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Abstract

Interleukin-6 is an essential mediator of the bone loss caused
by loss of estrogens. Because loss of androgens also causes

bone loss, we have examined whether the IL-6 gene is regu-

lated by androgens, and whether IL-6 plays a role in the
bone loss caused by androgen deficiency. Both testosterone
and dihydrotestosterone inhibited IL-6 production by mu-

rine bone marrow-derived stromal cells. In addition, testos-
terone, dihydrotestosterone, and adrenal androgens inhib-
ited the expression of a chloramphenicol acetyl transferase
reporter plasmid driven by the human IL-6 promoter in
HeLa cells cotransfected with an androgen receptor expres-

sion plasmid; however, these steroids were ineffective when
the cells were cotransfected with an estrogen receptor ex-

pression plasmid. In accordance with the in vitro findings,
orchidectomy in mice caused an increase in the replication
of osteoclast progenitors in the bone marrow which could
be prevented by androgen replacement or administration
of an IL-6 neutralizing antibody. Moreover, bone histomor-
phometric analysis of trabecular bone revealed that, in con-

trast to IL-6 sufficient mice which exhibited increased osteo-
clast numbers and bone loss following orchidectomy, IL-6
deficient mice (generated by targeted gene disruption) did
not. This evidence demonstrates that male sex steroids, act-
ing through the androgen-specific receptor, inhibit the ex-

pression of the IL-6 gene; and that IL-6 mediates the upreg-

ulation of osteoclastogenesis and therefore the bone loss
caused by androgen deficiency, as it does in estrogen defi-
ciency. (J. Clin. Invest. 1995. 95:2886-2895.) Key words:
osteoclast development * testosterone * osteoporosis * adre-
nal androgens * interleukin-6 knockout mouse

Introduction

A series of recent observations by us and others have elucidated
a link between estrogens, IL-6, and the bone loss associated
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with estrogen deficiency (1). Thus, 17,6-estradiol inhibits the
production of IL-6 by cells of the stromal/osteoblastic lineage
from rodents and humans (2). This effect is apparently medi-
ated at the level of gene transcription, as evidenced by the fact
that 176-estradiol inhibits the stimulated activity of the human
IL-6 gene promoter by an estrogen receptor-dependent mecha-
nism (3). Upon loss of ovarian function, IL-6 production is
increased in ex vivo cultures of marrow cells from ovariecto-
mized mice, compared with cultures of marrow cells from sham-
operated animals (4). Similarly, IL-6 secretion is increased in
human bone marrow after menopause or after discontinuation of
estrogen replacement therapy (5). Furthermore, loss of ovarian
function in mice causes an upregulation of osteoclast precursor
formation in the marrow as well as an increase in the number
of osteoclasts in trabecular bone. These changes are apparently
mediated by IL-6 as evidenced by the ability of an IL-6 neu-
tralizing antibody to prevent them (6). Consistent with this
evidence, IL-6-deficient mice do not lose bone upon ovariec-
tomy (7).

Inherited or acquired disorders of testicular function are
associated with bone loss. Indeed, congenital male hypogo-
nadism is associated with osteoporosis (8- 10); and bone mass
in these individuals can be increased by administration of testos-
terone. Similarly, castration in men causes increased bone re-
sorption and bone loss (11, 12). In addition, low levels of
testosterone correlate with decreased bone mineral density and
increased risk of fracture in elderly men (13-15). As in hu-
mans, orchidectomy in the rat causes bone loss that is character-
ized by increased endosteal bone resorption, as well as loss of
trabecular bone and increased osteoclast numbers. These
changes can be prevented by administration of either testoster-
one or dihydrotestosterone (16).

Based on the evidence linking IL-6, osteoclastogenesis and
bone homeostasis with estrogen loss (2-7), and the observation
that testosterone also inhibits IL-6 production by bone marrow
stromal cells (2), we have hypothesized that the bone sparing
effect of androgens is due to their ability to inhibit IL-6 produc-
tion; and that IL-6 is the mediator of the bone loss that follows
loss of testicular function. To test this hypothesis, we have
performed in vitro studies to examine the mechanism of the
regulation of the IL-6 gene by androgens and the role of the
androgen receptor in this effect. In addition, we have investi-
gated whether orchidectomy in mice causes an 11-6-mediated
upregulation of osteoclastogenesis and bone loss in the male,
as occurs upon ovariectomy in the female.

Methods

Chemicals and reagents. Recombinant human IIL-1,3, s.a. 1.8 x 107 U/
mg, was donated by the Biological Resources Branch of the Biological
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Response Modifiers Program, Division of Cancer Treatment, National
Cancer Institute, (Frederick, MD). Recombinant murine TNFa, s.a. 4
X 107 U/mg, and recombinant murine IL-6, s.a. 1.66 x 108 U/mg,
were purchased from Genzyme Corp. (Boston, MA). 17,6-estradiol,
dexamethasone, diethylstilbestrol (DES), triamcinolone (TRM), testos-
terone, dihydrotestosterone, androstenediol, androstenedione, dehydro-
epiandrosterone sulfate, and phorbol 12-myristate 13-acetate (TPA)'
were purchased from Sigma Chemical Co. (St. Louis, MO). The andro-
gen receptor ligand methyltrienolone (R1881), [17a-methyl-3H] meth-
yltrienolone (3H-R1881, 86.9 Ci/mmol) and promegestone (R5020)
were purchased from New England Nuclear (Boston, MA). i- [dichlo-
roacetyl-l-'4C]Chloramphenicol (50-60 mCi/mmol) was purchased
from Amersham Corp. (Arlington Heights, IL). Plasmid pCHl Owhich
encodes /3-galactosidase was purchased from Pharmacia (Piscataway,
NJ). pBluescript II was purchased from Stratagene (La Jolla, CA).
pUCAT-l was generously provided by Dr. Dan Spandau (Indiana Uni-
versity). The human estrogen receptor expression plasmid was provided
by Dr. P. Chambon (INSERM Unit 184, Strasbourg, France). The
human androgen receptor expression plasmid was provided by Dr.
J. W. Pike (Ligand Pharmaceuticals, San Diego, CA).

