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Abstract

Iron accumulation in tissues is believed to be a characteristic of aged humans and a risk factor for some
chronic diseases. However, it is not known whether age-associated iron accumulation is part of the
pathogenesis of postmenopausal osteoporosis that affects approximately one out three women worldwide.
Here, we confirmed that this accumulation of iron was associated with osteopenia in ovariectomized (OVX)
rats (a model of peri- and postmenopausal osteoporosis due to estrogen deficiency). To further investigate
whether the increased iron level plays a causal role in the onset of bone loss, we treated OVX rats with an
orally active and bone targeted chelator that prevented iron accumulation in their skeletal tissues. The
results showed that this treatment mitigated the loss of bone mass and the deterioration of bone micro-
architecture. We also found that one possible mechanism of the protective action of iron chelation was to
significantly reduce bone resorption. Thus, these findings provide a novel target and a potentially useful
therapeutic strategy for the prevention and treatment of postmenopausal osteoporosis and perhaps other
age-related diseases.

Introduction

Postmenopausal osteoporosis is a more dangerous
disease than previously thought. The lifetime risk
of dying from osteoporotic hip fractures alone
(about 20% of all osteoporotic fractures) is the
same as that of dying from breast cancer (Seidman
et al. 1985; Cummings et al. 1989). The disease has
a subtle progression and the etiology may be
multifactorial and include genetic, endocrine,
exercise, life-style and aging components (Raisz &
Rodan 2003; Klein et al. 2004). Nutrition also
plays an important role in the development of this
disease (Department of Health 1998; Muhlbauer &
Li 1999).

Iron is an essential nutrient for virtually all
mammalian cells, but it is a double-edged sword.
Excess iron is toxic, causing cellular dysfunction
mainly due to being a powerful catalyst for the

generation of highly toxic free radicals that can
damage all molecular classes found in vivo (Halli-
well & Gutteridge 1999). In aging, iron accumu-
lates in tissues due to the lack of a major
mechanism of iron excretion in the human body
(McCance & Widdowson 1938). Stored body iron
estimated by serum ferritin (SF) concentrations
increases rapidly after menopause in women and
adolescence in men (Howes et al. 2000). The in-
crease continues with age and the iron stores ap-
pear to plateau about the sixth decade of life
(Howes et al. 2000). In postmenopausal women,
the average level of stored iron as reflected by SF
concentrations, is about 106 ng/mL, more than
twice that in pre-menopausal women at about
43 ng/mL (Kato et al. 2000). In adult men, the
average concentration of SF is about 121 ng/mL
while for males of 5 to 19 years of age it is about
20 to 30 ng/mL (The British Nutrition Foundation
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1995). These age-associated increases in stored
iron are considered to be moderate, compared to
the pathological forms of primary and secondary
iron overload (The British Nutrition Foundation
1995; Kato et al. 2000). However, these elevations
are still, albeit controversial (Danesh & Appleby
1999), suggested to be risk factors for several
chronic diseases such as atherosclerosis (Sullivan
1981), cancer (Stevens et al. 1988), diabetes (Woo
et al. 1989) and metabolic disorders associated
with the insulin resistance syndrome (Moirand
et al. 1997).

While osteoporosis is common in postmeno-
pausal women and tissue levels of iron are elevated
in this population, the possible relationship be-
tween iron accumulation and osteoporosis has not
been explored in this population. It was the pur-
pose of this study to determine, in an animal
model of estrogen-deficiency bone loss, the possi-
ble role of skeletal iron accumulation in the
development of osteopenia. The results from this
study indicate that iron may have a role in the
pathogenesis of osteopenia with estrogen defi-
ciency and as such a new pathway for the pro-
gression and possible treatment of this disease is
identified.

Materials and methods

Animal and treatment

Three-month-old female Sprague-Dawley rats
(Charles River Laboratory) were obtained and
housed with 12 h light-dark cycles at constant
room temperature (24�C) and humidity. The rats
were fed standard rat chow (#8640 Harland Tek-
lad) and water ad libitum. At six months of age, the
rats were divided into four groups. One group was
sacrificed as baseline controls at the beginning of
the experiment. The remaining groups were sham
operated (one group) or bilaterally ovariectomized
(OVX) (two groups) via a dorsal approach. Che-
lation treatments started from the second day after
surgery and were given three times a week for
9 weeks. The chelator (1-N-docosyl-triethylen-
etetraminepentaacetic acid) was dissolved in saline
(pH 7.5) and was administered through oral ga-
vage (100 lmol/kg). The control groups including
the sham and OVX-operated were only given the
vehicle solution in the same manner.

