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Abstract Mechanical loading is thought to provoke a
cellular response via loading-induced flow of interstitial
fluid through the lacuno-canalicular network of osteo-
cytes. This response supposedly leads to an adaptation
of local bone mass and architecture. It has been sug-
gested that loss of estrogen during menopause alters the
sensitivity of bone tissue to mechanical load, thereby
contributing to the rapid loss of bone. The present study
aimed to determine whether estrogen modulates the
mechanoresponsiveness of bone cells from osteoporotic
women. Bone cell cultures from nine osteoporotic wo-
men (aged 62-90 years) were pre-cultured for 24 h with
107" mol/l 17p-estradiol (E2) or vehicle, and subjected
to 1 h of pulsating fluid flow (PFF) or static culture. E2
alone enhanced prostaglandin E, (PGE,) and nitric
oxide (NO) production by 2.8-fold and 2.0-fold,
respectively, and stimulated endothelial nitric oxide
synthase protein expression by 2.5-fold. PFF, in the
absence of E2, stimulated PGE, production by 3.1-fold
and NO production by 3.9-fold. Combined treatment
with E2 and PFF increased PGE; and NO production in
an additive manner. When expressed as PFF-treatment-
over-control ratio, the response to fluid shear stress was
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similar in the absence or presence of E2. These results
suggest that E2 does not affect the early response to
stress in bone cells. Rather, E2 and shear stress both
promote the production of paracrine factors such as NO
and PGE, in an additive manner.
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Prostaglandin E,

Introduction

Osteoporosis is a condition characterized by a com-
promised resistance of the skeleton to mechanical loads
as a result of reduced bone mass and an impaired
mechanical competence of the trabecular architecture.
The cause of bone loss in patients with osteoporosis is
likely to be multifactorial, as bone mass and the skel-
eton’s mechanical performance are affected by many
factors. Systemic factors that affect bone mass are
calcium-regulating hormones, such as parathyroid
hormone, calcitonin and vitamin D, growth hormone,
and the sex hormones [1, 2, 3] Of the latter, estrogen is
probably the best studied, due to its role in bone loss
after menopause.

While all of these hormones are capable of affecting
overall bone mass, local bone mass and architecture are
primarily determined by mechanical signals. Several
studies have shown that mechanical loading determines
bone mass, shape, and trabecular architecture [4, 5, 6].
The purpose of this process of mechanical adaptation is
to obtain bone that combines a proper resistance against
mechanical failure with a minimum use of material. It is
currently believed that mechanotransduction, the pro-
cess whereby mechanical signals are converted into
chemical messages, proceeds as follows: when bones are
loaded, the hard matrix will undergo a very small
deformation (strain). This deformation drives the thin
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layer of interstitial fluid surrounding the osteocyte net-
work to flow from regions under high pressure to re-
gions under low pressure [7, 8, 9]. Although osteoblasts
are sensitive to strain, and might thus sense mechanical
loading directly through the deformation of their sup-
porting substratum, it has been found by several inves-
tigators that the amount of strain does not correlate with
bone formation in vivo [10, 11, 12]. Rather, the strain
rate of the applied stimulus, which is directly related to
the flow of interstitial fluid within the bone, is related to
bone formation [10, 11, 12]. Loading-induced flow of
fluid exerts a shear stress on the osteocyte cell mem-
brane, which provokes a cellular response [13, 14]. It is
thought that the osteocytes subsequently signal the os-
teoblasts and osteoclasts to change their bone remodel-
ing activities [15]. In this concept the osteocytes act as
the mechanosensors of bone, while the osteoblasts and
osteoclasts are the effector cells of bone adaptation.

Bone mass diminishes with increasing age, in part due
to declining levels of physical activity and changed
mobility patterns. Decreased estrogen levels following
menopause also have a strong negative effect on bone
mass [16]. Administration of exogenous estrogens has
been shown to increase bone mineral density in humans
[17, 18], and large doses of estrogens have been shown to
induce new bone formation in mice [19, 20]. These effects
of estrogen on bone can be explained by its opposite
effects on osteoclasts and osteoblasts. Both osteoclasts
and osteoblasts express estrogen receptors, and estrogen
is able to suppress bone resorption and stimulate bone
formation [16, 21]. In addition, it has been suggested
that estrogen alters the response of the bone mechano-
sensing cells to mechanical loading, thereby modulating
the anabolic response of bone tissue to mechanical
loading [22].

