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been implicated in the pathogenesis of both post-
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Osteoporosis and vasculopathy are common after or-
an transplantation and have been largely attributed to
he use of immunosuppressants. Osteoprotegerin (OPG)
s produced by osteoblastic and arterial cells, and inhib-
ts osteoclast functions by neutralizing receptor activa-
or of NF-kB ligand (RANKL). Because OPG-deficient
ice develop osteoporosis and arterial calcification, we

ssessed the effects of immunosuppressants on OPG and
ANKL expression by human osteoblastic and coronary
rtery smooth muscle cells (CASMC). Cyclosporine A,
apamycin, and FK-506 decreased OPG mRNA and pro-
ein levels in undifferentiated marrow stromal cells (by
3, 44, and 68%, respectively, P < 0.001). All three immu-
osuppressants increased RANKL mRNA levels in these
ells by 60 to 210%. In contrast to these effects on mar-
ow stromal cells, rapamycin, which may be relatively
one-sparing, increased OPG mRNA and protein pro-
uction (by 120%, P < 0.001) in mature osteoblastic cells.
yclosporine A also decreased OPG mRNA and protein
roduction (by 52%, P < 0.001) of CASMC. In conclusion,

mmunosuppressants decrease OPG mRNA and protein
roduction and increase RANKL gene expression by
arrow stromal cells, and cyclosporine suppresses OPG

roduction in CASMC. These studies thus provide a po-
ential mechanism for immunosuppressant-induced
one loss, and the propensity of cyclosporine A to cause
ascular disease. © 2001 Academic Press

Key Words: cyclosporine A; osteoblasts; osteoprote-
erin; rapamycin; stromal cell; smooth muscle cell.

Rapid development of osteoporosis and vascular
isease are common complications of organ trans-
lantation (1, 2). Immunosuppressants such as cy-
losporine A (CsA), rapamycin, and FK-506 have
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ransplant osteoporosis and vascular disease (1– 4).
owever, some studies have suggested a bone-

paring effect for rapamycin (5, 6), and a lower inci-
ence of adverse vascular effects with rapamycin and
K-506 (7, 8). Various studies have demonstrated
hat CsA administration increases osteoclastic activ-
ty and bone resorption (9, 10). Moreover, CsA has
een shown to stimulate vascular smooth muscle cell
roliferation (11) and to induce arterial smooth mus-
le cell contraction (7), which may contribute to ar-
eriosclerosis and hypertension. Although the clini-
al adverse effects of immunosuppressants on bone
etabolism and the vascular system are well appre-

iated, the molecular mechanism(s) underlying them
ave remained unclear.
Recently, receptor activator of NF-kB (RANK) ligand

RANKL) was identified as a novel member of the
umor necrosis factor (TNF) ligand superfamily and
as shown to be essential for osteoclast differentiation
nd activation (12–14). RANKL is produced by
steoblast/stromal cells, chondrocytes, mesenchymal
ells, and activated T cells, and exists in three forms: a
ell-bound form, a truncated form derived from the
ellular form by post-translational processing, and a
ecreted form (12, 15, 16). RANKL acts by binding to
ts receptor, RANK, which is located on osteoclastic
nd dendritic cells (13, 17). The stimulatory effects of
ANKL are neutralized by the decoy receptor, osteo-
rotegerin (OPG), which is produced by various cells,
ncluding stromal/osteoblastic cells and vascular
mooth muscle cells (18). RANKL-deficient mice (14)
nd transgenic mice overexpressing OPG (18) develop
steopetrosis due to decreased osteoclastogenesis and
one resorption, whereas OPG-deficient mice have se-
ere osteoporosis and arterial calcification (19), indi-
ating a potential protective role of OPG for both bone
nd vascular tissue.
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art, from increased osteoclastic bone resorption fol-
owing initiation of drug therapy after transplantation,
nd OPG represents a potent inhibitor of osteoclast
ifferentiation and function, we tested the hypothesis
hat immunosuppressants used after transplantation
lter the RANKL/OPG cytokine system by human os-
eoblastic lineage cells. We have previously shown that
lucocorticoids, agents concurrently used for immuno-
uppression, decrease OPG and increase RANKL pro-
uction by osteoblastic lineage cells (20). The possible
ffects of CsA, rapamycin, or FK-506 on this system
re, however, unknown. Moreover, because OPG may
lay a role in vascular biology, we also assessed
hether immunosuppressants alter OPG production
y vascular smooth muscle cells.

