
osteoblast and osteoclast formation
Follicle-stimulating hormone stimulates TNF production from immune cells to enhance

Jameel Iqbal, Li Sun, T. Rajendra Kumar, Harry C. Blair, and Mone Zaidi 

doi:10.1073/pnas.0606805103 
 published online Sep 26, 2006; PNAS

 This information is current as of September 2006.

 Supplementary Material
 www.pnas.org/cgi/content/full/0606805103/DC1

Supplementary material can be found at: 

 www.pnas.org#otherarticles
This article has been cited by other articles: 

 E-mail Alerts
. click hereat the top right corner of the article or

Receive free email alerts when new articles cite this article - sign up in the box

 Rights & Permissions
 www.pnas.org/misc/rightperm.shtml

To reproduce this article in part (figures, tables) or in entirety, see: 

 Reprints
 www.pnas.org/misc/reprints.shtml

To order reprints, see: 

 Notes:

http://www.pnas.org/cgi/content/full/0606805103/DC1
http://www.pnas.org#otherarticles
http://www.pnas.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=pnas;0606805103v1&return_type=article&return_url=http%3A%2F%2Fwww.pnas.org%2Fcgi%2Freprint%2F0606805103v1.pdf
http://www.pnas.org/misc/rightperm.shtml
http://www.pnas.org/misc/reprints.shtml


Follicle-stimulating hormone stimulates TNF
production from immune cells to enhance
osteoblast and osteoclast formation
Jameel Iqbal*, Li Sun*, T. Rajendra Kumar†, Harry C. Blair‡, and Mone Zaidi*§

*Mount Sinai Bone Program, Department of Medicine, Mount Sinai School of Medicine, New York, NY 10029; †Department of Molecular and Integrative
Physiology, University of Kansas Medical Center, Kansas City, KS 66160; and ‡Departments of Pathology and Cell Biology, University of Pittsburgh School of
Medicine and Pittsburgh Veterans Affairs Medical Center, Pittsburgh, PA 15261

Communicated by Maria Iandolo New, Mount Sinai School of Medicine, New York, NY, August 8, 2006 (received for review June 2, 2006)

Declining estrogen production after menopause causes osteopo-
rosis in which the resorption of bone exceeds the increase in bone
formation. We recently found that mice deficient in the �-subunit
of follicle-stimulating hormone (FSH�) are protected from bone
loss despite severe estrogen deficiency. Here we show that FSH�-
deficient mice have lowered TNF� levels. However, TNF�-deficient
mice are resistant to hypogonadal bone loss despite having ele-
vated FSH, suggesting that TNF� is critical to the effect of FSH on
bone mass. We find that FSH directly stimulates TNF� production
from bone marrow granulocytes and macrophages. We also ex-
plore how TNF� up-regulation induces bone loss. By modeling the
known actions of TNF�, we attribute the high-turnover bone loss
to an expanded osteoclast precursor pool, together with enhanced
osteoblast formation. TNF� inhibits osteoblastogenesis in the
presence of ascorbic acid in culture medium, but in its absence this
effect becomes stimulatory; thus, ascorbic acid reverses the true
action of TNF�. Likewise, ascorbic acid blunts the effects of TNF�
in stimulating osteoclast formation. We propose that hypogonadal
bone loss is caused, at least in part, by enhanced FSH secretion,
which in turn increases TNF� production to expand the number of
bone marrow osteoclast precursors. Ascorbic acid may prevent
FSH-induced hypogonadal bone loss by modulating the catabolic
actions of TNF�.

postmenopausal osteoporosis � TNF� � bone � ascorbic acid � hypogonadal

Postmenopausal osteoporosis is a leading cause of morbidity and
mortality in the increasingly aging population, with fracture

rates exceeding the combined incidence of breast cancer, stroke,
and heart attacks in postmenopausal women (1). Traditionally, this
bone loss has been attributed solely to declining estrogen levels.
However, we recently showed that the pituitary hormone follicle-
stimulating hormone (FSH), the secretion of which is under estro-
genic feedback, directly enhances osteoclast formation and func-
tion. The deletion of its �-subunit (FSH�) protects against bone loss
despite severe hypogonadism (2). This finding indicates that FSH is
a requirement for hypogonadal bone loss and, although awaiting
definitive proof, suggests strongly that elevated FSH contributes to
the genesis of postmenopausal osteoporosis.