This hypothesis is supported by studies which show
that estrogen and mechanical loading can synergistically
affect bone formation [18, 23] On the other hand, there
are also several in vivo studies that were unable to detect
a synergistic effect of estrogen and mechanical loading
on bone formation [17, 24, 25, 26]. Estrogen application
was shown to affect mechanically induced bone forma-
tion whether applied before or after loading [24], and
estrogen did not affect the number of osteocytes
expressing c-fos and IGF-I mRNA in response to
mechanical loading of rat vertebrae [24]. These results
do not support the idea of an interaction between
mechanical loading and estrogen at the level of me-
chanosensation in osteocytes.

To study direct effects of E2 on mechanorespon-
siveness in an early phase of mechanotransduction we
investigated whether E2 modifies the response to shear
stress in cultured bone cells from postmenopausal
osteoporotic women. Women with bone cells that are
highly sensitive to the effects of estrogen are likely to
experience severe bone loss during the menopause,
which results in an osteoporotic phenotype. Therefore,
we specifically chose to investigate bone cells obtained
from postmenopausal osteoporotic women. Nitric oxide

(NO) and prostaglandin E, (PGE,) release were deter-
mined as parameters of bone cell responsiveness, since
both signaling molecules have been shown to be
essential for the anabolic response of bone to
mechanical loading [27, 28]. We applied mechanical
stress by submitting the cells to a pulsating laminar
fluid flow (PFF) [13, 14].

We hypothesized that estrogen would affect the
magnitude of the fluid flow-induced NO and PGE,
production of the bone cells in an additive manner.

Materials and methods
Donors

Trabecular bone samples (surgical waste) were taken
from the femoral neck during hip surgery after osteo-
porotic, subcapital hip fracture. Nine female osteopo-
rotic donors (mean age 80; range 62-90 years), without
other metabolic bone disease, were included in this
study. Osteoporotic fracture was defined as a fracture
without preceding trauma or in response to minimal
trauma. People suffering from hip fracture after severe
trauma were excluded from the study. The protocol was
approved by the Ethical Review Board of the Vrije
University Medical Center, and all subjects gave in-
formed consent.

Culture of primary human bone cells

Trabecular bone biopsies were placed in sterile phos-
phate-buffered saline (PBS), chopped into small frag-
ments and washed extensively with PBS. The bone
fragments were incubated with 2 mg/ml collagenase II
(Sigma, St. Louis, Mo., USA) for 2 h at 37°C in a
shaking water bath to remove all soft tissue from the
bone chip’s surface, after which the denuded bone
fragments were transferred to 25 ml flasks (Nunc, Ros-
kilde, Denmark). The fragments were cultured in Dul-
becco’s Modified Eagle’s medium (DMEM; Gibco,
Paisley, UK) supplemented with 100 U/ml penicillin
(Sigma), 50 pg/ml streptomycin sulfate (Sigma), 50 pg/
ml gentamicin (Gibco), 1.25 pg/ml fungizone (Gibco),
100 pg/ml ascorbate (Merck, Darmstadt, Germany),
and 10% fetal bovine serum (FBS; Hyclone, Logan,
Utah, USA). Culture medium was replaced three times
per week.

When the cell monolayer growing from the bone
fragments reached confluency, the cells were harvested
with 0.25% trypsin (Difco Laboratories, Detroit, Mich.,
USA) and 0.1% EDTA (Sigma) in PBS, plated at 25x10°
cells per well in six-well culture dishes (Costar, Cam-
bridge, Mass., USA) and cultured in 3 ml medium as
described above, until the cell layer reached confluency
again. Then the cells were characterized as described
below, or used for pulsating fluid flow and E2 experi-
ments.