ATERIALS AND METHODS

Materials. Culture flasks and dishes were obtained from Corning
Corning, NY), cell culture medium and immunosuppressants were
urchased from Sigma (St. Louis, MO). The random primer labeling
it (Decaprime II) was from Ambion (Austin, TX) and [a-32P]-dCTP
as from DuPont-NEN (Boston, MA). The human b-actin cDNA

nsert and ExpressHyb solution were purchased from Clontech (Palo
lto, CA).

Cell cultures. RNA and conditioned medium were obtained from
he following human osteoblastic cells: (i) a conditionally immortal-
zed human marrow stromal cell line which represents the immature
ipotential osteoblast precursor phenotype and can differentiate to-
ards the osteoblastic and adipocytic phenotype (hMS) (21); (ii) a

onditionally immortalized fetal human osteoblastic cell line (hFOB)
hich displays the mature osteoblastic phenotype (22); and (iii)

oronary artery smooth muscle cells (CASMC; lot #7F0540) which
ere purchased from Clonetics (Walkersville, MD).
Both conditionally immortalized cell lines, hMS and hFOB, prolif-

rate at 33.5°C (the permissive temperature, when the temperature-
ensitive mutant SV 40 large T antigen is active) and differentiate at
9.5°C (the restrictive temperature, when the SV 40 large T antigen
s inactive) (21, 22). At the restrictive temperature, these cells are
ssentially a clonal population of normal pre-osteoblastic (hMS) and
steoblastic (hFOB) cells. The CASMC cells were grown at 37°C. All
steoblastic cells (hMS, hFOB) were maintained in phenol-free me-
ium supplemented with 10% charcoal-stripped fetal calf serum
FCS), and were grown in serum-free medium supplemented with
.125% (w/v) bovine serum albumin (BSA) for 3 days prior to RNA
solation. The CASMC were grown in SmGM-2 medium supple-

ented according to the manufacturer’s instructions with human
pidermal growth factor and human fibroblast growth factor (Clo-
etics, Walkersville, MD).

Northern blot analysis. Total RNA was isolated using the
Neasy kit and the QiaShredder from Qiagen (Hilden, Germany).
oly-A1 RNA was isolated using the PolyATract mRNA kit from
romega (Madison, WI). Five to 10 mg of total RNA or 1 mg of
oly-A1 RNA were separated on a 1.5% (w/v) agarose/formaldehyde
el and then transferred to a nylon membrane (Hybond N1, Amer-
ham, Arlington Heights, IL) by capillary blotting. The human cDNA
nserts, a b-actin cDNA that hybridized to a 2.0 kb mRNA, a full-
ength OPG cDNA that hybridized to three mRNA species of 2.9, 4.4,
nd 6.6 kb, respectively (23), and a RANKL cDNA that hybridized to
mRNA species of 2.4 kb (12) were radiolabeled using a random

rimer DNA labeling kit. Hybridization and stringent washing were
arried out as reported elsewhere (20). Band intensity was quantified
y densitometry. All experiments were carried out at least three
335
imes, and representative blots are shown. Control hybridization
ith human b-actin cDNA verified that equal amounts of RNA were

oaded.

OPG protein measurement. Conditioned medium was harvested
rom cultured cells and centrifuged to remove cell debris. OPG pro-
ein concentration was determined in triplicate measurements using
sandwich ELISA as described elsewhere (20).

Statistical analysis. Unless otherwise stated, all values are ex-
ressed as the mean 6 SEM. Student’s paired t-test was used to
valuate differences between the sample of interest and its respec-
ive control. All tests were two-tailed. For analysis of dose response,
ultiple measurement ANOVA was used. A P value of ,0.05 was

onsidered significant.