The fluorochrome bone markers calcein (fluo-
rescein-methylene-iminodiacetic acid, 10 mg/kg
body weight) and tetracycline-HCl (25 mg/kg
body weight) from Sigma Chemical Co., were gi-
ven by intraperitoneal injections on 10 and 3 days,
respectively, prior to necropsy for later evaluation
of bone dynamics by histomorphometry. The rats
were anesthesized and sacrificed by cardiac punc-
ture. The humerii and lumbar vertebrae were col-
lected. The experiment was approved by the
Institutional Animal Care and Use Committee.

Tissue preparation and analyses

Humeral bone samples were fixed in 70% ethanol
for measurement of tissue iron by electron para-
magnetic resonance (EPR). Lumbar vertebrae were
first fixed in 10% phosphate buffered formalin for
24 h, then dehydrated in ascending concentrations
of ethanol and embedded in methyl methacrylate.
The blocks were trimmed for peripheral computed
tomography (pQCT), micro-computed tomogra-
phy (Micro-CT) and later prepared for histomor-
phometric studies.

pQCT densitometry
The third vertebral bodies were examined by
pQCT densitometry (Norland Stratec XCT 960A)
to determine bone mineral density (BMD) for the
part from the middle point to caudal end exclud-
ing the primary spongiosa. A scout scan of the
vertebra was performed. On the scout view, a
reference line was set such that the cross-sectional
slices passed through at a distance of 1, 2, 3 and
4 mm from the caudal end of the vertebra body.
The voxel size was 196 mm. The contour-mode 2,
peel-mode 20, cortical-mode 2 and threshold 570
for cortical bone were chosen for the analysis. The
mean BMD for all of the measured slices was then
calculated.

Micro-CT measurement
Lumbar vertebrae were scanned using a desktop
Micro-CT (lCT-40, Scanco Medical) with a reso-
lution of 10 lm in all three spatial dimensions. The
complete third vertebral bodies were scanned with
600 slices, each slice containing 2048 · 2048 pix-
els. The trabecular and the cortical part of the
bodies were separated with semi-automatically
drawn contours. The resulting gray-scale images
were segmented using a low-pass filter to remove
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noise and a fixed threshold to extract the miner-
alized bone phase. From the binary images,
structural indices were assessed with three-dimen-
sional techniques without model-assumptions of
the appearance of trabecular bone and were cal-
culated by measuring three-dimensional distances
directly in the trabecular network and taking the
mean over all voxels. The region of interest was
trabecular bone in the lumbar vertebral body
excluding the primary spongiosa area, 0.5 mm
from the growth plate (Laib et al. 2001).

Histomorphometric measurement
The third vertebral bodies were cut with a preci-
sion bone saw (Isomet, Buehler), the sections
mounted on plastic slides and ground to about
30 lm in thickness. The sections were left un-
stained for viewing of the fluorochrome markers.
The cancellous bone in one lumbar vertebra from
each animal was quantified. The primary histo-
morphometric indices collected were total bone
surface, double-labeled surface, interlabel width
and eroded surface. From these, the secondary
indices were calculated and included percent of
double-labeled surface, correctedmineral apposition
rate, bone formation rate and percent of eroded
surface. The histomorphometric nomenclature con-
forms with recommendations (Parfitt et al. 1987).

Free iron measurement
The iron content in the humeral cortical bone was
assayed with EPR spectroscopy (Symons 1978;
Kenner et al. 2005). Samples were crushed into
pieces (<1 mm) using a mortar and pestle. The
granules were defatted with 10 changes of acetone
and dried at 60 �C. The samples were then further
crushed and sieves used to obtain the 250–
600 micrometer fraction. According to a modified
protocol (Kenner et al. 2005), the free iron EPR
measurement, using approximately 100 mg of
samples, was made at 24�C with the value for g-
factor of 2.00541 ± 0.00085 and with the width of
2.5 mT. The signal of free iron was deconvoluted
using the Levenberg–Marquardt method (Press
et al. 1992; Kenner et al. 2005). A Bruker 300E
spectrometer was used for data collection and
instrumental parameters were 25 mW microwave
power, 10 mT magnetic field scan width, 0.5 mT
magnetic field modulation amplitude, 105 receiver
gain, 41 ms conversion time, 41 ms time constant,
9.77 GHz microwave frequency and 30 scans.