Cells and culture conditions. The + / + LDA. 11 stromal cell line was
established from hematopoietically inactive long-term murine marrow
cultures as previously reported (2). Cells were maintained in phenol
red-free McCoy's SA medium (Sigma Chemical Co.) supplemented
with 10% FBS (Hyclone, Logan, UT), penicillin (100 U/ml), and
streptomycin (100 jg/ml), at 37°C in 5% CO2 in air. At confluence,
the media were removed and replaced with fresh media containing 2%
FBS, and cultures were continued for another 24 h before performing
the receptor binding studies. HeLa cells used for the transfection experi-
ments were obtained from American Type Culture Collection (Rock-
ville, MD) and maintained in DMEsupplemented with 5% FBS.

Quantification ofIL-6 secretion by +/+ LDA.JI cells. +/+ LDA. 11
cells were seeded in 2 cm2 wells at 105/well and cultured in 1.0 ml of
phenol red-free McCoy's SA medium supplemented with 10% FBS,
penicillin (100 U/ml), and streptomycin (100 ug/ml) at 37°C in 5%
CO2. After 24 h, the medium was replaced with fresh medium containing
2%FBS without or with various concentrations of testosterone or dihy-
drotestosterone. 20 h later, recombinant human IL-1/ (500 U/ml) and
recombinant human TNFa (50 U/ml) were added and the cultures
maintained for an additional 24 h. Then, the media was collected and
stored at -70°C. The cell layer was rinsed with PBS and cells were
harvested by trypsinization and counted in a Coulter counter (Coulter
Electronics, Hialeah, FL). IL-6 levels in culture supernatants were deter-
mined using the B9 cell bioassay as we have previously described (2).
Briefly, B9 cells (5 x 103/well of a 96-well plate) were cultured in a
series of dilutions of the supernatants in a final volume of 200 pI of
RPMI 1640 (GIBCO BRL, Gaithersburg, MD) supplemented with 5
x 10-5 M 2-mercaptoethanol and 10% FBS. After 42 h, 0.5 jiCi of
[3H]thymidine (Amersham, Arlington Hts., 11L) was added. 6 h later,
the cells were harvested and incorporated radioactivity was counted. IL-
6 was quantified using a standard curve set up with known amounts of
recombinant murine IL-6. The quantity of 1L-6 measured in the culture
supernatant of each well was corrected for the number of cells present
in each well and is expressed as ng/ml per 105 cells. Culture supernatants
were diluted at least 400-fold before bioassay. Neither testosterone nor
dihydrotestosterone influenced IL-6-stimulated B9 cell proliferation
when tested at concentrations corresponding to those present in the
diluted culture supernatants (< 2.5 x 10-10 M).

Androgen binding studies. Androgen binding studies were per-
formed using cytosol preparations of +/+LDA11 cells as previously
described (17), using [3H]R1881 as the ligand. Briefly, 150-200

1. Abbreviations used in this paper: CAT, chloramphenicol acetyl trans-
ferase; CFU-GM, colony forming units-granulocytes/macrophages; CT,
calcitonin; IL-Ira, interleukin-l receptor antagonist; R1881, methyltri-
enolone; TPA, phorbol 12-myristate 13-acetate; TRAPase, tartrate-resis-
tant acid phosphatase.

x 106 cells were harvested by trypsinization and washed twice in PBS,
resuspended at 40C in a buffer consisting of 10 mMTris-HCI, pH 7.4,
1 mMEDTA, 5 mMdithiothreitol, 1 mMphenylmethylsulfonyl fluoride,
1 mg/ml leupeptin, 0.5 mg/ml pepstatin, 1 mg/ml aprotinin, 0.3 MKCI,
and 1 mMsodium molybdate. The cells were sonicated on ice (Sonifier
cell disrupter, Heat Systems-Ultrasonics, Inc., Plainview, NY), and cen-
trifuged for 1 h at 105,000 g in a Beckman L8-55 ultracentrifuge (Beck-
man Instruments, Palo Alto, CA). Aliquots of the cytosolic fractions
(100 ILI) were incubated at 40C for 3 h (in triplicate) with 0.05-1.0
nM [3H]R1881. Parallel aliquots were incubated in the presence of 100-
fold molar excess of nonradioactive RI 881. At the end of the incubation,
bound and free steroids were separated by a 15-min incubation with
dextran-coated charcoal suspension on ice (1.25% Norit A and 0.125%
Dextran T-70 in 0.1% gelatin buffer containing 0.1 MNaH2PO4, 0.15
MNaCI, and 0.015 Msodium azide), and subsequent centrifugation at
2,500 g for 20 min. Radioactivity was determined in supernatants using
a liquid scintillation counter. Specific binding was determined by sub-
tracting the mean cpm in the presence of unlabeled R1881 (or other
unlabeled steroid) from the mean cpm of the corresponding tubes con-
taining only 3H-R1881. The protein concentration of cytosol prepara-
tions was determined using a Bio-Rad protein assay kit (Hercules, CA).
For Scatchard analysis, the best fit line was determined by linear regres-
sion and a 3 test influence diagnostic (Cook's distance, leverage coeffi-
cient, and DFHITS) was performed to detect outliers that could have a
disproportionately strong influence on the calculation of the regression
line (18).

Construction of the reporter plasmid. The human IL-6 promoter was
amplified by polymerase chain reaction using human genomic DNAas
the template, and primers and conditions described elsewhere (3). The
1.2-kb long promoter was subsequently subcloned into the reporter plas-
mid pUCAT-l and its identity with the known sequence of the human
IL-6 promoter was confirmed by restriction mapping and sequencing.
For the work presented in this paper, a reporter plasmid containing the
225-pb proximal portion of the promoter (IL-6-CAT) was prepared by
digesting the 1.2 kb IL-6 promoter-CAT plasmid with BamHI and NheI,
filling in with Klenow fragment of DNApolymerase to create blunt
ends, and religation.