ESULTS

Regulation of OPG and RANKL production by im-
unosuppressants in human stromal and osteoblastic

ells. Because OPG mRNA steady-state levels are 8-
o 10-fold higher in the conditionally immortalized
MS cell line when cultured at 39.5°C (20, 23) (when
he cells begin to differentiate), the hMS cells were
ncubated for 48 h at 39.5°C in serum-free medium
upplemented with 0.125% (w/v) BSA and then treated
ith either vehicle (ethanol) or various immunosup-
ressants (CsA, rapamycin, and FK-506) at various
oncentrations for 24 h at 39.5°C under serum-free
onditions. CsA decreased OPG mRNA steady-state
evels in the hMS cell line in a dose-dependent fashion
by 51% at a concentration of 1 mg/ml, Fig. 1). In addi-
ion, treatment of hMS cells with rapamycin and FK-
06 also decreased OPG mRNA steady-state levels in a
ose-dependent fashion (by 33 and 79% at a concentra-
ion of 1 mg/ml, respectively, Fig. 1). Consistent with
he Northern data, treatment of hMS cells with CsA,
apamycin, and FK-506 at a concentration of 1 mg/ml
ecreased OPG protein secretion by 63, 44, and 68%,
espectively (Table 1).

FIG. 1. Regulation of OPG mRNA steady-state levels in a human
arrow stromal cell line (hMS) by immunosuppressants. Ten micro-

rams of total RNA was isolated from hMS cells treated for 24 h (at
9.5°C) with various concentrations of cyclosporine A (CsA), rapa-
ycin (RAPA), or FK-506 (FK; the numbers indicate the dose of

mmunosuppressants in ng/ml) and analyzed by Northern blot. OPG
RNA (2.9 kb) (upper panel), b-actin (2.0 kb) (lower panel).
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By contrast, rapamycin dose-dependently increased
PG mRNA steady-state levels in the hFOB cell line

which represents the mature osteoblastic phenotype)
y 128% at a concentration of 1 mg/ml (Fig. 2). Neither
sA nor FK-506 had an effect on OPG mRNA steady-
tate levels in hFOB cells (Fig. 2). Treatment of hFOB
ells with rapamycin at a concentration of 1 mg/ml
ncreased OPG protein secretion by 120% (P , 0.001),
hereas CsA and FK-506 at this concentration had no
ffect (Table 1).
We then assessed whether immunosuppressants

lso regulated RANKL mRNA steady-state levels in
steoblastic cells. Compared to vehicle-treated con-
rols, treatment with CsA, rapamycin and FK-506 in-
reased RANKL mRNA steady-state levels in hMS
ells by 60 to 210% (Fig. 3).

Osteoprotegerin Protein Secretion by Osteoblastic Lineage
Cells Treated with Immunosuppressant Drugs

OPG protein concentration
(ng/ml)

uman marrow stromal cell line (hMS)
Control 4.87 6 0.04
Cyclosporine A (1 mg/ml) 1.78 6 0.03*
Rapamycin (1 mg/ml) 2.72 6 0.03*
FK 506 (1 mg/ml) 1.55 6 0.02*
uman fetal osteoblastic cells (hFOB)
Control 1.59 6 0.02
Cyclosporine A (1 mg/ml) 1.58 6 0.03
Rapamycin (1 mg/ml) 3.50 6 0.11*
FK 506 (1 mg/ml) 1.43 6 0.02

Note. Cells were treated for 24 h with the immunosuppressant at
mg/ml, and OPG protein secretion was determined in triplicate
easurements with an ELISA. The data are presented as the
ean 6 SEM.
* P , 0.001 by Student’s paired t test.

FIG. 2. Regulation of OPG mRNA steady-state levels in a fetal
steoblastic cell line (hFOB) by immunosuppressants. Ten micro-
rams of total RNA was isolated from hFOB cells treated for 24 h (at
9.5°C) with various concentrations of cyclosporine A, rapamycin, or
K-506 (the numbers indicate the dose of immunosuppressants in
g/ml). Northern analysis demonstrated OPG mRNA (2.9 kb) (upper
anel) and b-actin (2.0 kb) levels (lower panel).
336
Regulation of OPG expression by immunosuppres-
ants in human coronary smooth muscle cells. Be-
ause OPG is produced by vascular cells (18) and OPG
eficiency is associated with vascular calcification (19),
nd since immunosuppressants adversely affect vascu-
ar function (7, 11), we also assessed whether com-

only used immunosuppressive drugs regulate OPG
RNA steady-state levels and protein secretion in cor-