Cell characterization: cbfal mRNA expression
and 1,25-dihydroxyvitamin D5 challenge

To test the osteoblastic phenotype, we isolated RNA
isolated from the bone-derived cell cultures, using
TRIzol reagent (Gibco), in accordance with the manu-
facturers instructions. cDNA synthesis was performed
with 1 pg of total RNA in 50 pl reaction mix consisting
of 1x first-strand buffer, 500 ymol dNTPs, 10 units
RNAse inhibitor, 8 mmol dithiothreithol, 50 units
Superscript RT (Gibco) and 2 pmol primer p(dT)I5
(Boehringer, Mannheim, Germany). For the amplifica-
tion of the cbfal product, 4 pl of cDNA was added to
the PCR reaction mixture consisting of 1x Thermal Ace
buffer (Invitrogen, Carlsbad, Calif., USA), 0.2 mmol
dNTP, 6 mmol sense primer, 6 mmol antisense primer
and 1 U Thermal Ace polymerase (Invitrogen), in a final
volume of 50 pl. The cbfal upstream and downstream
primer sequences were 5" atg ctt cat tcg cct cac aaa
¢ 3’ for the forward primer, and 5" ttt gat gcc ata gtc
cct cct t 3 for the reverse primer, respectively. The
samples were pre-heated for 10 min at 95°C, followed by
a three-step PCR procedure consisting of 45 s at 95°C,
15 s at 53°C, and 15 s at 74°C, for 45 cycles. The PCR
products were subjected to electrophoresis on a 1.5%
agarose gel containing 0.5 pg/ml ethidium bromide.

Alternatively, bone cell cultures were incubated for 3
days in the presence or absence of 107® mol/l 1,25-di-
hydroxyvitamin D3 [1,25(OH),D5] in medium supple-
mented with 0.2% bovine serum albumin (BSA). After 3
days’ incubation, the cells were harvested for determi-
nation of alkaline phosphatase (ALP) activity and total
protein content of the cell layer. ALP activity was
determined in the cell lysate by use of p-nitrophenyl
phosphate (Merck) as a substrate at pH 10.3, in accor-
dance with the method described by Lowry [29]. The
absorbance was read at 410 nm with a Dynatech
MR7000 microplate reader (Dynatech, Billinghurst,
UK). The amount of protein in the cell layer was mea-
sured with a BSA protein assay reagent kit (Pierce,
Rockford, Ill., USA); the absorbance was read at
570 nm. ALP values were expressed per amount of
protein in the cell layer.

Pulsating fluid flow in the presence or absence
of estrogen

Two days before PFF treatment, the cells were harvested
from the six-well plates and seeded onto polylysine-
coated (50 pg/ml; poly-L-lysine hydrobromide, molecu-
lar weight 15-30x10* Sigma) glass slides (size
2.5 cmx6.5 cm). The cells were plated at 5x10° cells/
glass slide and cultured overnight in Petri dishes with
13 ml culture medium as described above in “Culture of
primary human bone cells”. The next morning the cul-
ture medium was replaced by DMEM without phenol
red (Gibco) containing 107" mol/l 17-estradiol (E2;
Sigma) or vehicle, and supplemented with 0.2% BSA.
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The medium also contained antibiotics and ascorbate as
described above. Similar medium, with or without E2,
was used the next day during the PFF experiments.

The cells were subjected to 1 h of PFF as described
previously [30]. Briefly, we generated PFF by pumping
13 ml of culture medium through a parallel-plate flow
chamber containing the bone cells. The cells were sub-
jected to a 5 Hz pulse with a mean shear stress of 0.6 Pa,
a pulse amplitude of 0.3 Pa and a peak shear stress rate
of 8.4 Pa/s. Stationary control cultures were kept in a
Petri dish under similar conditions as the experimental
cultures, i.e., at 37°C in a humidified atmosphere of 5%
CO, in air. After 5 min of PFF or static culture, the
medium was collected and assayed for NO production.
After 1 h the medium was collected for determination of
PGE, production. After 1 h PFF treatment was termi-
nated, and the cells were either directly harvested in
TRIzol reagent for determination of total DNA content
or harvested in ice-cold cell lysis buffer (R&D systems,
Minneapolis, Minn., USA) for determination of human
endothelial nitric oxide synthase (eNOS) protein ex-
pression.

Nitric oxide and prostaglandin E,

We measured NO as nitrite (NO, ") accumulation in the
conditioned medium, using Griess reagent consisting of
1% sulfanilamide, 0.1% naphthylethylene-diamine-di-
hydrochloride and 2.5 mol H3;PO,. Serial dilutions of
NaNO, in non-conditioned medium were used as the
standard curve. The absorbance was measured at 540 nm.

