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ANDROGENS DIRECTLY STIMULATE PROLIFERATION OF BONE CELLS IN VITRO
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Abstract: This report describes the first observation of a direct mitogenic effect of
androgens on isolated osteoblastic cells in serum-free culture. [3H]thymidine
incorporation into DNA and cell counts were used as measures of cell proliferation. The
percentage of cells that stained for alkaline phosphatase was used as a measure of
differentiation. Dihydrotestosterone (DHT) enhanced mouse osteoblastic cell proliferation

in a dose dependent manner over a wide range of doses (10-8 to 10-'! molar), and was
maximally active at 10-9 M. DHT also stimulated pro]ifergtion in  human osteoblast cell
cultures and in cultures of the human osteosarcoma cell 1line, TE89. Testosterone,

fluoxymesterone (a synthetic androgenic steroid).and methenolone (an anabolic steroid)
were also mitogenic in the mouse bone cell system. The mitogenic effect of DHT on bone
cells was inhibited by antiandrogens (hydroxyflutamide and cyproterone acetate) which
compete for binding to the androgen receptor. In addition to effects on cell
proliferation, DHT increased the percentage of alkaline phosphatase (ALP) positive
cells in all three bone cell systems tested, and this effect was inhibited by
antiandrogens. We conclude that androgens can stimulate human and murine osteoblastic
cell proliferation in vitro, and induce expression of the osteoblast-line differentiation
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marker ALP, presumably by an androgen receptor mediated mechanism.

Forty years ago Albright and Reifenstein (1)
observed that testosterone has a positive effect in
male senile osteoporosis. A number of other
clinical observations indicate that androgens play
a role in the maintenance of bone mass (2); that
severe osteoporosis is found in male patients with
hypogonadism (3); that decreased serum testosterone
levels in elderly males are a risk factor for
fractures (4) and that androgenic steroids increase
bone mass (5,6). Thus, androgens along with other
factors are important in the maintenance of
skeletal volume. Treatment of osteoporotic patients

Normal human bone cells of the 4th-6th passage and
human osteosarcoma cells (TE89), maintained in DMEM
containing 10 % calf serum, were passaged and
plated (10000 per well) in 5 % calf serum in 48-
well plates. After 24 hrs the medium was changed to
serum-free DMEM for an additional 24 hrs before the
androgenic compounds were added.

DNA_synthesis _assay: 24 hrs after plating cells,
steroids were added to the cell cultures.
Androgenic steroids alone or in combination with
antiandrogens were dissolved in dimethylsulfoxide
and diluted such that the final dimethylsulfoxide

with anabolic steroids significantly increased concentration in the culture medium did not exceed
serum levels of skeletal alkaline phosphatase (ALP) 0.005 % (v/v), unless otherwise noted. Controls
(7). This Jlatter effect suggests that androgens contained the same amount of solvent. Replicate
increase bone formation (8). The present study was (n=6) culture wells were incubated with the

undertaken to determine whether androgens have a
direct effect on osteoblastic cells by examining
their action on isolated osteoblast-1ine cells.
Materials and Methods

Materials: Dulbecco's modified Eagle medium (DMEM)
was purchased from Gibco (Grand Island, NY), and
calf serum was a product of Hyclone (Logan, Ut).
Fast blue BB salt, naphthol- AS-MX phosphate,
dimethylsulfoxide, dihydrotestosterone (DHT) and
fluoxymesterone were received from Sigma Chemical
Co. (St Louis, Mo). The compounds methenolone
acetate and cyproterone acetate were generously
provided by Schering AG, Berlin, West Germany;
hydroxyflutamide was a gift from Dr.Neri, Schering
Corporation, NJ. Human osteosarcoma cells (TE89)

androgenic compounds for a total of 24 hrs, and
[3H]thymidine (1.5 wuCi/m1) was added to the
cultures for the last 6 hrs of the incubation
period. The incorporation of [3H]thymidine into
trichloroacetic acid precipitable material (DNA)
was measured as an index of cell proliferation as
described (10).