nary smooth muscle cells (CASMC). Treatment of
ASMC with CsA at a concentration of 10 mg/ml de-
reased OPG mRNA steady-state levels (by 50%), while
apamycin and FK-506 had no effect (Fig. 4). Consis-
ent with the Northern analysis, CsA also decreased
PG protein secretion by CASMC cells in a dose-
ependent fashion (vehicle [normalized to 100%,
ean 6 SEM], 100 6 1.3%; CsA, 1 mg/ml, 88 6 1.0%;
sA, 10 mg/ml, 48 6 0.8%; P , 0.001 by ANOVA).
ANKL mRNA could not be detected in CASMC cells.

FIG. 3. Regulation of RANKL mRNA steady-state levels in hu-
an marrow stromal (hMS) cells by immunosuppressants as as-

essed by Northern analysis. One microgram of poly-(A1) RNA was
solated from hMS cells treated for 24 h (at 39.5°C) with either
ehicle (ethanol), cyclosporine [CsA], rapamycin [RAPA], or FK-506
FK] (each at 1 mg/ml). RANKL mRNA (2.4 kb) (upper panel), b-actin
2.0 kb) (lower panel).

FIG. 4. Regulation of OPG mRNA steady-state levels in coronary
rtery smooth muscle cells (CASMC) by immunosuppressants. Five
g of total RNA were isolated from CASMC cells treated for 24 h (at
7°C) with either vehicle (V), cyclosporine A (CsA), rapamycin
RAPA), or FK-506 (FK, each at 10 mg/ml). OPG mRNA (2.9 kb)
upper panel), b-actin (2.0 kb) (lower panel).



DISCUSSION

l
T
g
a
O
a
b
o
t
w
s
(
b
s
a

m
r
m
t
i
o
p
t
a
m
p
e
i
c
i
m
t
O
d
B
a
a
f

m
m
u
c
i
c
e
i
v
c
i
(
a
p

dihydroxyvitamin D , bone morphogenetic protein-2)
w
a
O
l

s
a
c
c
t
t
a
t
i
t
a
a
c
m
t
F
t
s
t
e
c
F
c
c
i
i
s
p
m
R
fi
m
p
t
t
q
a

c
c
c
p
c
m
b
i
T
f
t
m
d

Vol. 280, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Over the last three years, RANKL has emerged as the
ong-sought after osteoclast differentiation factor (24, 25).
he effects of RANKL include promotion of osteoclasto-
enesis, stimulation of osteoclast survival, fusion, and
ctivation as well as inhibition of osteoclast apoptosis.
PG, which neutralizes RANKL, has opposite effects,
nd has been shown to prevent ovariectomy-induced
one loss (18). In vivo, RANKL deficiency (14) and OPG
verexpression (18) resulted in increased bone mass due
o decreased osteoclast formation and activation,
hereas OPG deficiency resulted in profound osteoporo-

is due to enhanced osteoclast formation and activation
19). Because immunosuppressants increase osteoclastic
one resorption (9, 10), we hypothesized that immuno-
uppressants may modulate the expression of RANKL
nd/or OPG by stromal/osteoblastic cells.
We demonstrate here that the immunosuppressants
ost commonly employed in the clinical setting (CsA,

apamycin, FK-506) significantly decreased OPG
RNA steady-state levels and protein secretion by os-

eoblast precursor cells (human marrow stromal cells)
n a dose-dependent fashion. Moreover, the magnitude
f inhibition by these immunosuppressants was com-
arable to that of glucocorticoids (20), a potent inhibi-
or of OPG production and an agent also used as an
djunct in immunosuppressant programs. Further-
ore, we demonstrate that all of these immunosup-

ressants stimulated RANKL mRNA steady-state lev-
ls in marrow stromal cells, thus substantially
ncreasing the RANKL/OPG ratio. Our data thus indi-
ate that undifferentiated marrow stromal cells are an
mportant target for immunosuppressants in bone and

ay mediate, at least in part, the adverse effects of
hese drugs on bone resorption. Of note, RANKL and
PG regulate interactions between T cells and den-
ritic cells, and also affect early differentiation of T and

lymphocytes (13, 17). Thus, regulation of RANKL
nd OPG production by bone marrow-residing stromal
nd immune cells may also be part of the mechanism
or the immunosuppressive effects of these agents.