PGE, release in the medium was measured by an
enzyme immunoassay (EIA) system (Amersham, Buck-
inghamshire, UK) that used an antibody raised against
mouse PGE,. The detection limit was 16 pg/ml, and the
absorbance was measured at 450 nm.

Isolation of total DNA

DNA was isolated from the bone cell cultures with
TRIzol reagent in accordance with the manufacturer’s
instructions. DNA content was determined by mea-
surement of the absorbance in water at 260 nm with an
Ultrospec III spectrophotometer (Amersham).

Determination of endothelial nitric oxide
synthase protein

Human eNOS protein expression was quantified with an
eNOS Quantikine immunoassay kit for determination of
eNOS in endothelial cells (R&D systems), in accordance
with the manufacturer’s protocol. This kit employs the
quantitative sandwich enzyme immunoassay [enzyme-
linked immunosorbent assay (ELISA)] technique and
uses antibodies raised against E. coli-expressed re-
combinant human eNOS.
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Statistical analysis

Data of absolute NO and PGE, production were not
normally distributed and were, therefore, analyzed with
the Wilcoxon signed-rank test. When we were compar-
ing treated-over-control (T/C) values, the data were
analyzed by a paired ¢-test. Differences were considered
significant when P <0.05.

Results

Cells started to grow out of the collagenase-stripped
bone chips along the bottom of the culture flask after
approximately 6 days in culture and reached confluency
within 19 days, when they were passaged. Expression
levels of cbfal mRNA by the osteoporotic (OP) bone
cell cultures were comparable to that of a MC3T3-El
mouse osteoblastic cell line (Fig. 1), while treatment of
the passaged cells with 107 mol/l 1,25(0OH),D5 resulted
in a significant 1.6-fold (range 1.2-fold to 2.2-fold) mean
increase in alkaline phosphatase activity.

Treatment of the cells with PFF and/or E2 did not
affect the total amount of DNA per culture (static,
0.60+0.13 ng; static+E2, 0.59+0.12 ug; PFF,
0.57+0.14 ng; PFF+E2, 0.6440.12 pg. Values are
mean = SEM of nine cultures), which demonstrated
that the cells were not removed by the application of
fluid flow and that 24 h of E2 treatment did not affect
cell numbers.

Treatment of the cells with 10™'" mol/l E2 for 24 h
stimulated NO and PGE, production by 2.0-fold and
2.8-fold, respectively (Fig. 2a, b) and increased eNOS
protein expression by 2.5-fold (Fig. 2c). One hour’s

1 2 3 4 5 6 7 8 9

MC3T3-E1
Negative
' Ladder

AT IrIrErrrm.. - -214bp

Fig. 1 Cbfal mRNA expression by untreated primary human bone
cell cultures from osteoporotic donors (numbers 1-9). Reaction
mixes were subjected to electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide staining. MC3T3-El, a mouse
osteoblast cell line, served as a positive control for cbfal
expression. Negative negative control, Ladder 100 bp ladder

treatment with PFF slightly, but not significantly, in-
creased eNOS expression (data not shown). Application
of PFF rapidly stimulated NO production, in both the
vehicle and the E2-treated cells (Fig. 3a). PFF also
stimulated the production of PGE,, both in the absence
and presence of E2 (Fig. 3b). For both NO and PGE,
the combined treatment with PFF and E2 seemed to
have an additive, but not synergistic, effect when mean
group values (Fig. 3a, b) were considered.

When the same data were expressed as PFF-treated
over static culture (PFF/static) ratios this observation
became even clearer (Fig. 4a, b). Five minutes of PFF
treatment stimulated the NO production by 3.9-fold in
the vehicle-treated cells and by 3.5-fold in the E2-treated
cultures (Fig. 4a). After 1 h, PFF increased PGE, pro-
duction by 3.1-fold in the vehicle-treated cells and by
2.7-fold in E2-treated cultures (Fig. 4b). Thus, PFF had
a similar stimulatory effect on the production of NO and
PGE, in the presence and absence of E2.

