (1982)

Endocrinology 111, 118-124.

7. Gowen, M., Meikle, M.C. and Reynolds, J.J. (1983) Biochim. Biophys. Acta 762,
471-474.

8. Heath, J.K., Saklatvala, J., Meikle, M.C., Atkinson, S.J. and Reynolds, J.J. (1985)
Calcif. Tissue Int. 37, 95-97.

9. Stashenko, P., Dewhirst, F.E., Peros, W.J., Kent, R.L. and Ago, J.M. (1987)
J. Immunol. 138, 1464-1468.

10. Tashjian, A.H., Voelkel, E.F., Lazzaro, M., Goad, D., Bosma, T. and Levine, L.
(1987) Endocrinology 120, 2029-2036.

11. MacDonald, B.R., Gallagher, J.A., Ahnfelt-Ronn, 1., Beresford, J.N., Gowen, M.
and Russell, R.G.G. (1984) FEBS. Lett 169,49-52.

12. Yu, J.H., Wells, H., Ryan, W.J. and Lloyd, W.S. (1976) Prostaglandins 12,
501-513.

13.  Parridge, N.C., Kemp, B.E., Veroni, M.C. and Martin, T.J. (1981) Endocrinology.
108, 220-225.

14.  Atkins, D. and Martin, T.J. (1977) Prostaglandins 13,861-871.

15.  Kumegawa, M., Ikeda, E., Tanaka, S., Hanji, S., Yora, T., Sakagishi, Y., Minami,
N. and Hiramatsu, M. (1984) Calcif. Tissue Int. 36,72-76.

16.  Hakeda, Y., Nakatani, Y., Kurihara, N., Tkeda, E., Maeda, M. and Kumegawa, M.
(1985) Biochem. Biophys. Res. Commun. 126, 340-345,

17.  Rodan, G.A. and Rodan, S.B. (1983) In Bone and Mineral Research Annual 2 (W.A.
Peck,ed.) pp. 244-285. Elseveir, Amsterdam.

18.  Price, P.A. and Baukol, S.A. (1980) J. Biol. Chem. 255, 11660-11663.

19. Beresford, J.N., Gallagher, J.A., Poser, J.W. and Russell, R.G.G. (1984) Metab.
Bone Dis. Rel. Res. 5, 229-234.

20.  Kaplan, G.C., Eilon, G., Poser, J.W. and Jacobs, J.W. (1985) Endocrinology 117,
1235-1238.

21.  Chen, T.L., Hauschka, P.V., Cabrales, S. and Feldman, D.(1986) Endocrinology
118, 250-259.

22. Skjodt, H., Gallagher, J.A., Beresford, J.N., Couch, M., Poser, J.W. and Russell,
R.G.G. (1985) J. Endocrinol. 105, 391-396.

23.  Pan, L.C. and Price, P.A. (1986) J. Bone Miner. Res. 1, 20A.

24. Yoon, K., Rutledge, S.J.C., Buenaga, E. and Rodan, G.A. (1988) Biochemistry 27,
8521-8526.

25. Demay, M.B., Roth, D.A. and Kronenberg, H.M. (1989) J. Biol. Chem. 264,
2279-2282.

26. Lian, J., Stewart, C., Puchacz, E., Mackowiak, S., Shalhoub, V., Collart, D.,
Zambetti, G. and Stein, G. (1989) Proc. Natl. Acad. Sci. USA 86, 1143-1147.

27.  Theofan, G., Haberstroh, L.M. and Price, P.A. (1989) DNA 8, 213-221.

28.  Price, P.A., Poser, J.W. and Ramen, N. (1976) Proc. Nat. Acad. Sci. USA 73, 3374
3375.

29. Beresford, J.N., Gallagher, J.A., Gowen, M., Couch, M., Poser, J.W., Wood, D.D.
and Russell, R.G.G. (1984) Biochim. Biophys. Acta. 801, 58-65.

201



Vol. 167, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

30.  Gowen, M. (1988) In Monokines and Other Non-Lymphocytic Cytokines. Progress in
Leucocyte Biology, Vol. 8, (M.C. Powanda, J.J. Oppenheim, M.J. Kluger and C.A.
Dinarello. eds.) pp. 261-266. Alan R Liss Inc., New York.

31. Evans, D.B., Bunning, R.A.D., van Damme, J. and Russell, R.G.G. (1989)
Biochem. Biophys. Res. Commun. 159, 1242-1248.

32. Gowen, M., MacDonald, B.R. and Russell, R.G.G. (1988) Arthritis Rheum.
31,1500-1507.

33. MacDonald, B.R., Gallagher, J.A. and Russell, R.G.G. (1986) Endocrinology 118,

2445-2449.

34.  Beresford, J.N., Gallagher, J.A. and Russell, R.G.G. (1986) Endocrinology 119,
1776-1785.

35. Lowry, O.H., Rosebrough, R.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem.
193, 265-275.

36.  Evans, D.B., Bunning, R.A.D. and Russell, R.G.G. (1987). In Calcium Regulation
and Bone Metabolism. Basic and Clinical Aspects. Vol. 9 (D.V. Cohn, T.J. Martin
and P.J. Meunier. eds.) pp. 643. Exerpta Medica, Amsterdam.

37. Crawford, A., Atkins, D. and Martin, T.J. (1978) Biochem. Biophys. Res. Commun.
82, 1195-1201.

38. Kinoshita, N., Kato, Y., Tsuji, M., Kono, T., Hiraki, Y. and Suzuki, F. (1983)
Biochim. Biophys. Acta 757, 324-331.

39. Hakeda, Y., Nakatani, Y., Hiramatsu, M., Kurihara, N., Tsunoi, M., Ikeda, 1. and
Kumegawa, M. (1985) J. Biochem. 97, 97-104.

40.  Peck, W.A. and Klahr, S. (1979) Adv. Cyclic Nucleotide Res. 10, 89-130.

41.  Evans, D.B., Russell, R.G.G., Brown, B.L. and Dobson, P.R.M. (1989) Biochem.
Biophys. Res. Commun. 164, 1076-1085.

42. Rao, L.G., Ng, B., Brunette, D.M. and Heersche, J.N.M. (1977) Endocrinology 100,
1233-1241.

43.  Baracos, V., Rodemann, H.P., Dinarello, C.A. and Goldberg, A.L. (1983) N.Engl. J.
Med. 308,553-558.

44.  Dinarello, C.A. and Wolff, S.M. (1978) N.Engl. J. Med. 298, 607-612.

45.  Leizer, T., Clarris, B.J., van Damme, J., Saklatvala, J. and Hamilton, J.A. (1987)
Arthritis Rheum. 30, 562-566.

46.  Kettlehut, I.C., Fiers, W. and Goldberg, A.L. (1987) Proc. Natl. Acad. Sci. USA 84,
4273-4277.

47.  Evans, D.B., Bunning, R.A.D. and Russell, R.G.G. (1989) Biochem. Biophys. Res.
Commun. 160, 588-595.

48. Nomman, A.W., Roth, J. and Orci, L. (1982) Endocrine Rev. 3, 331-366.

49.  Pike, J.W. and Sleator, N.M. (1985) Biochem. Biophys. Res. Commun. 131,
378-385.

50.  Minghetti, P.P. and Norman, A.W. (1988) FASEB. J. 2, 3043-3053.

202