However, enhanced osteoclastogenesis, a consequence of the
direct action of FSH on its Gi-coupled receptor on osteoclast
precursors, does not fully explain hypogonadal bone loss. There are
accompanying alterations in bone and bone marrow, notably en-
hanced bone formation, increased T lymphocyte production, and
macrophage activation. The alterations in immune function have
been attributed to an increase in TNF� production that is thought
to arise solely from estrogen deficiency. However, because TNF
inhibits osteoblast differentiation in vitro, the increased bone for-
mation has not been attributed to TNF�. Thus, the genesis of
enhanced bone formation, an essential component of the high-
turnover bone loss, has remained unclear.

Ablation of the TNF� gene in mice abrogates gonadectomy-
induced bone loss, osteoclastic and osteoblastic activation, and the

accompanying immune cell alterations (3). That gonadectomy
elevates FSH levels in these animals suggests that TNF� is essential
for, and downstream of, FSH action on bone (3). Consistent with
this hypothesis, TNF� does not modulate FSH secretion (4). In fact,
there is direct evidence in Sertoli cells and testicular macrophages,
respectively, that FSH enhances TNF receptor and TNF� expres-
sion (5, 6). Together, these findings prompted us to explore whether
FSH mediates the production of TNF� and whether the abrogation
of bone loss in FSH�-deficient mice arises in part from decreased
TNF� production.

We show that FSH�-deficient mice have low circulating TNF�,
that FSH directly stimulates TNF� production from bone marrow
granulocytes and macrophages, and that TNF� stimulates oste-
oclast precursor expansion and osteoblast differentiation. We also
find that ascorbic acid, which is required for posttranslational
modification of proline to hydroxyproline in collagen and is thus
used as a differentiation inducer in culture studies, acts to reverse
the stimulatory effects of TNF� on osteoblast and osteoclast
formation. Confirmatory evidence that high-turnover bone loss is
due to enhanced osteoclast precursor expansion, and that TNF� is
proosteoblastogenic rather than antiosteoblastogenic, comes from
further mathematical modeling of the known action of TNF� in
TNF�-overexpressing mice. We propose that the effects of FSH on
bone mass identified earlier (2) are, at least in part, exerted via the
modulation of TNF� production by bone marrow macrophages and
granulocytes.

Results
FSH Regulates TNF� Production. Although estrogen is known to
suppress TNF� production from immune cells (7), whether FSH
or its lack thereof alters TNF� expression has never been
investigated. We find that, despite severe estrogen deficiency,
FSH�-deficient mice have lower serum levels of TNF� com-
pared with littermate controls (Fig. 1A). This finding suggests
that impaired FSH signaling attenuates the otherwise stimula-
tory effect of estrogen deficiency on TNF� production. In
parallel experiments, the exposure of bone marrow cultures to
recombinant FSH caused an increase in supernatant TNF�
levels measured using an ELISA (Fig. 1B).

Both macrophages, which together with granulocytes make up
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half of the cells present in bone marrow, and T lymphocytes, which
account for 1–3% of cells in the bone marrow, have been suggested
as sources of TNF� production in estrogen deficiency (8, 9). To
elucidate which cell(s) were producing TNF�, we doubly stained
cells from bone marrow with antibodies to TNF�, as well as to
markers for macrophages�granulocytes (CD11b), B lymphocytes

(B220), and T lymphocytes (CD3). We found that macrophages and
granulocytes expressed high levels of TNF� after FSH stimulation
but that other cell types did not (Fig. 1 C–F). These results suggest
that TNF� up-regulation is likely downstream of FSH and is, at least
in part, mediated by granulocytes and macrophages present in the
bone marrow.

Fig. 1. FSH regulates TNF� production. (A) FSH��/� mice display reduced levels of serum TNF� despite estrogen deficiency (P � 0.03; n � 4; sampled twice).
(B) Secretion of TNF� into cell culture supernatants was analyzed at 10 and 24 h after FSH (100 ng�ml) addition (P � 0.03 for 10 h and 0.01 for 24 h). (C–E) Effect
of FSH on TNF� production in primary CD11b� macrophages�granulocytes or B220� cells. Bone marrow from C57BL mice was flushed and resuspended in
OPTI-MEM containing 5% FBS. After 2 h of incubation, FSH (100 ng�ml) was added, and the cells were sampled at 1 h (C and E), 6 h (data not shown), and 18 h
(D) after addition. The cells were fixed in PhosphoFix, permeabilized in 90% MEOH, and stained with either of two antibody combinations: CD11b-Alexa Fluor
488 and TNF�-allophycocyanin (C and D) or B220-phycoerythrin and TNF�-allophycocyanin (E). (F) A display of the time course of TNF� staining after the addition
of FSH (100 ng�ml) in gated macrophages�granulocytes.