Transfections. HeLa cells were cultured in DMEcontaining 5%FBS
in 10-cm tissue culture dishes. Cells were transfected when they reached
50-60% confluence. 3 h before transfection, cells were washed with
PBS and phenol red-free DMEmedium without serum and containing
0.5% BSAwas added. Transfections were performed using the calcium
phosphate precipitation method followed by glycerol shock (19). Cells
were transfected with 10 jg of the reporter plasmid IL-6-CAT, 5 jig of
the androgen receptor or estrogen receptor expression plasmid and 10
jig of pCHlO to provide a measure of transfection efficiency. After
transfection, cells were maintained in serum-free media in the absence
or presence of the steroids for 16 h, and were then stimulated with TPA
(160 nM). 24 h later, cells were harvested and whole-cell extracts were
prepared by three freeze/thaw cycles in TENbuffer (0.04 MTris-HCI,
pH 7.4; 1.0 mMEDTA; 0.15 MNaCl).

Assay of reporter gene activity. Chloramphenicol acetyl transferase
(CAT) activity in cell extracts was determined after heat treatment at
60°C for 10 min to inactivate cellular deacetylation activity (20). The
reaction mixture contained 0.1 jiCi 14C-chloramphenicol, 1 jiM acetyl
CoA and 50- 100 jig of cellular protein extract in a total volume of 100
pl; incubation was carried out for 4 h at 37°C. Subsequently, the ace-
tylated ['4C]chloramphenicol was separated from the unacetylated by
thin layer chromatography in 95% chloroform-5% methanol. Radioac-
tivity was quantified using a beta scanner (AMBIS Systems, Inc., San
Diego, CA). fl-galactosidase activity of the cell extracts was determined
colorimetrically from the rate of hydrolysis of o-nitrophenylgalactoside.
,6-galactosidase activity was not affected by activation of the cells with
TPA nor by treatment with the steroids used in this study. Values
obtained for CATactivity (percent acetylation) were normalized for /l-
galactosidase activity. Activities described in the legends of the figures
are expressed in terms of the %acetylation per unit of 6L-galactosidase
activity.
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Animals. Male C57B1/6 or Swiss Webster mice, weighing 22-30
g and - 60 d old, were obtained from Taconic Farms (Germantown,
NY). IL-6-deficient mice were generated using standard homologous
recombination techniques in which 95% of exon IV of the 11L-6 gene
was replaced with the neomycin resistance gene and inserted in E14.1
embryonic stem cells (from strain 12901a) as previously described (21).
After establishing germline transmission, animals heterozygous for the
11L-6 mutation were intercrossed to yield mice that were homozygous
for either the wild type 11L-6 gene (designated as " + / + " ) or the mutated
IL-6 gene (designated as "- /-"). Subsequently, a colony of + / +
mice and a colony of - / - mice were maintained by random breeding
of the respective homozygous + / + or - / - mice. Three month old
male progeny (four generations after establishing each colony) of either
+ / + or - / - homozygous parents were used in these experiments. The
11L-6 genotype ( + / + or - /-) was confirmed by Southern blotting using
DNAprepared from the distal portion of the tail (Qiagen, Chatsworth,
CA). After digestion with BamIHl and electrophoresis, blots were
probed with a 1.1-kb EcoRI fragment corresponding to exon V of the
IL-6 gene. DNAfrom wild type mice exhibited a 6-kb band, whereas
DNA from 11L-6 deficient mice exhibited a 3.7-kb band due to the
presence of a BamHI restriction site in the DNAconstruct inserted into
the 11L-6 locus (21).

Male mice were sham-operated or orchidectomized. In the case of
experiments using C57B1/6 or Swiss-Webster mice, some animals were
implanted subcutaneously, immediately after orchidectomy, with pellets
containing testosterone (Innovative Research of America, Toledo, OH),
which was released from the pellet over a 3-wk period. In the case of
experiments lasting 4 wk between orchidectomy and sacrifice of the
animals, testosterone pellets were again implanted at 3 wk after the
operation. Approximately 24 h after the operation, some orchidectom-
ized animals were injected (i.p.) with 1 mg of a neutralizing rat mono-
clonal antibody to murine 11L-6 (20F3) (22) provided by DNAXRe-
search Institute for Cellular and Molecular Biology (Palo Alto, CA).
The 1L-6 neutralizing antibody was administered at 7-d intervals there-
after.

Animals were anesthetized and then killed by heart puncture, at
either 4 wk (see Fig. 5), or two weeks (see Figs. 6 and 7) after the
operation. Serum was collected for determination of total testosterone
by radioimmunoassay (Diagnostics Products Corp., Los Angeles, CA)
to confirm loss of androgens. The level of testosterone in serum of
sham-operated mice was 30-600 ng/ml, whereas it was undetectable
(< 10 ng/ml) in serum from orchidectomized mice. Tibiae were re-
moved for histomorphometric analysis and femurs were removed for
harvest of bone marrow cells. To isolate marrow cells, the ends of the
bones were cut and the cells were obtained from the marrow by flushing
with MEM(GIBCO BRL) containing 10%FCS (Sigma Chemical Co.),
using a syringe fitted with 25-gauge needle. After the cells were rinsed,
the nucleated cell count was determined using a Coulter Counter.

Bone histomorphometry. Tibiae were fixed in 10% neutral buffered
formalin, decalcified in 14% EDTA, and embedded in paraffin. Serial
sections were cut and stained with Orange G, phloxine B, hematoxylin,
and eosin. Three representative sections from each specimen were used
for histomorphometric analysis of osteoclast numbers and the percentage
of the area of the distal metaphysis occupied by secondary spongiosa
bone, as determined with a Bioquant image analysis system (R and M
Biometrics, Nashville, TN) and a light microscope with a digitizing
tablet and drawing tube attachment. The identity of the specimen was
unknown to the examiner.