Our data may also provide some insights into the
echanism for the potential bone-sparing effects of rapa-
ycin (5). While rapamycin decreased OPG production in
ndifferentiated bone marrow-derived stromal cells, in
ontrast to CsA and FK-506, it increased OPG production
n the hFOB cells, which represent mature osteoblastic
ells. Thus, the negative effect of rapamycin on undiffer-
ntiated preosteoblastic cells may be compensated for by
ncreased production of OPG in mature osteoblasts in
ivo. One potential mechanism whereby rapamycin in-
reases OPG production in hFOB cells may be related to
ts stimulatory effect on osteoblastic cell differentiation
26) and its inhibitory effect on adipocytic cell differenti-
tion (27). Consistent with this concept, our group has
reviously shown that other calcitropic factors (1,25-
337
3

hich promote osteoblastic differentiation in hFOB cells,
lso increase OPG production in these cells (23), and that
PG production increases by 6-fold during osteoblastic

ineage cell differentiation (28).
A potential protective role for OPG in the vascular

ystem was suggested by its in situ localization to the
rterial wall (18) and the development of arterial calcifi-
ation in OPG-deficient mice (19). Moreover, arterial cal-
ifications in OPG knock-out mice could be prevented by
ransgenic overexpression of OPG from mid-gestation
hrough adulthood, but not by administration of OPG
fter birth (29). However, the regulation of OPG produc-
ion in vascular cells has not been studied in detail. Since
mmunosuppressants have also been implicated in post-
ransplant vascular disease (7, 11), we hypothesized that
ltered OPG production by vascular cells may represent
potential paracrine mechanism for the detrimental vas-

ular effects of immunosuppressants. We selected smooth
uscle cells for our studies because they are a well es-

ablished CsA target (7, 11). CsA, but not rapamycin or
K-506, inhibited OPG mRNA and protein production by
hese cells at non-toxic concentrations (30, 31). Of note,
tudies in an experimental arterial autograft model in
he rat have found that CsA treatment markedly accel-
rated atherogenic changes, including dystrophic calcifi-
ations, in the grafts (32). By contrast, rapamycin and
K-506 appear to have a lower incidence of adverse vas-
ular effects (7, 8). Combined with the presence of arterial
alcifications in the OPG-deficient mice (19), these find-
ngs suggest the hypothesis that CsA-induced reductions
n vascular OPG production may contribute to its propen-
ity to cause vascular disease. Although RANKL is ex-
ressed by marrow stromal/osteoblastic cells and im-
une cells such as B and T cells, we were unable to detect
ANKL mRNA in CASMC which is consistent with the
ndings of Min et al. (29). Thus, it is possible that im-
une cells infiltrating the arterial wall may initiate and

romote medial inflammation which, over time and in
he absence of sufficient concentrations of OPG, may lead
o arterial calcification. Clearly, more studies are re-
uired to assess the biologic effects of RANKL, RANK
nd OPG on the vascular system in vivo.
In summary, we show that like glucocorticoids (20),

ommonly used immunosuppressants (CsA, rapamy-
in, and FK-506) inhibited the production of the se-
reted decoy receptor OPG and stimulated RANKL
roduction by human bone marrow-derived stromal
ells. In contrast to the other agents, rapamycin, which
ay be bone sparing, increased the production of OPG

y mature osteoblastic cells, thus potentially attenuat-
ng its adverse effects on the marrow stromal cells.
hese studies therefore provide a potential mechanism

or immunosuppressant-induced bone loss. Moreover,
he effects of CsA on OPG production by vascular cells
ay also contribute to its propensity to cause vascular

isease.



ACKNOWLEDGMENTS

M
a
0
r
2

R

1

1

1

1

1

1

C. P. (1999) Evidence for a role of a tumor necrosis factor-a

1

1

1

1

2

2

2

2

2

2

2

2

2

2

Vol. 280, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
The authors acknowledge the excellent technical assistance of Ms.
arcy J. Schroeder, Ms. Roberta A. Soderberg, Ms. Bethany Ngo,

nd Ms. Manuela Kauss. This work was supported by Grant AG-
4875 from the National Institutes of Health (to Dr. Khosla) and a
esearch grant from Deutsche Forschungsgemeinschaft (Ho 1875/
-1) (to Dr. Hofbauer).