Table 1. Bone changes in transgenic (Tg) TNF-overexpressing mice

Mouse

Osteoclast
precursors,

% of CD11bhi

splenocytes

Total bone
mineral density,

mg�cm3

Osteoclasts per
surface�bone

surface

Osteoblasts per
surface�bone

surface

Osteoblasts per
paw after
4 weeks of
treatment

Wild type 1.8–2.6
(11, 34)

452 (35) 3.75 (35) 5 (35)

TNF-Tg 9.1–15.5
(11, 34)

330 (35) 6 (35) 12 (35)

TNF-Tg � RANK-Fc injection 13.2 (34)
TNF-Tg � RANK�/� 20.7 (34)
TNF-Tg � etanercept injection 3.2 (11)
Wild type � OPG injection 535 (35) 2 (35) 1 (35)
TNF-Tg � OPG injection 623 (35) 1.5 (35) 4 (35)
TNF-Tg at 10 weeks of age 25 (36)
TNF-Tg at 14 weeks; untreated 65 (36)
TNF-Tg at 14 weeks; OPG injection 20 (36)
TNF-Tg at 14 weeks; OPG and etanercept 1 (36)
TNF-Tg at 14 weeks; etanercept injection 30 (36)

References are shown in parentheses.
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TNF� Induces High-Turnover Bone Loss Through Osteoclast Precursor
Expansion. We next sought to understand how elevations in TNF�
contribute to the observed high-turnover bone loss seen in hypogo-
nadal states. Prior investigations suggest that there are three major
actions of TNF� on bone. TNF� strongly augments osteoclast
differentiation and resorptive function by stimulating the same
signal transduction pathways induced by RANK-L (10). TNF� also
increases the number of CD11b� osteoclast precursors by enhanc-
ing macrophage colony-stimulating factor (M-CSF)-mediated pro-
liferation (11, 12). Additionally, TNF� potently inhibits osteoblast
differentiation through negatively regulating the lifespan of osteo-
blast progenitors (13). To determine which of these actions was
critical in bringing about high-turnover bone loss, we adapted a
mathematical model of bone metabolism to allow for the individual
application of each of the three actions of TNF� (14). Specifically,
we examined how each of these actions contributed to the bone loss
phenotype observed in animals overexpressing TNF� (Table 1; see
also Table 2, which is published as supporting information on the
PNAS web site).

Using this model, we found that simulating TNF�-induced
increases in the number of osteoclast precursors correctly ac-
counted for most of the observed phenotype of TNF�-transgenic
mice (Fig. 2A). Furthermore, this model suggested that, if TNF�
served solely to augment osteoclast differentiation, the number of
osteoclast precursors would fall, not rise as was observed in vivo.
Moreover, if TNF� inhibited osteoblast differentiation (as has been
shown in vitro; see ref. 13), there would be concomitant declines in
osteoclast numbers, not increases as noted in vivo. In agreement
with the in silico finding that TNF�’s main action is to augment
osteoclast precursor numbers, TNF� added to osteoclast precursors
24 h before the addition of the differentiation-inducing cytokine
RANK-L led to significantly greater increases in osteoclast forma-
tion than when TNF� and RANK-L were added simultaneously
(Fig. 2B).

Ascorbic Acid Reverses the Effects of TNF� on Osteoblasts and
Osteoclasts. Elevations in osteoblast function accompany the high-
turnover bone loss induced by estrogen deficiency. However, FSH
does not impact osteoblast differentiation (2), and TNF� is an
established potent inhibitor of osteoblast differentiation in vitro
(15). However, TNF�-overexpressing transgenic mice have ele-
vated osteoblast activity (Table 1 and 2). This incongruence
prompted us to reexamine the function of TNF� on osteoblast
differentiation. Although changes in osteoclast precursor numbers
led to reactive increases in osteoblast numbers in our mathematical
model, we attempted to isolate the function of TNF� on osteoblast
differentiation by recreating the phenotype of the TNF�-transgenic
mouse treated with the RANK-L inhibitor osteoprotegrin (OPG),
which blocks osteoclastogenesis. Interestingly, the bone mineral
density of TNF�-transgenics treated with OPG is higher than that
of wild-type mice treated with OPG (Table 1). Attempts to repro-
duce that in vivo finding with our in silico model suggested that
TNF� does not inhibit osteoblast differentiation; in contrast, they
suggested that TNF� may increase osteoblast formation or de-
crease osteoblast apoptosis (Fig. 5, which is published as supporting
information on the PNAS web site).