Discussion

In the present study we tested whether estrogen modu-
lates the carly response of bone cells from post meno-
pausal osteoporotic donors to a mechanical stimulus,
applied in the form of a pulsating fluid flow. Bone cells
were grown from surgical waste trabecular bone, ob-
tained during hip surgery for osteoporotic, subcapital
femur fracture. Our population did not include any pre-
menopausal donors. It is, however, unlikely that factors
such as hormonal status of the donor would have af-
fected the mechanosensitivity of the bone cells in vitro,
since the cells were cultured for an average of 30 days, in
the presence of 10% fetal calf serum containing low
concentrations of estrogen, before they were used for the

Fig. 2a—c Effect of 24 h treatment with E2 on NO and PGE,
production, and eNOS protein expression by OP bone cells. a, b
Each symbol represents the mean NO and PGE, production,
normalized for the amount of DNA, by duplicate cultures from one
donor. Lines connect data of vehicle-treated cultures (circles) with
data of E2-treated cultures (triangles) from the same donor.
Horizontal bars express mean NO or PGE, production. Note that
the y-axis is logarithmic. ¢ Treatment over control (7/C) ratio of
eNOS expression. E2 stimulated NO (a) and PGE, (b) production
and eNOS protein expression (¢). *Significant effect of E2, P <0.05
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Fig. 3a,b Effect of E2 and/or PFF on NO and PGE, production by
OP bone cells. Bars represent mean + SEM. Both PFF and E2
treatment significantly enhanced NO (a) and PGE, (b) production
by the bone cell cultures. Combined treatment with PFF and E2
further increased NO and PGE, production in an additive, but not
synergistic, manner. *Significantly different from static (star)
culture + vehicle; # significantly different from stat + E2, P<0.05

PFF experiments. The bone fragments were treated with
collagenase to remove all soft tissue from the bone
surface before being put into culture, and it took 6 days
before cells started to grow out of the denuded bone
chips. This suggests that they were derived from a cell
source within the bone matrix rather than from its sur-
face.

The “osteocytic osteoblast”, a cell stage between
osteoblast and osteocyte [31] seems a good candidate.
Treatment of the cell cultures with 1,25(OH),D5 stimu-
lated ALP activity, and the cells expressed cbfal mRNA,
indicating that they were of the osteoblast lineage. We
have previously shown that human cells isolated as
outgrowth from denuded bone chips respond to treat-
ment with 1,25(OH),D; with increased osteocalcin
expression [32] and do not express the endothelial cell-
specific factor VIII, von Willebrand factor [33]. Osteo-
cytes, the terminally differentiated cells from the osteo-

Fig. 4a,b Effect of E2 on the magnitude of the NO and PGE,
response to PFF by OP bone cells. Data are expressed as PFF-
treated over static culture (PFF/static) ratios. Bars are mean =+
SEM of nine donors. Application of PFF for 5 min enhanced NO
production both in vehicle and E2-treated cultures in a similar
manner (a). There was no difference in magnitude of the PGE,
response to PFF between E2 and vehicle-treated cells (b).
*Significant effect of PFF, P <0.05
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blastic lineage, are highly responsive to mechanical
loading in the form of a fluid flow [13]. The strong re-
sponse to PFF of the cells isolated as outgrowth from
denuded bone chips supports our contention that, to a
certain extent, they mimic osteocytes.

We measured NO and PGE, production as parame-
ters of the bone cell response to mechanical stimulation
because animal studies have shown that NO as well as
PGE, are essential for the induction of new bone for-
mation in reaction to mechanical loading [27, 28]. In
addition, both NO and PGE, production are influenced
by estrogen [34, 35, 36, 37}, and the anabolic effect of
estrogen on bone seems to be mediated by prostaglan-
dins and NO [20, 34, 38]. We used the physiological
concentration of 10~'" mol/l E2, because higher con-
centrations did not affect NO production in human and
mouse osteoblastic cells or in bovine endothelial cells
[36, 39]. Moreover, this E2 concentration has previously
been shown to increase PGE, production by primary
human bone cells [40]. The limited amount of donor
bone precluded an extensive dose/effect study.
Mechanical loading was applied by a pulsating fluid flow
of 0.6+0.3 Pa at 5 Hz because this regime has been
shown to cause a submaximal stimulation of NO and
PGE, production [14].

The question whether estrogen and mechanical
loading act synergistically to increase bone mass and
bone strength is still unresolved. An in vitro study found
a synergistic effect of estrogen and mechanical loading
on *H-thymidine and *H-proline incorporation in cul-
tured ulnae of female rats [23], and a clinical study re-
ported a synergistic effect of weight-bearing exercise and
hormone replacement therapy (HRT) on whole-body
bone mineral density (BMD) in elderly women [18].