EFERENCES

1. Luke, R. G. (1994) New issues in therapy after renal transplan-
tation. N. Engl. J. Med. 331, 393–394.

2. Epstein, S. (1996) Post-transplantation bone disease: The role of
immunosuppressive agents and the skeleton. J. Bone Miner. Res.
11, 1–7.

3. Spencer, C. M., Goa, K. L., and Gillis, J. C. (1997) Tacrolimus.
Drugs 54, 925–975.

4. Cvetkovic, M., Mann, G. N., Romero, D. F., Liang, X. G., Ma, Y.,
Jee, W. S., and Epstein, S. (1994) The deleterious effects of
long-term cyclosporine A, cyclosporine G, and FK-506 on bone
mineral metabolism in vivo. Transplantation 57, 1231–1237.

5. Romero, D. F., Buchinsky, F. J., Rucinski, B., Cvetkovic, M.,
Bryer, H. P., Lang, X. G., Ma, Y. F., Jee, W. S., and Epstein, S.
(1995) Rapamycin: A bone sparing immunosuppressant? J. Bone
Miner. Res. 10, 760–768.

6. Joffe, I., Katz, I., Sehgal, S., Bex, F., Kharode, Y., Tamasi, J., and
Epstein, S. (1993) Lack of change of cancellous bone volume with
short-term use of the new immunosuppressant rapamycin in
rats. Calcif. Tissue Int. 53, 45–52.

7. Epstein, A., Beall, A., Wynn, J., Mulloy, L., and Brophy, C. M.
(1998) Cyclosporine A, but not FK506, selectively induces renal and
coronary artery smooth muscle contraction. Surgery 123, 456–460.

8. Schmid, C., Heeman, U., Azuma, H., and Tilney, N. L. (1995)
Rapamycin inhibits transplant vasculopathy in long-surviving
rat heart allografts. Transplantation 60, 729–733.

9. Movsowitz, C., Epstein, S., Ismail, F., Fallon, M., and Thomas, S.
(1989) Cyclosporin A in the oophorectomized rat: unexpected
severe bone resorption. J. Bone Miner. Res. 4, 393–398.

0. Epstein, S. (1991) Cyclosporine friend or foe? Calcif. Tissue Int.
49, 232–234.

1. Hu, S. J., Fernandez, R., and Jones, J. W. (1999) Cyclosporine A
stimulates proliferation of vascular smooth muscle cells and
enhances monocyte adhesion to vascular smooth muscle cells.
Transplant. Proc. 31, 663–665.

2. Lacey, D. L., Timms, E., Tan, H.-L., Kelly, M. J., Dunstan, C. R.,
Burgess, T., Elliott, R., Colombero, A., Elliott, G., Scully, S., Hsu,
H., Sullivan, J., Hawkins, N., Davy, E., Capparelli, C., Eli, A.,
Qian, Y. X., Kaufman, S., Sarosi, I., Shalhoub, V., Senaldi, G.,
Guo, J., Delaney, J., and Boyle, W. J. (1998) Osteoprotegerin
(OPG) ligand is a cytokine that regulates osteoclast differentia-
tion and activation. Cell 93, 165–176.

3. Anderson, M. A., Maraskovsky, E., Billingsley, W. L., Dougall,
W. C., Tometsko, M. E., Roux, E. R., Teepe, M. C., DuBose, R. F.,
Cosman, D., and Galibert, L. (1997) A homologue of the TNF
receptor and its ligand enhance T-cell growth and dendritic-cell
function. Nature 390, 175–179.

4. Kong, Y.-Y., Yoshida, H., Sarosi, I., Tan, H.-L., Timms, E., Cap-
parelli, C., Morony, S., Oliveira-dos-Santos, A. J., Van, G., Itie,
A., Khoo, W., Wakeham, A., Dunstan, C. R., Lacey, D. L., Mak,
T. W., Boyle, W. J., and Penninger, J. M. (1999) OPGL is a key
regulator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature 397, 315–323.

5. Lum, L., Wong, B. R., Josien, R., Becherer, J. D., Erdjument-
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