Consistent with previous reports of TNF� action on osteoblast
differentiation, we found that TNF� dose-dependently decreased
the number of osteoblast-like colonies using the established pro-
tocol for CFU-F colony formation (Fig. 3B). The established
osteoblast differentiation method uses ascorbic acid (vitamin C) to
induce the expression of osteoblast-specific genes. Although ascor-
bic acid is believed to boost the immune system, ironically recent
findings suggest that it may inhibit inflammation. Specifically, the
ascorbic acid derivative dehydroascorbic acid (DHA) noncompeti-
tively inhibits I�B kinases and thus prevents the activation of the
downstream transcription factor NF-�B (16). When NF-�B activa-
tion is blocked, TNF� signaling leads to either apoptosis or repli-

cative senescence (17, 18). We hypothesized that ascorbic acid in the
culture media might account for the inhibitory effects of TNF� on
osteoblast differentiation. When we cultured total bone marrow
without ascorbic acid, we found that TNF� dose-dependently
increased the number of alkaline phosphatase-positive CFU-F
colonies (Fig. 3A).

More nonalkaline phosphatase-positive cells, such as macro-
phages, were observed in TNF�-stimulated cultures without ascor-
bic acid compared with when it was added. We thus speculated that
ascorbic acid might also inhibit TNF�-induced macrophage differ-
entiation. To test this hypothesis, we analyzed by flow cytometry the
number of CD11b� cells in total bone marrow cultures after the
addition of increasing amounts of TNF�. We found that TNF�
application increased the number of CD11b� cells but that the
addition of ascorbic acid largely prevented this increase (Fig. 3C).
Likewise, the percentage of cells expressing the TNF�-induced
differentiation marker CD38 was attenuated by the inclusion of
ascorbic acid (Fig. 3D). Because CD11b� cells serve as osteoclast
precursors, we examined whether the loss of their expansion in the

Fig. 2. Modeling of TNF� action suggests that it induces osteoclast precursor
expansion. A mathematical model of bone metabolism (14) was adapted such
that osteoclast differentiation proceeded from a pool of osteoclast precursors
that could be varied independent of changes in the differentiation rate of
osteoclasts. (A) The pool of osteoclast precursors was increased, as indicated
by the black bar, and the effects on the number of osteoclast precursors
(Upper Left), the number of osteoclasts, osteoblast precursors, and osteoblasts
(Upper Right), the bone turnover (Lower Left), and net bone formation�loss
(Lower Left) are shown. Note that disturbing the system by increasing the
number of osteoclast precursors caused a rise in the number of active oste-
oclasts, responding osteoblasts, and active osteoblasts, as well as an increase
in bone turnover and bone loss. (B) The effects of TNF� on expanding the
osteoclast precursor pool were tested experimentally by stimulating oste-
oclast precursors with TNF� either 24 h before the addition of the differen-
tiation signal RANK-L (Right) or by adding TNF� at the same time RANK-L was
added (Center). The number of osteoclasts formed when TNF� was allowed to
expand the osteoclast precursor pool was greater than when TNF� was given
at the same time as the differentiation signal RANK-L. (Left) Control, RANK-L
only.
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presence of ascorbic acid was able to prevent TNF�-induced
increases in osteoclast formation. We found that inclusion of
ascorbic acid in the culture medium caused TNF� to inhibit
osteoclast formation instead of stimulating it (Fig. 3 E and F).
Overall, we found that TNF� increases both osteoclast and osteo-
blast formation and that both of these actions are reversed by
ascorbic acid. A comprehensive diagram showing the actions of
FSH and TNF on the skeleton is shown in Fig. 4.