Qell._._counts: To determine the effect of
androgenic steroids on cell number, osteoblast-line
cells were incubated with androgens for 3 days
(mouse, Fig.1b) or 4 days (human, Table 2 and 3,
Fig.2 and 3), before determining cell number.
Cultures were stained for ALP using naphthol-AS-MX
phosphate and fast blue BB in tris buffer (pH 8.6)
as described (9). Total cell number and the number

were obtained from American Tissue Culture of ALP* and ALP- cells were evaluated blind in two
Collection (ATCC # CRL 7738). These cells contain fields in each of 6 replicate culture wells using a
ALP and respond to parathyroid hormone with microscope with an eyepiece reticule.

increased cAMP levels. Statistical _methods: Statistical significance
Cell _culture: Primary mouse calvarial cell was evaluated by the two-tailed Student‘s T-Test.

cultures were prepared from 1-2 day old neonatal
mouse calvariae (Swiss-Webster strain) as
described (9) and were plated (20000 cells per
well) in serum-free DMEM 1in 48-well plates. All
media contained Penicillin-G (10 U/ml) and
Streptomycin (10 ug/ml). Androgens were added 24
hrs after plating. Human bone cells were isolated
and cultured from femoral heads as described (9).
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Data are shown as % of vehicle control, mean % SEM.
Results
DHT stimulated the incorporation of tritiated
thymidine into mouse bone cell DNA in a dose
dependent manner (Fig.la). At DHT doses higher than
10-8 M the response decreased. To establish that
the observed stimulation of [3Hlthymidine
incorporation into bone cell DNA was accompanied by
an actual 1increase in bone cell proliferation,
changes in the total cell number were determined
after three days of androgen treatment. We found
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that DHT increased murine bone cell number in a

dose dependent manner (Fig.1b).
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Fig.1a. Dose response of [3H]thymidine

incorporation into primary mouse calvarial cells to
DHT, in serum-free DMEM. For DHT doses greater
than 10-8 M, control wells received appropriate
dimethylsulfoxide dilutions (0.5 % for 108 M DHT;
0.05 % for 10-7 M DHT). Doses greater than 10-8 M
did not increase DNA synthesis (corresponding data
points not included in the regression analysis).
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Fig.1b. Dose response of mouse calvarial cell

number to DHT. Control cell number was 27#5.

As shown in Table 1, testosterone (the major
circulating androgen), methenolone (an anabolic
steroid), and fluoxymesterone (a synthetic
androgen), also stimulated mouse bone cell DNA

of the androgenic or anabolic
stimulated mouse osteoblast-1ine
cell proliferation. Progesterone did not stimulate
[3H]thymidine incorporation into DNA (inM
progesterone 12111, n.s.) at the same doses used
for the androgen experiments, indicating that not
all steroids stimulate.

To determine whether androgens have a direct
effect on bone cell differentiation, we stained
mouse bone cells for ALP after 3 days of DHT
treatment and counted the total number of cells and

synthesis. Al)
steroids tested

Table 1. Effect of androgens  (1nM)  on

[3H]thymidine uptake into DNA of mouse bone cells.
CPM % _control p

Control 23514 10016

DHT 479#%23 20449 < 0.001

Testosterone 42947 182120 < 0.01

Fluoxymesterone 42344 18018 < 0.01

Methenolone 633455 269423 < 0.001

the number of ALP*+ stained cells. The results of
these studies indicate that the percentage of ALP*
staining as well as the total number of murine bone
cells was increased by DHT treatment (Table 2).
Thus, DHT stimulated differentiation as measured by
the percentage of ALP* celis.

The regulation of bone cell proliferation may
vary among different species (11). We determined

therefore whether androgens have similar effects in
human bone cells. Consistent with our findings in
the mouse bone cell system, androgens (a) elicited
direct mitogenic responses in human bone cell
cultures (Table 3) and (b) increased the ALP* cell
number more than ALP- cell number in both normal
and osteosarcoma cells (Fig.2). This indicates that
the direct effects of androgens on osteoblast-line
cell proliferation and differentiation are not
specific for murine bone cells and can also be seen
with human bone cells in vitro.

Table 2. Effect of 3 day treatment with DHT (1inM)
on mouse osteoblast-line cell number and percentage
of ALP* cells.

Cells/mm2 % _ALP+ p
Control 6019 5+1.6 <0.001
DHT 103+10 12+1.7 <0.01
Table 3. Effects of 4 day treatment with

androgenic steroids (1nM) on the number of normal
human bone cells.