Clonal growth assays. Marrow cells from each animal were cultured
separately to establish three replicate cultures (23). For determination
of CFU-GM, cultures of marrow cells were established by plating 105
cells in 35-mm tissue culture dishes containing 1 ml of 0.3% agar in
McCoys 5A medium with essential and nonessential amino acids, 10%
FCS, and 10% pokeweed mitogen-stimulated mouse spleen cell condi-
tioned medium. Cultures were incubated at 37°C in lowered 02 (5%)
and scored after 5 d for colonies (> 50 cells per group). The fraction
of CFU-GMin the S-phase of the cell cycle was determined by incubat-
ing bone marrow cells (1 x 106/ml) with 50 ,uCi/ml of [3H]thymidine

for 20 min at 370C before plating for CFU assay. The reduction in the
number of colonies after exposure of cells to [3H] thymidine compared
to cells not exposed to [3H] thymidine provides an estimate of the num-
ber of cells in S-phase (24). The number of CFU-GMper femur was
calculated using the marrow cell yield from the animal.

Assay of osteoclast formation in bone marrow cultures. Marrow
cells were cultured at 1.5 X 106 per 2-cm2 well on 13-mm2 round
Thermanox tissue culture cover slips. Marrow cells (4-6 replicate cul-
tures) from each animal were cultured separately and maintained for 9
d in the presence of 10-8 M1,25(OH)2D3, with replacement of half of
the medium every 3 d. At the end of the experiment, cells were processed
for autoradiographic detection of '"I-calcitonin (CT) binding and tar-
trate-resistant acid phosphatase (TRAPase) as we have previously de-
scribed (2, 6). In each experiment, the specificity of the '`I-CT binding
was established by the absence of autoradiographic grains on TRAPase-
positive cells when incubation with '2I-CT was carried out in the pres-
ence of 300 nM CT. The number of osteoclasts formed per femur was
calculated using the marrow cell yield from the animal.

Statistics. Data were analyzed by Student's t test or by one- or two-
way analysis of variance (ANOVA) after performing the Kolmogorov-
Smirnov test to establish that the data were normally distributed, and the
Spearman rank correlation test to establish homogeneity of variances.
Dunnet's test or the Student-Neuman-Keuls test was used to estimate
the level of significance of differences between means.

Results

The effect of testosterone and dihydrotestosterone, the non-
aromatizable and bioactive metabolite of testosterone, on IL-
6 production was compared in murine stromal cells. The + /
+LDAL1 cells used as a model in these experiments exhibit

characteristics of adventitial reticular cells of the marrow
stroma, and secrete IL-6 upon stimulation with IL-1 and tumor
necrosis factor (TNF) (2). Pretreatment with either testosterone
or dihydrotestosterone caused a dose dependent inhibition of
IL-1 + TNF-stimulated IL-6 production by +/+LDAll cells
(Table I). The potency of the two steroids was similar.

To investigate whether the inhibitory effect of testosterone
and dihydrotestosterone on IL-6 production was mediated by
the classical androgen receptor, as opposed to the estrogen re-
ceptor that is expressed in these cells (25), we performed bind-
ing studies of the androgen analog 3H-R1881 to cytosol prepara-
tions of + / + LDAl cells. Scatchard analysis of the binding
of 3H-R1881 demonstrated the presence of 334±46 high affinity
(Kd = 1.15±0.10 X 10- M) binding sites per cell (Fig. 1 A).
This binding was specific for the tritiated ligand as evidenced
by the ability of unlabeled R1881 to displace 3H-R1881 (Fig.
1 B). Consistent with androgen receptor specificity, the binding
of 3H-R1881 was not displaced by the progesterone analog
R5020, or the synthetic glucocorticoids dexamethasone and tri-
amcinolone, or the synthetic estrogen analog diethylstilbestrol.
This binding profile is similar to that displayed by the androgen
receptor in osteoblastic cells (26-28).

The role of the androgen receptor in the regulation of 11L-6
production was firmly established in experiments whereby HeLa
cells were transiently cotransfected with a plasmid containing
the proximal 225-pb of the human IL-6 promoter driving the
chloramphenicol acetyl transferase (CAT) reporter gene and an

androgen receptor expression plasmid. As we have reported
earlier (3), the activity of this promoter was stimulated by
treatment of the cells with 160 nM phorbol 12-myristate 13-
acetate (TPA) for 24 h (Fig. 2 A). Pretreatment of the
transfected cells with testosterone (10-8 M) or dihydrotestoster-
one (iO-g Mor 10-6 M) completely inhibited the TPA-stimu-
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Table I. Effect of Androgens on Cytokine-induced IL-6 Production
by +/+ LDAJJ Murine Bone Marrow Stromal Cells

Treatnent IL-6

(ng/ml per 1(1 cells)

IL-I + TNF 4.27±1.43
IL-I + TNF + testosterone (10-12 M) 3.87±0.33
IL-I + TNF + testosterone (10-" M) 2.90±0.42*
IL-I + TNF + testosterone (10-10 M) 2.09±0.33*
IL-I + TNF + testosterone (10-9 M) 1.12±0.49*
IL-I + TNF + testosterone (10-8 M) 1.03±0.04*
IL-1 + TNF + testosterone (10' M) 1.01±0.48*
IL-I + TNF + dihydrotestosterone (10-12 M) 4.05±0.19
IL-1 + TNF + dihydrotestosterone (1011 M) 2.97±0.48*
IL-I + TNF + dihydrotestosterone (1010 M) 2.31±0.86*
IL-I + TNF + dihydrotestosterone (10-9 M) 1.72±0.43*
IL-1 + TNF + dihydrotestosterone (10-8 M) 0.65±0.21*
IL-I + TNF + dihydrotestosterone (10' M) 1.41±0.82*