Discussion
Severely estrogen-deficient FSH�-null mice with normal testoster-
one levels (19) are resistant to bone loss that normally accompanies
hypogonadism (2). In contrast, mice deficient in the enzyme
aromatase, which are equally severely hypogonadal, but with in-
creased FSH and testosterone levels lose bone profoundly (19, 20).
Haploinsufficiency of FSH� increases bone mass but does not
reduce estrogen or elevate testosterone (2, 19). The latter argues for

Fig. 3. Ascorbic acid reverses the actions of TNF� on bone metabolism. A and
B examine the role of ascorbic acid in modulating TNF� action on osteoblast
formation. (A) TNF� dose-dependently increases CFU-F colony formation from
total bone marrow in the absence of the ascorbic acid derivative ascorbate-
2-phosphate. (B) In the presence of ascorbate-2-phosphate, TNF� dose-
dependently decreases CFU-F colony formation from total bone marrow. C
and D examine the role of ascorbic acid in modulating TNF� action on
osteoclast precursor expansion and osteoclast formation. (C) Treatment of
total bone marrow with TNF� leads to an expansion in the number of CD11b�

cells, as assessed by flow cytometry; this effect is blunted in media containing
ascorbate-2-phosphate (A-2-P). The y axis denotes the percentage of change
in the percentage of all bone marrow cells that were CD11b�. (D) Blunting of
the effect of TNF� on the number of cells displaying CD38, a marker of TNF�

action on murine macrophages. Total bone marrow from C57BL mice was
plated in media either with ascorbate-2-phosphate (A-2-P) or without it in the
presence of various doses of TNF� (0–50 ng�ml). After washing to remove
nonadherent cells, EDTA was used to lift the adherent cells; these cells were
stained with antibodies to CD11b and CD38 after which 30,000 cells were
analyzed by flow cytometry. The frequency of CD38� cells was calculated and
plotted as a percentage change from the non-TNF�-treated group. (E) The
effects of TNF� on increasing osteoclast formation (Upper) are reversed in the
presence of ascorbate-2-phosphate, such that TNF� decreases RANK-L-
induced osteoclast formation (Lower). P � 0.02 for 10 ng�ml TNF� and 0.03 for
30 ng�ml in Upper; P � 0.008 for 10 ng�ml and 0.007 for 30 ng�ml in Lower.
(F) The appearance of osteoclasts formed in ascorbate-2-phosphate- (A-2-P)-
containing medium. Murine bone marrow was flushed and plated with M-CSF
(5 ng�ml) for 24 h. Nonadherent cells were used for purification on a Ficoll
column. The interface layer was then plated at 3 � 104 cells per well in media
containing A-2-P or in media without A-2-P (data not shown). M-CSF (30
ng�ml) was added with RANK-L at 80 ng�ml (Upper Right) or 40 ng�ml (Upper
Left and Lower). To some wells, murine TNF� was added at 10 ng�ml (Lower
Left) or 30 ng�ml (Lower Right). After 5 days of culture, the cells were fixed and
stained for tartrate-resistant acid phosphatase (TRAP).

Fig. 4. Integrated hypothesis for hypogonadal bone loss. Ovarian dysfunc-
tion and the loss of estrogen lead to decreased inhibin levels and dramatic
increases in FSH levels. FSH, in turn, directly stimulates osteoclast differenti-
ation and TNF� production from bone marrow macrophages�granulocytes.
TNF� (shown as T) acts to increase M-CSF levels and�or M-CSF receptor
expression, resulting in an expansion of the number of osteoclast precursors.
Additionally, TNF� may prime macrophages to induce the proliferation of
activated T lymphocytes, which highly express RANK-L and further contribute
to TNF� production. The overabundance of osteoclast precursors, coupled
with the osteoclastic differentiation agents FSH and RANK-L, which is ex-
pressed on T lymphocytes and stromal cells, likely compose the proosteoclastic
component of high-turnover bone loss. TNF�-induced increases in the number
of osteoblasts, as well as resorption-induced osteoblast formation, likely
compose the proosteoblastic component of high-turnover bone loss. TNF�

action can be blocked by treatment with etanercept or analogs, or, as we have
found in this report, through supplementation with ascorbic acid (vitamin C).
The proosteoclastogenic actions of RANK-L can be blocked by RANK-Fc or
OPG. The resorptive function of osteoclasts can be blocked by bisphospho-
nates, which are taken up by resorbing osteoclasts and modulate their sensi-
tivity to apoptotic stimuli. Estrogen replacement therapy or selective estrogen
receptor modulator (SERM) therapy, per our hypothesis, may decrease FSH
levels to reduce TNF� expression.
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a direct, sex steroid-independent action of FSH on the skeleton.
The premise that the osteoclast is the primary target for FSH is
strengthened by our demonstration that FSH�-null mice have
suppressed osteoclast formation in vivo and in ex vivo cultures (2).
This osteoclast-specific action noted in vivo is consistent with data
showing a direct action of FSH in vitro on osteoclastogenesis and
bone resorption in both mice and humans (2).