Cells/mm2 % control p
Control 8313 100+16
DHT 130115 151417 <0.01
Methenolone 150%19 176422 <0.01
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Fig.2. Effect of DHT on ALP positive (ALP*) and

ALP negative (ALP-) cells in normal mouse, normal
human osteoblast-1ine and human osteosarcoma (TE89)
monolayer cell culture. (**x% = p<0.00t1;*x*x = p
<0.01; * = p<0.1). Control values in cells per
mm? for mouse bone cells were: 90i5; TE89 cells:
75%7; human bone cells: 83%14,

These data indicate that androgens can have
direct effects on cells of the osteoblast-lineage
in vitro. We reasoned that these bone cells contain

androgen receptors. To test this hypothesis
indirectly, antiandrogens (which compete with
androgens for the androgen receptor [12]) were

added to the human bone cell cultures, either alone
or in combination with an androgen. We used
hydroxyflutamide, a non-steroidal antiandrogen, and
cyproterone acetate, a steroidal antiandrogen.
Hydroxyflutamide inhibited the mitogenic effects of
DHT and methenolone (Fig.3a), prevented the
stimulatory effects of DHT and methenolone to
increase the number of ALP* human bone cells
(Fig.3b) and blocked the mitogenic effects of
androgens on mouse bone cells (data not shown).
Cyproterone acetate inhibited the mitogenic
effects of methonolone on mouse bone cells
(thymidine incorporation as % of control
SE: 1nM methenolone 269%23, 1 nM
methenolone + 1 nM cyproterone 18211, p <
0.01)
Discussion

These studies represent the first in vitro
demonstration that androgens can directly stimulate
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bone cells to proliferate and differentiate (as
measured by ALP activity). These observations
suggest that the increase in skeletal mass in
androgen treated subjects could be due to a direct
effect of androgens on bone formation. In some
tissues testosterone can be converted to estrogens
which are thought to play a role in controlling
bone mass (13). Our observation that
fluoxymesterone, a synthetic androgen, and DHT,
both of which can not be metabolized to estrogens,
increased mouse bone cell proliferation argues
against the possibility that testosterone was
converted to estrogens by the bone cells and
exerted its effect through the estrogen receptors
which are present in human bone cells (14,15).
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Fig.3a. Effect of the antiandrogen
hydroxyflutamide (FL)(10 nM) on the stimulation of
human bone <cell number by DHT (1 nM) and
methenolone (Met)(1nM). (** = p<0.01;* = n.s.).
Total cell number in the control was 86%13 cells
per mm2.

Furthermore, testosterone, which has been
previously shown to bind with a lower affinity than
DHT to the androgen receptor (16), and DHT were
almost equipotent in stimulating cell
proliferation, raising the possibility that
testosterone may be converted into DHT in bone
cells prior to stimulating cell proliferation. In
all three osteoblastic cell systems examined, the
relative increase in the number of ALP* cells was
greater than that of ALP- cells. There are several

DHT DHT + Flutamide  Metenolone  Met + Flulamide

ALP Positive Cell Number

HT 4 FL Metenolone Metenolone + FL

Fig.3b. Effect of hydroxyflutamide (10nM) on the
number of ALP* human bone cells by DHT (1nM) and
Met (1nM) (*%x = p<0.001; * = n.s.). Number of
ALP* cells in the control was 10%2 cells per mm2.

mechanisms by which this could have occurred,
including the possibility that ALP* cells might be
more sensitive than ALP- <cells to mitogenic
stimulation by androgens or that androgens may have
converted ALP- cells to ALP* cells. Although the
mechanism for the increase in ALP* cells is not
understood, it is clear that androgens increased
the number of differentiated bone cells.

Since our data indicate that androgens can have
direct effects on cells of the osteoblast-lineage
in vitro, we reasoned that these bone cells contain
androgen receptors. Androgen receptor specific
antiandrogens inhibited the mitogenic effects of
DHT and methenolone (Fig.3a), prevented the
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stimulatory effects of DHT and methenolone to
increase the number of ALP* human bone cells
(Fig.3b), and blocked the mitogenic effects of
androgens on mouse bone cells (data not shown).
These findings suggest that human (and mouse) bone
cells have androgen receptors, although this
possibility must be confirmed by direct measurement
of androgen receptors.
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