+/+LDAI 1 cells were cultured for 20 h in the absence or the presence
of different concentrations of either testosterone or dihydrotestosterone.
Then IL-1 (500 U/ml) and TNF (500 U/ml) were added and cells were
maintained for another 24 h in culture. Values indicate means (±SD)
of triplicate cultures from one experiment. Data were analyzed by one-
way ANOVA. * P < 0.05, versus cells not treated with steroids as
determined by Dunnet's test. These results were highly reproducible;
in replicate experiments, 11L-6 production in the presence of 10-8 M
testosterone or 108 Mdihydrotestosterone was 39.8%±15.8% (n = 2)
and 51.8%±12.3% (n = 4), respectively, of that seen in untreated cells
(P < 0.05, Student's t test). 11L-6 production by cells not stimulated
with IL-1 and TNF was less than 0.01 ng/ml per 10' cells. Neither
testosterone nor dihydrotestosterone had an affect on cell number.

lated transcription of the construct. Although in the experiment
shown in Fig. 2 A, pretreatment of the cells with 10-8 M17,6-
estradiol appeared to have a small inhibitory effect on the activ-
ity of the IL-6 promoter, in five replicate experiments, the mean
effect of 1713-estradiol in HeLa cells cotransfected with the IL-
6-CAT construct and the androgen receptor was not statistically
different from cells not exposed to any steroids (Fig. 2 B).
On the other hand, dihydrotestosterone exhibited a consistent
inhibiting effect on the activity of the IL-6 promoter. The po-
tency of dihydrotestosterone and testosterone in inhibiting the
activity of the 11L-6 promoter was similar in these transfection
experiments, as it was in the inhibition of bioassayable IL-6
production by +/+LDAl 1 cells.

The dependency of the inhibiting effect of sex steroids on
their respective receptors was determined by examining the
effect of testosterone, dihydrotestosterone, and 17,B-estradiol,
on CAT expression in HeLa cells cotransfected with the 1L-6-
CAT promoter construct and an estrogen receptor expression
plasmid instead of the androgen receptor plasmid. We found
that, as opposed to the androgen receptor transfected cells, in
HeLa cells transfected with the estrogen receptor plasmid and
the IL-6-CAT construct, 17,6-estradiol exerted a potent inhib-
iting effect on the IL-6 promoter activity; whereas testosterone
and dihydrotestosterone, even at concentrations as high as 10-6
M, were ineffective (Fig. 3). Preincubation of the transfected
cells with 17,6-estradiol, testosterone or dihydrotestosterone had
no effect on TPA-stimulated activity of the IL-6 promoter when
cells were cotransfected with a control plasmid (pBluescript)
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Figure 1. Androgen binding in +/+LDA1 1 murine marrow stromal
cells. (A) (Inset) Saturation analysis of 3H-R1881 binding. 100 MI of
cytosol were incubated with increasing concentration of 3H-R1 881 alone
(o) or in the presence of 100x unlabeled R1881 (o) for 3 h at 40C, as
described in Methods. The latter conditions were used to estimate non-
specific binding. Bound 3H-R1881 was separated from free 3H-R1881
with 1.0 ml of ice-cold dextran coated charcoal suspension. Specific
binding (.) of 3H-R1881, derived by subtracting nonspecific from total
binding, was used to generate the Scatchard plot. Each point represents
the mean of triplicate determinations. Similar results were obtained in
two additional experiments. (B) Competition analysis of 3H-R1881
binding. Aliquots of cytosol (100 pl) were incubated with 0.5 nM3H-
R1881 in the absence (none) or in the presence of unlabeled steroids
at the indicated molar excess. Bars represent the mean (±SD) of tripli-
cate determinations. Data were analyzed by one-way ANOVA.
* P< 0.05 vs. "none" as determined by Dunnet's test.
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Figure 3. Lack of effect of androgens on ER-mediated suppression of
IL-6-CAT activity. HeLa cells were cotransfected with the IL-6-CAT
construct and an estrogen receptor expression plasmid. After transfection
cells were incubated in the absence or in the presence of the indicated
steroids, stimulated with TPA, and extracts prepared for CAT assay.

An autoradiogram of a representative experiment is shown. The cor-

rected fold stimulation of CAT activity was calculated as described in
Fig. 2 A. Relative CATactivity in extracts of cells not treated with TPA
was 24.57% acetylation of chloramphenicol per unit of /3-galactosidase
activity.

Figure 2. Inhibition of the expression of IL-6-CAT construct by andro-
gens. (A) HeLa cells were cotransfected with the proximal 225-bp of
the human IL-6 promoter driving the CAT gene (1L6-CAT) and an

androgen receptor expression plasmid using the calcium phosphate pre-

cipitation method. After transfection, cells were cultured in phenol red-
free DME(without serum) in the absence or presence of the indicated
steroids. Sixteen hours later, cells were exposed to 160 nMTPA for 24
h, after which cell extracts were prepared and used for assay of CAT
activity. An autoradiogram of a representative experiment is shown. For
each extract, the relative CAT activity was calculated by determining
the percent acetylation of chloramphenicol per unit of 8-galactosidase
activity, as described in Methods. Relative CAT activity in extracts of
cells not treated with TPA was 8.55% acetylation of chloramphenicol
per unit of fl-galactosidase activity. This value was designated as 1 x

and was used to calculate the "corrected fold stimulation" of CAT
activity in the TPA-treated cells. CAT activity in cells transfected with
a plasmid containing the CATgene driven by a Rous Sarcoma Virus
(RSV) promoter is also shown. (B) Five replicate experiments similar
to the one shown in A were performed. In each experiment, the relative
CATactivity of extracts from cells treated with TPA in the absence of
steroids was designated as 1.0. This value was then used to calculate
the relative CAT activity in extracts from cells pretreated with 1705-
estradiol, testosterone or dihydrotestosterone in each experiment. Bars
represent the mean (±SD) relative CAT activity. Data were analyzed
by one-way ANOVA. * P < 0.05 vs. cells not treated with steroids as

determined by Dunnet's test.

instead of the estrogen receptor or androgen receptor expression
plasmid (data not shown).

Adrenal androgens have high affinity for the androgen re-

ceptor (29). Wehave therefore also examined whether andro-
stenediol, androstenedione or dehydroepiandrosterone sulfate
had an effect on the transcriptional activity of the IL-6 promoter.
Pretreatment of HeLa cells cotransfected with the IL-6 reporter
plasmid and the androgen receptor expression plasmid with
adrenal androgens caused inhibition of the activity of the IL-6
promoter (Fig. 4).