Chelator synthesis

The synthesis of 1-N-docosyl-triethylenetetr-
aminepentaacetic acid was described previously
(Bruenger et al. 1992; Miller et al. 1993). Briefly,
excess triethylenetetramine reacted with 1-docosyl
bromide in order to conjugate a single docosyl
group to the triethylenetetramine through a pri-
mary amino group. Then, exhaustive carboxyme-
thylation of the remaining amino groups was
conducted using ethyl bromoacetate with sub-
sequent hydrolysis of the ester. The chelator was
characterized and the structure confirmed using
1H- and 13C-NMR and mass spectrometry. The
chelator was prepared as HCl salt. All chemicals
were purchased from Aldrich and used without
further purification.

Statistics

Results were expressed as mean ± standard error
(SE). Data were analyzed using ANOVA followed
by a post hoc test (Fisher’s PLSD) or Student’s t-
test. A 0.1%, 1% or 5% significance level was used
and significant differences were considered at P <
0.05. The Statview Statistical Package (Abacus
Concepts, Inc.) was used for the data analyses.

Results and discussion

We recently reported that the levels of free iron,
measured by EPR, that is potentially active for
catalyzing free radical formation (Halliwell &
Gutteridge 1999) are elevated in osteopenic bones
from postmenopausal women and OVX rats
(Kenner et al. 2005). It is known that excess iron
accumulation in individuals with primary or sec-
ondary iron-overload disease appears to have a
negative impact on skeletal metabolism in these
individuals (Brock et al. 1994). In other organs
such as the heart and brain, there is accumulating
evidence for a role of tissue iron in the pathogen-
esis of atherosclerosis and neurodegenerative dis-
eases, respectively (Rouault 2001; Stadler et al.
2004). Furthermore, iron chelation therapies may
have some benefit in the treatment of these
diseases (Crapper McLachlan et al. 1991; Duffy
et al. 2001). Based on these observations, we
hypothesized that the age-associated accumulation
of iron in skeletal tissues of postmenopausal
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women may have an important role in the path-
ogenesis of osteoporosis.

To demonstrate our hypothesis, we first con-
firmed the accumulation of iron in osteopenic bones
of OVX rats. The free iron content of cortical bone
from OVX rats was determined by the EPR method
and found to be significantly greater (22.2%. t-test,
P < 0.01) compared with sham-operated controls.
These results suggest an association of increased
iron content with the development of osteopenia in
this model of estrogen deficiency.

The hypothesis that increased bone iron is
associated with the development of osteopenia was
further supported by administration of a chelator.
The chelator used here (1-N-docosyltriethylen-
etetraminepentaacetic acid, Figure 1) has a high
iron binding affinity and the ability to effectively
deplete heavy metals such as plutonium from
skeletal and soft tissues in experimental studies
(Bruenger et al. 1992; Miller et al. 1993). Pluto-
nium shares many properties with iron, including
coordination chemistry, intracellular pathways
and deposition patterns in skeletal tissues (White
et al. 1988). Following the ovariectomy procedure,
the chelator was orally administered. After nine
weeks of treatment, the iron content in bones of
chelator-treated OVX rats was only 59.8% (t-test,
P < 0.01) of that of the untreated OVX rats, and
was 73.0% (t-test, P < 0.01) of that of the sham
control. These results show that chelation therapy
can slow or perhaps even reverse the accumulation
of iron in bone in both OVX and normally aging
rats. Most significantly, however, the reduction of
bone iron in the OVX rats by chelation treatment
slowed the development of bone loss. This was
demonstrated by measuring BMD with pQCT and
bone microstructure with Micro-CT.

Because cancellous bone is more susceptible to
osteopenia caused by estrogen deficiency, we chose
first to measure the BMD in the cancellous bone of
the vertebra (Figure 2). The result showed that the

average cancellous BMD of chelator-treated OVX
rats was significantly greater (12.4%) than that of
untreated OVX rats. The average cancellous BMD
of untreated OVX rats was 21.6% less than the
sham control; while the BMD of the chelator-
treated OVX rats was just 11.9% less than that of
the sham control. This study suggests that iron
chelation treatment slows the loss of cancellous
bone mass in estrogen-deficient rats by reducing
skeletal iron accumulation.

The structure of the cancellous bone was also
examined using the Micro-CT and the derived
morphological measurements (Figure 3). The ratio
of bone volume to tissue volume (BV/TV) in the
chelator-treated OVX rats was significantly higher
(9.1%) than that of untreated OVX rats, which
indicated more trabecular bone mass in the che-
lator-treated OVX rats. At the same time, the
trabecular separation (Tr. Sp.) was significantly
less (10.2%) in the chelator-treated OVX rats
compared with the untreated OVX controls. These
results show that iron chelation treatment also
slows micro-architectural deterioration of cancel-
lous bone following OVX. The increased trabecu-
lar bone volume and decreased trabecular
separation are evident in the Micro-CT images
(Figure 4) of the chelator-treated OVX rats com-
pared with their untreated controls. These results
clearly demonstrate a bone preserving action of
iron chelation in a model of estrogen deficiency.