A potential direct stimulatory action of FSH on bone mass in
vivo, although awaiting definitive proof, is clinically meaningful
in view of the close correlation between bone loss and changes in
serum FSH, rather than sex steroids measured across the meno-
pausal transition (21). In another study, plasma levels of inhibin
correlate with bone mass more strongly than with FSH (22). The
relationship between hormone levels and bone mass might simply
be correlative rather than causal. However, the observation that
amenorrheic women with high FSH levels are osteoporotic whereas
amenorrheic women with normal or low FSH levels are not (23)
highlights the potential importance of FSH in mediating, at least in
part, hypogonadal bone loss in humans. Thus, a therapeutic goal
could well be to suppress serum FSH levels, for example, with an
antibody, in an effort to prevent bone loss, while sparing the ovaries.
Genetic evidence in mice that an �50% reduction in plasma FSH
enhances bone mass without affecting ovarian function (2) attests
to the conceptual feasibility of this approach.

Although FSH stimulates bone resorption in vitro (2), this
osteoclast-stimulatory action of FSH cannot fully explain the in-
creased bone formation and immune cell alterations that accom-
pany hypogonadal osteoporosis. There is strong evidence showing
that T lymphocytes and inflammatory cytokines, such as TNF� and
IL-7, play essential roles in hypogonadal bone loss (3, 24). Evidence
that FSH triggers TNF� production from macrophages and gran-
ulocytes, we believe, bridges the estrogen–FSH axis to the previ-
ously proven immune-mediated changes in bone cells (24). Thus, we
may have identified the physiological trigger, FSH, for the enhanced
TNF� production that accompanies estrogen deficiency, which was
not identified in previous studies (5), likely representing differences
in experimental protocol.

That FSH stimulates TNF� production is complemented by
loss-of-function studies demonstrating lowered TNF� levels in
FSH�-deficient mice, despite severe hypogonadism. Thus, although
estrogen deficiency, for example after ovariectomy, elevates TNF�
expression (24), it appears from our study that FSH is required for
this action, as it is for the accompanying bone loss (2). Interestingly,
mice deficient in the thyroid-stimulating hormone (TSH) receptor
(TSHR) lose bone and have elevated TNF� levels; recombinant
TSH expectedly inhibits TNF� expression (25). Thus, the deletion
of the TNF� gene on a TSHR-deficient background rescues the
bone loss, suggesting that the osteopenia from TSHR deficiency
arises mainly from elevated TNF� levels (25–27). Taken together,
the data indicate that (i) glycoprotein hormone receptors in bone
regulate TNF� production and (ii) modulation of TNF may rep-
resent a key mechanism through which the pituitary gland affects
bone mass.

Remaining unclear, however, is how TNF� causes high-turnover
osteoporosis when in fact it suppresses osteoblast differentiation in
vitro (13, 15). By adopting a mathematical model, we found that all
of the actions of TNF� in causing a high-turnover bone loss, for
which the TNF�-transgenic is a valid model, can be ascribed to an
increase in the osteoclast precursor pool. Modeling the phenotype
of TNF�-transgenic mice treated with OPG suggested that TNF�
was proosteoblastic. Consistent with this notion, there is a dissoci-
ation between the osteoclast and osteoblast phenotypes in TNF�-
Tg�CD44�/� mice (28). Note, however, that FSH does not affect
the osteoblast, although osteoblast precursors do express FSH
receptors (2). To understand the discrepancy between the model-
ing�in vivo data and previously documented in vitro suppression of
osteoblastogenesis, we determined whether ascorbic acid, an ad-
junct used in culture experiments, affected TNF�-induced osteo-

blastogenesis. Indeed, we found that TNF� enhanced osteoblast
differentiation in the absence of added ascorbic acid, whereas it
inhibited osteoblastogenesis in cultures containing ascorbic acid. In
fact, we also noted that the increase in the osteoclast precursor pool
is reversed with ascorbic acid.