The relevance of the in vitro observations to the in vivo

situation was assessed by performing orchidectomy in mice
and examining its impact on the bone. Orchidectomy caused a

decrease in the volume of trabecular bone in the secondary
spongiosa of the proximal metaphysis of the tibia (Fig. 5 A);
as well as an increase in the number of osteoclasts (Fig. 5 B).
Orchidectomized animals implanted with slow-release pellets
containing 0.5 or 2.5 mgof testosterone immediately after orchi-

TRANSFECTEDDNA
1L6-CAT
AR expression plasmid
TREATMENTS
Androgens (1 4M)

TPA (160 nM)
CORRECTEDFOLD
STIMULATION

1 2 3 4 5 6

+F + F IF +
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Figure 4. Inhibition of the expression of 1L-6-CAT construct by adrenal
androgens. HeLa cells were cotransfected with the 1L-6-CAT construct
and an androgen receptor expression plasmid. After transfection, cells
were incubated as in Fig. 2 A in the absence or in the presence of the
indicated androgens, stimulated with TPA, and extracts prepared for
CATassay. An autoradiogram of a representative experiment is shown.
Corrected fold stimulation of CAT activity was calculated as described
in Fig. 2 A. Relative CAT activity in extracts of cells not treated with
TPA was 6.85% acetylation of chloramphenicol per unit of (3-galactosi-
dase activity.
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01A S | - - " L - ^ "T0tosterone (2.5 T). 4 wk after the
5 * L * * Z * * * o 2 operation, mice (four per group)

0- were killed and the tibiae and fe-
0 o mur were removed. The tibiae

[*[[[§G o J L o | were placed into 10% neutral-buf-
Sham 0.5T 2.5T hAm - GOT 2.5T Sham - 0.5 T 2.5 T fered formalin and processed for
X.Z..|.....a..|j measurement of the percentage of

orchidectomized orchidectomnzed orchidectomized the area of the distal metaphysis
occupied by trabecular bone of the

secondary spongiosa (A) and the number of osteoclasts in this trabecular bone (B), as described in Methods. To assess the ability of the marrow
to form osteoclasts (C), replicate (n = 4-6) cultures of marrow cells obtained from the femurs of these animals were established from each animal
and maintained for 9 d in the presence of 10 nM 1,25(OH)2D3. Osteoclast formation was quantified by enumerating cells which bind `2I-CT and
stain for TRAPase as described in Methods. The number of osteoclasts per femur formed in ex-vivo cultures of marrow was calculated by using
the marrow nucleated cell yield. Bars represent the mean (±SD) %trabecular bone in the secondary spongiosa of the proximal tibia (A); the mean
(±SD) number of osteoclasts per mmof secondary spongiosa bone surface in the proximal tibia (B); or mean (±SEM) number osteoclasts per
femur formed in ex vivo cultures of marrow cells (C). Data were analyzed by one-way ANOVA. * P < 0.05 vs. sham operated mice, orchidectomized
mice treated with 0.5 mg or 2.5 mg testosterone, as determined by the Student-Neuman-Keuls test. Similar data was obtained in an additional
experiment using Swiss-Webster mice.

dectomy did not exhibit bone loss or increased numbers of
osteoclasts. Because osteoclasts originate from hematopoietic
precursors of the bone marrow, we also examined the effect of
orchidectomy on osteoclast formation in ex-vivo cultures of
marrow cells obtained from the femur of the same animals.
Osteoclasts in the bone marrow cell cultures were identified by
TRAPase staining and "2I-CT binding, a combination of fea-
tures unique to osteoclasts (30). Orchidectomy caused an in-
crease in osteoclast formation in ex-vivo cultures of marrow
cells, which was prevented by administration of testosterone
(Fig. 5 C).

In a different experiment, ex vivo cultures of marrow cells
were established from sham-operated or orchidectomized ani-
mals; and the number of CFU-GM, the presumed osteoclast
progenitor, was determined. Orchidectomy had a relatively
small effect on the absolute number of CFU-GMin the marrow
(Fig. 6), but greatly increased CFU-GMreplication, as assessed
by determining the number of CFU-GMin S-phase. Administra-
tion of either testosterone (0.5 mg in slow release pellets) or
weekly injections of 1 mg of an IL-6 neutralizing antibody,
prevented the increase in CFU-GMnumbers; and both of these
agents completely suppressed CFU-GMcycling in orchidectom-
ized mice to levels below that of sham-operated mice.

The role of 11L-6 in orchidectomy-induced bone loss and
upregulation of osteoclast formation was also examined by com-
paring the effects of orchidectomy in 1L-6 sufficient and 11L-6
deficient mice generated by targeted gene disruption (21). Un-
like the experiments shown in Fig. 5 where we examined orchi-
dectomized animals at 4 wk after the operation, in these studies,
orchidectomized animals were studied at 2 wk after the opera-
tion. The reason for this change in the experimental protocol
was to optimize our ability to detect changes in osteoclast num-
bers in bone sections. The amount of trabecular bone was not
significantly different between sham-operated 1L-6 replete vs.

IL-6 deficient mice (Fig. 7 A). Similarly, there was no differ-
ence in the number of osteoclasts per mmbone surface between
sham-operated IL-6 sufficient and sham-operated IL-6 deficient
mice (Fig. 7 B). However, orchidectomy caused loss of trabecu-
lar bone in the secondary spongiosa of the tibia of the IL-6
replete mice, but it had no such effect in the IL-6 deficient mice
(Fig. 7 A). Furthermore, orchidectomy caused an increase in
the number of osteoclasts identified in sections of tibia from
the IL-6 sufficient mice. This change was absent in the bone of
the orchidectomized 11L-6 deficient mice (Fig. 7 B). Consistent
with the histomorphometric data, osteoclast formation in bone
marrow cultures from orchidectomized 11L-6 sufficient mice was
increased when compared with sham-operated controls. In con-
trast, orchidectomy had no effect on osteoclast formation in
bone marrow cell cultures from the 11L-6 deficient mice (Fig. 7
C). In these experiments, we have utilized + / + and - / - mice
that are fourth generation descendants of the original intercross
(Fl) 12901a X C57B1/6 founder animals. Therefore, there
might be slight strain background variation between the two
groups. Nonetheless, it is very unlikely that such small variation
could account for their strikingly different bone response to
orchidectomy.