In models of iron overload, iron deposits in the
bone microenvironment have been associated with
impaired bone formation and increased bone
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Figure. 1. Chemical structure of 1-N-Docosyltriethylenetetr-
aminepentaacetic acid. It is an amphiphilic and orally active
chelator with high iron binding affinity and bone targeting
capability (R=CH3(CH2)19CH2).
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Figure 2. Trabecular BMDmeasured by pQCT. The trabecular
BMD of OVX + Chel and Sham groups were significantly
greater than that of OVX group with ANOVA (1% significance
level, aP < 0.002) and the BMD of Sham group was also sig-
nificantly greater than that of OVX + Chel group (1% signif-
icance level, bP< 0.004 by ANOVA). Each group contained six
rats. All values were expressed as means ± SE.
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resorption (Isomura et al. 2004). The suppression
of bone formation with the stimulation of bone
resorption would result in the development of os-
teopenia. Thus, it was hypothesized that iron
chelation would reverse some of these putative
effects of excess iron on skeletal metabolism. The
histomorphometric data showed that the resorp-
tion (eroded) surface in the cancellous bone of the
chelator-treated OVX rats was about 48% less
than that in the untreated OVX rats (Figure 5).
There was also a trend (P > 0.05 but <0.1) for a
greater cancellous bone formation rate in the
chelator-treated animals than in the respective
controls. Thus these histomorphometric findings
provide a reasonable explanation for the effects of
iron reduction on the mitigation of the develop-
ment of osteopenia in the OVX rat model.

Taken together, the age-associated iron
accumulation in bones of OVX rats may play a
significant role in the development of bone loss
associated with estrogen deficiency. This associ-

ation is further supported by the observation
that by limiting and/or reducing the free iron
concentrations in bone by iron chelation, there
was a significant retention of bone mass and a
slowing of the deterioration of bone structure.
The skeletal protection associated with iron
reduction by chelation was due to a significant
reduction in bone resorption and perhaps a
maintenance or even an increase in bone for-
mation after ovariectomy.

Our findings of increased iron with estrogen-
deficieny osteopenia and the slowing of the oste-
openic changes with iron reduction by chelation,
identify a novel therapeutic opportunity to per-
haps treat postmenopausal and senile osteoporo-
sis. Due to the side effects associated with
traditional hormone replacement therapy, such
new therapeutic opportunities may be very
important. Moreover, our findings may further
help raise awareness about iron nutrition, iron
supplements and Western diets that may be asso-
ciated with excess iron intake and thereby increase
the risks of skeletal disease. Whether chelation
therapies, as used in this study, would be useful for
treatment of diseases that may have an association
with iron accumulation appears promising, but
clearly requires further studies.

Our findings add further support to the some-
what controversial theory that age-associated iron
accumulations in tissues increases the risks of
diseases such as atherosclerosis, cancer, diabetes
and dementia (Sullivan 1981; Stevens et al. 1988;
Woo et al. 1989; Moirand et al. 1997; Rouault
2001). Although there is considerable evidence to
support these associations for some diseases, there
has been little data presented to suggest a rela-
tionship between iron accumulation and skeletal
disease, aside from more extreme iron overload
situations. The present study supports this general
theory by providing evidence for a relationship
between iron accumulation and the progression of
osteopenia in estrogen-deficiency and aging. Be-
cause aging is often accompanied by cancer, ath-
erosclerosis, dementia and osteoporosis, our
findings with others suggest that age-associated
iron accumulation may, in return, be one of con-
tributing factors for aging. Moreover, our findings
may lead to new therapeutic approaches to address
a number of aging diseases that are or may be
associated with iron accumulation and iron asso-
ciated oxidative damage.
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Figure 3. Morphological indices of lumbar vertebral cancellous
bone from groups of OVX, OVX + Chel and Sham rats
(n=6 per group). (a) Trabecular BV/TV measurements of
OVX + Chel and Sham groups were significantly greater than
that of OVX group with ANOVA (5% significance level, aP <
0.015). The BV/TV of Sham group was also significantly greater
compared with OVX + Chel group (5% significance level,
bP=0.003 by ANOVA). (b) Tr. Sp. of OVX + Chel and Sham
groups were significantly lower than that of OVX group with
ANOVA (0.1% significance level, aP < 0.0009). There were no
significant differences in Tr. Sp. between OVX + Chel and
Sham groups. All values were expressed as means ± SE.
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