Prior studies have implicated ascorbic acid in the control of bone
metabolism. Low dietary intake of ascorbic acid is associated with
decreases in bone mass despite greater rates of bone formation and
increases in mineralizing surfaces (29). In postmenopausal women,
a high intake of ascorbic acid lowers the levels of the bone turnover
marker c-telopeptide (30), whereas a low intake of ascorbic acid
increases the rate of bone loss (31). Our data provide a plausible
explanation of these findings: decreased levels of ascorbic acid
would elevate bone turnover causing increases in both osteoclastic
and osteoblastic function, but with a net bone loss. Indeed, sfx mice
deficient in an enzyme essential for the production of ascorbic acid
undergo spontaneous fractures at an early age (32). Thus, we
speculate that the treatment of postmenopausal osteoporosis might
benefit from supplementation with ascorbic acid. The Women’s
Health Initiative recently found, in a retrospective analysis, that
women taking ascorbic acid in addition to estrogen had significantly
greater bone mineral density gains at all sites compared with those
on estrogen alone (33). Further studies are urgently required to
evaluate the beneficial effects of ascorbic acid in the treatment and
prevention of hypogonadal bone loss in prospectively designed
clinical trials.

Methods
Cell Preparation. Information regarding C57BL6J and FSH� mice
is available elsewhere (2). To obtain total bone marrow, mice were
killed by an institutionally approved protocol, both femurs and
tibiae were surgically extracted, and their bone marrow was flushed.
The bone marrow pellet was resuspended in Opti-MEM I (Invitro-
gen, Carlsbad, CA) containing 5% FBS (Select USA stock; Invitro-
gen) and 1% penicillin�streptomycin.

Osteoclast Formation Assays. Recombinant murine M-CSF (5 ng�
ml; R & D Systems, Minneapolis, MN) was added, and the cells
were incubated for 1 day. Nonadherent cells were collected and
layered over 6 ml of Ficoll–Hypaque (Amersham�GE Health
Sciences, Piscataway, NJ) for density centrifugation. The cells from
the interface layer were collected and resuspended in �-MEM
containing 10% FBS and 1% penicillin�streptomycin. Cells were
plated at 3 � 104 per well in a 96-well plate with M-CSF (30 ng�ml)
and various concentrations of RANK-L (R & D Systems). After 5
days, the cells were stained according to Technical Bulletin 445
from BD Biosciences (San Jose, CA).

CFU-F Colony Formation. Total bone marrow was diluted in �-MEM
with 10% FBS and 1% penicillin�streptomycin with or without 1
mM ascorbate-2-phosphate (phosphorylated form of ascorbic acid)
and plated at 3 � 106 cells per well in six-well plates. After 3 weeks
(with ascorbate-2-phosphate) or 6 weeks (without ascorbate-2-
phosphate) the cells were stained as described previously (28).

Flow Cytometry. Total bone marrow was diluted in Opti-MEM (see
Cell Preparation) and allowed to acclimatize in an incubator for 2 h.
A 0-h sample was taken, FSH (100 ng�ml) was added, and the cells
were sampled at 1, 6, and 18 h after addition. The cells were fixed
by using PhosphoFix (BD Biosciences,) and permeabilized by using
90% methanol at �20°C. Cells were stained for TNF�-
allophycocyanin alone or in combination with CD11b-Alexa Fluor
488, B220-phycoerythrin, or CD3-FITC (antibodies from BD Bio-
sciences). Stained cells were washed, and 30,000 events were
collected on a FACSCalibur as described previously (28). FACS
data were analyzed with Flow-Jo software (Tree Star, Ashland,
OR) for Macintosh.
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Serum ELISAs. Serum from FSH�-null mice and control littermates
was taken as previously described (2). A commercial kit for murine
TNF� (KMC3011; Invitrogen) was used according to the manu-
facturer’s directions. Serum was diluted 1:1 in diluent provided by
the manufacturer. Four animals for each group were assayed two
times; Student’s paired t tests were performed from the sum of all
measurements for each group.

Mathematical Modeling. The mathematical model of bone metab-
olism first reported by Lemaire et al. (14) was adapted such that the
one-component osteoclast system was divided to include a preos-
teoclast component and an osteoclast component. All other pa-
rameters were set as previously described (14). Calculations and

graph plotting were carried out by using MatLab (Release 14;
MathWorks, Natick, MA) with a three-file program consisting of
separate files for parameters, model, and execution�graphing.
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