Discussion

Because of the striking similarities between the adverse effects
of estrogen loss and androgen loss on bone homeostasis, we
have investigated here the possibility that similar molecular,
biochemical and cellular mechanisms underlie the bone protec-
tive effects of both classes of sex steroids.

Our findings demonstrate that stromal cells of the marrow
contain androgen receptors. This observation, together with the
demonstration of receptors for estrogens in the same cells (25),
indicates that the marrow stroma has the necessary prerequisites
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Figure 6. Effect of testosterone and IL-6 neutralizing antibody on
CFU-GMin the bone marrow of orchidectomized mice. Swiss-Webster
male mice were either sham-operated or orchidectomized. Orchidec-
tomized animals were then left untreated (ORX) or were implanted
with pellets containing 0.1 mg testosterone (ORX + T), or received
weekly intraperitoneal injections of 1 mgof an IL-6 neutralizing anti-
body (ORX + aIL-6). 2 wk after surgery, animals were killed and
bone marrow cells were obtained from the femur; the total number of
CFU-GMand the number of cycling CFU-GMin the femur of each
animal was determined as described in Methods. Open bars represent
the mean (±SEM) number of CFU-GMper femur; closed bars repre-
sent the mean (±SEM) number of cycling CFU-GMper femur (n = 4
animals per group). Data were analyzed by one-way ANOVA * P
< 0.05, vs. Sham, ORX+ T, and ORX+ aIL-6 total CFU-GM;
* * * P < 0.01 versus Sham, ORX, + T, and ORX+ aIL-6 cycling
CFU-GM; * P < 0.01 versus Sham cycling CFU-GMas determined
by the Student-Neuman-Keuls test. Similar data was obtained in a
second experiment.

to respond to either class of sex steroids. Our estimate of the
concentration of the androgen receptor in the bone marrow-
derived stromal cells is similar to the concentrations reported
in osteoblastic cells (26-28). In addition, the affinity for the
analog R1881 and the binding specificity of the androgen recep-
tor in the bone marrow stromal cells is practically identical to
the affinity and specificity of the androgen receptor in prostate
and osteoblastic cells (- 10-10 M) (26-29). A portion of the
binding of the labeled androgen analog could not be displaced
by the unlabeled analog in our experiments. This may be due
to the presence of residual low affinity androgen binding pro-
teins such as sex steroid binding globulins from the serum, or
other low affinity intracellular binding proteins (28).

Wehave previously reported that, like 17,3-estradiol, testos-
terone inhibits IL-6 production by murine bone marrow derived
stromal cells (2). However we did not know whether the inhib-
iting effect of testosterone on 11L-6 production was mediated by
the estrogen receptor or the androgen receptor; or whether the
effect of testosterone was mediated by estrogenic metabolites
of testosterone that were produced upon in vitro aromatization
(31, 32). The demonstration of androgen receptors in stromal
cells of the bone marrow, taken together with the finding that
dihydrotestosterone can inhibit 11L-6 production as effectively
as testosterone, suggests that testosterone regulates IL-6 produc-
tion directly, rather than through the conversion of testosterone
to estrogenic metabolites.

The role of the androgen receptor in the androgen-induced
inhibition of 11L-6 was firmly established in these studies by the
demonstration that the androgen receptor expression plasmid is
required for eliciting the inhibiting effect of testosterone on the
activity of the IL-6 promoter. In fact, the results of the experi-
ments where HeLa cells were cotransfected with either the an-
drogen receptor or the estrogen receptor expression plasmid
indicate that whereas both androgens and estrogens can inhibit
IL-6, their effects are strictly dependent on the expression of
their respective receptor, and cannot be due to actions of andro-
gens mediated by the estrogen receptor or vice versa.
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cells. Data were analyzed by two-way ANOVA. * P < 0.05 vs. sham operated + / + mice. These results were reproduced in an additional
experiment.
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In our earlier studies, we had determined that the effect of
estradiol on the transcriptional activity of the human IL-6 pro-
moter is not mediated by direct interaction of the human estro-
gen receptor with the IL-6 promoter, but perhaps through an
interference with events along the signal pathways initiated by
the IL-6 stimulating agents (3). Identical conclusions were
reached in studies reported by Ray et al. (33). Wehave not
examined here whether the androgen receptor interacts directly
with the IL-6 promoter. Nonetheless, the 225-bp segment of
the IL-6 promoter used in the transient transfection experiments
does not contain consensus DNAbinding sites for the androgen
receptor, nor does it contain glucocorticoid response elements
which can bind the androgen receptor (34-37). In view of this,
and the results of our earlier studies with estrogens, it is likely
that the androgen receptor acts to inhibit the activity of the IL-
6 promoter indirectly.

In accordance with the in vitro evidence for the inhibition
of IL-6 gene expression by androgens and the role of this cyto-
kine in osteoclast development (38-40), the results of the in
vivo studies presented in this paper demonstrate that loss of
androgens causes an IL-6-mediated increase in osteoclast for-
mation and bone loss. In fact, the evidence that 11L-6 knockout
mice are protected from the loss of trabecular bone caused
by orchidectomy argues in favor of the contention that IL-6-
mediated upregulation of osteoclastogenesis in the bone marrow
is the essential triggering event of this bone loss. The findings
from the orchidectomized 11L-6 deficient mice are practically
identical to those of Poli et al. demonstrating that 11L-6 knockout
mice fail to upregulate CFU-GMand osteoclasts, and are pro-
tected from the loss of bone that follows ovariectomy (7).
Hence, similar molecular and cellular mechanisms underlie the
pathogenesis of bone loss following the loss of either female
or male sex steroids.