60 min
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N
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However, that study found no synergistic effect of
exercise and HRT on BMD of the spine and hip, two
sites prone to osteoporotic fracture [18].

In another clinical study HRT and exercise both in-
creased BMD of the proximal tibia of postmenopausal
women, but no synergistic effect was observed at this site
either [17]. In two separate studies with rats, the anabolic
response of bone to treadmill exercise was not negatively
affected by ovariectomy, which suggests that estrogen
status does not affect the mechanoresponsiveness of
bone tissue [25, 26]. In rat bone, estrogen did not sig-
nificantly alter the proportion of osteocytes that ex-
pressed c-fos and IGF-1 mRNA in response to
mechanical loading, and affected mechanically induced
osteogenesis similarly when administered before or after
application of loading [24]. This latter observation sug-
gests that even if estrogen alters the mechano-adaptive
response of bones as an organ, estrogen does not act on
the strain-sensing mechanism itself.

Our present in vitro data support that conclusion. We
found that E2 and fluid flow-induced shear stress both
promote the rapid production of NO and PGE, and that
the combined application of E2 and PFF had an addi-
tive effect on NO and PGE, production, rather than a
synergistic one. Our results are in agreement with an
earlier study that showed that estrogen enhanced fluid
shear stress-induced prostaglandin production by bone
cells from elderly women [40]. When the results of that
study are expressed as PFF-treated over static culture
(T/C) ratios, it becomes clear that the response to shear
stress was similar in the absence or presence of E2 (PGE,
production, mean £ SEM, vehicle treated 3.6+ 1.3; E2
treated 3.5+ 1.4). In the latter study, cells were used
from osteoarthritic rather than osteoporotic donors. The
lack of a synergistic effect does not, therefore, appear to
be related to the osteoporotic status of the donor.

We found that treatment for 24 h with E2 more than
doubled eNOS expression, in agreement with other
studies [35, 36, 37]. The enhanced eNOS protein
expression after 24 h E2 might explain the enhanced NO
production under static culture conditions. The finding
that E2 stimulated eNOS expression in the cells, but that
PFF and E2 nonetheless acted in an additive manner,
suggests that eNOS protein expression in the cells was
not rate limiting for PFF-induced NO production. We
had found earlier that mRNA levels for eNOShad
doubled after 1 h of static post-incubation following 1 h
of PFF treatment [33]. In the present study eNOS pro-
tein expression was not significantly enhanced immedi-
ately after 1 h exposure to PFF, likely because the time
period was too short to allow for a significant increase in
eNOS protein expression.

Our results are also consistent with the finding by
Damien et al. that estrogen and mechanical strain had
an additive, rather than synergistic, effect on osteoblast
proliferation in vitro [41]. That study by Damien et al.,
as well as subsequent papers, found evidence for an
important role of the estrogen receptor « (ERa) in the
proliferative response of bone cells to mechanical stress

[31, 42, 43, 44, 45]. In addition, in ERa knockout mice
the adaptive bone formation in response to mechanical
loading was blunted [46]. Thus, mechanical loading and
estrogen do seem to share a common signaling pathway
in the regulation of osteoblast proliferation and bone
formation. Of course, the responses of osteoblasts,
which are the effector cells of bone adaptation, are
downstream of the response of the mechanosensors to a
mechanical stimulus [15]. It is the latter response that we
have studied in the present paper.

Although we found no synergistic effect of E2 and
PFF on NO and PGE, production by OP bone cells,
we did find additive effects, both on NO and PGE,
production. The production of both factors was highest
when shear stress was applied in the presence of
estrogen and lowest when neither estrogen nor shear
stress was applied. If we assume that both factors are
related to anabolic events further downstream in the
adaptive response to mechanical loading [27, 28], this
suggests that estrogen and mechanical usage both
promote bone mass and strength. As such, these in
vitro results are in agreement with clinical studies [17,
18]. Our results do not rule out the possibility that
estrogen modulates the adaptive response of whole
bones to mechanical load but do contradict the concept
that estrogen, by itself, promotes mechanotransduction
in osteocytes, the principal bone mechanosensing cells
in the adaptive cascade.
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