Orchidectomy produced a much greater increase in the num-
ber of dividing CFU-GM, as compared to the total number of
CFU-GM. Consistent with this evidence, administration of ei-
ther testosterone or the 11L-6 neutralizing antibody produced a
greater decrease in the number dividing CFU-GMas compared
to the total number of CFU-GM. These observations are in
agreement with evidence that IL-6 promotes differentiation of
hematopoietic cells by stimulating cell division of early progeni-
tors (41-43); moreover, they strengthen the view that the cas-
cade of events leading to bone loss, following loss of sex ste-
roids, starts in the hematopoietic bone marrow.

An association between reduced levels of dehydroepian-
drosterone sulfate and osteoporosis in humans (44-46) along
with evidence that ovariectomy-induced bone loss in the rat is
reduced by administration of dehydroepiandrosterone (47) has
led to the idea that adrenal androgens may have bone protective
properties. Our findings that dehydroepiandrosterone sulfate,
androstenediol, and androstenedione suppress the activity of the
human IL-6 promoter raise the possibility that the bone protec-
tive effects of this class of steroids as well might be due to their
ability to suppress the production of IL-6.

Although the above evidence leads to the irrefutable conclu-
sion that 11L-6 is an essential mediator of the bone loss that
occurs upon loss of either female or male sex steroids, other
observations have led to the suggestion that 1L-1 and TNF also
play a role in the upregulation of osteoclastogenesis and the
loss of bone that follows loss of ovarian function. Specifically,
using a bioassay to quantify IL-1, Pacifici and coworkers have
reported that spontaneous IL-1 production by cultured periph-

eral blood monocytes is elevated in patients with high-turnover
osteoporosis (48). These findings, however, could not be con-
firmed by the results of studies whereby IL- 1 levels were deter-
mined by an ELISA as opposed to the bioassay (49, 50). More
recently, Kimble et al. (51) and Kitazawa et al. (52), have
reported that 1L-1 bioactivity is increased in the medium of
cultures of bone marrow cells from ovariectomized rats and
mice. Nonetheless, Miyaura et al. determined that IL-1 levels
measured by an ELISA in bone marrow cell cultures from ovari-
ectomized mice were not different from those in cultures from
sham operated controls; however, when IL-1 was measured by
a bioassay, its level was higher in the former (53). In direct
conflict with the contention that IL-1 production increases after
loss of estrogens, Hu et al. (54) and Flynn (55) have found
that estrogens stimulate IL-1 production by rat peritoneal mac-
rophages in vitro, and that ovariectomy decreases and estrogen
replacement increases IL-1 production by these cells. Notably,
Flynn observed that testosterone had no effect on IL-1. In line
with these later studies, Keeting et al. reported that 173-estra-
diol increases the levels of IL-1 mRNAin human osteoblastic
cells (56). On the other hand, H. Fox (personal communica-
tion) has found that 173-estradiol has no effect on IL-1 expres-
sion in the monocytic P388D1 and J774 cell lines, and in bone
marrow-derived macrophages; whereas it does inhibit IL-6 pro-
duction in all these cells. Taken together with the well recog-
nized limitations of the IL-1 bioassay (57), including vulnera-
bility to inhibitory molecules and the synergistic effects of more
than one cytokine on the bioassay target cells, these observa-
tions dispute the contention that the IL-1 gene is upregulated
following loss of estrogens (or androgens). Hence, the sugges-
tion that IL-1 mediates the bone loss caused by loss of gonadal
function lacks the prerequisite mechanistic foundation.

The unsubstantiated evidence for the upregulation of IL-1
after loss of estrogens notwithstanding, Kimble et al. (51) re-
ported that administration of IL-1 receptor antagonist (IL-lra)
immediately following ovariectomy had only a small effect
compared to 17,6-estradiol in preventing the ovariectomy-in-
duced bone loss in the rat, as measured by densitometry. How-
ever, when IL-lra was administered 4 wk after ovariectomy, it
was as effective as 17,6-estradiol in preventing subsequent bone
loss. On the other hand, Kalu et al. found that IL-lra administra-
tion initiated at 10 days following ovariectomy in the rat did
not prevent the bone loss manifested at one month following
the operation, when bone was analyzed by quantitative histo-
morphometry (58). Unlike their findings in the rat, Kitazawa
et al. more recently reported that administration of the IL-lra
or even a TNFbinding protein to ovariectomized mice immedi-
ately following the operation decreased osteoclast formation in
vitro and the urinary excretion of pyridinoline cross-links (a
marker of bone resorption), as did administration of 17,6-estra-
diol (52).

Work from our laboratory may help to reconcile some of
these apparent discrepancies. Indeed, we have found that block-
ade of the activity of IL-1, TNF, IL-11, GM-CSF, or TGF,6 in
vitro abrogates osteoclast formation in murine marrow cultures
irrespective of the estrogen status of the donor animal, sug-
gesting strongly that each of these cytokines is essential for
osteoclast development (59, 60). Therefore, IL-1 and TNF an-
tagonists may well inhibit the bone loss caused by the IL-
6-mediated increased osteoclastogenesis, without needing to
invoke upregulation of IL-1 or TNF production. In any event,
the evidence that IL-6 knockout mice are protected from the
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increased osteoclastogenesis and bone loss that follows the loss
of either estrogens or androgens, suggests strongly that upregu-
lation of IL-6 is the triggering event for these phenomena and
that the putative increases in IL-1 or TNFafter ovariectomy are,
at best, consequences of the removal of the inhibitory effects of
sex steroids on IL-6.

In summary, our findings and those of others strongly sug-
gest that the cellular and molecular mechanisms which lead to
the bone loss caused by androgen deficiency in the male are
similar, if not identical, to the mechanisms which underlie the
bone loss caused by estrogen deficiency in the female and that
IL-6 is an essential pathogenetic factor in both of these condi-
tions. Whether IL-6 is the sole pathogenetic factor will remain
uncertain until definitive evidence for or against direct regula-
tion of other cytokines by sex steroids in bone marrow cells is
obtained.
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