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Abstract

Hemochromatosis is a known cause of osteoporosis in which the pathophysiology of bone loss is largely unknown and the role of iron
remains questionable. We have investigated the effects of iron on the growth of hydroxyapatite crystals in vitro on carboxymethylated poly(2-
hydroxyethyl methacrylate) pellets. This noncellular and enzyme-independent model mimics the calcification of woven bone (composed of
calcospherites made of hydroxyapatite crystals). Polymer pellets were incubated with body fluid containing iron at increasing concentrations
(20, 40, 60 μmol/L). Hydroxyapatite growth was studied by chemical analysis, scanning electron microscopy, and Raman microscopy. When
incubated in body fluid containing iron, significant differences were observed with control pellets. Iron was detected at a concentration of
5.41- to 7.16-fold that of controls. In pellets incubated with iron, there was a ∼3- to 4-fold decrease of Ca and P and a ∼1.3- to 1.4-fold
increase in the Ca/P ratio. There was no significant difference among the iron groups of pellets, but a trend to a decrease of Ca with the
increase of iron concentration was noted. Calcospherite diameters were significantly lower on pellets incubated with iron. Raman
microspectroscopy showed a decrease in crystallinity (measured by the full width of the half height of the 960 Δcm−1 band) with a
significant increase in carbonate substitution (measured by the intensity ratio of 1071 to 960 Δcm−1 band). Energy dispersive x-ray
analysis identified iron in the calcospherites. In vitro, iron is capable to inhibit bone crystal growth with significant changes in crystallinity
and carbonate substitution.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Iron is a vital element for the survival of animals, plants,
and microorganisms [1]. Because of its capacity to accept
and donate electrons readily (converting Fe3+ in Fe2+), it is a
useful component of cytochromes, oxygen-binding mole-
cules (eg, hemoglobin and myoglobin) and enzymes [2]. In
genetic hemochromatosis (mostly due to HFE C282Y
homozygote gene mutation), iron overload can lead to
severe complications as nonalcoholic cirrhosis with liver
adenocarcinoma, congestive heart failure, diabetes, sexual
impotence, joint damages, and bone loss [3]. Severe
complications of the disease can be now prevented by
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phlebotomia and, fortunately, most of the patients do not die
anymore from the disease itself. In this context of chronic
disease, the impact of iron overload on bone metabolism was
described only recently. Osteoporosis occurs in 29% to
34.2% of patients in recent series [4,5] and the risk of
vertebral fracture can reach 20% [6]. In former studies, it was
hypothesized that hypogonadism, cirrhosis, low vitamin D
levels [6], or hyperparathyroidism [7] could be responsible
for bone loss. However, these patients had a very severe form
of hemochromatosis and did not fulfill the actual standards
for bone evaluation. Recently, it has been found in an
homogeneous male population with the HFE C282Y
homozygote mutation, that none of these factors could
solely explain osteoporosis in genetic hemochromatosis [4].
Little is known about the pathophysiologic mechanisms
leading to osteoporosis in genetic hemochromatosis. Classic
risk factors (particularly hypogonadism) can participate to
bone loss but do not appear to play the key role. The direct
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pathological effect of Fe3+ at the tissue level has been seldom
considered. Iron overload has been found on bone biopsy in
patients with hemochromatosis. Positive iron staining of
osteoblasts, osteoclasts, and bone matrix is observed in
patients [8,9] and confirmed by animal studies [10,11].
Histomorphometric studies of iron-overloaded bone have
essentially shown a decrease in bone formation and an
occasional increase in bone resorption in patients with
associated hypogonadism. Osteomalacia has never been
found in patients [12-14]. Why hemochromatosis leads to
osteoporosis even in the absence of hypogonadism or liver
complications is not fully understood.

In this study, we have investigated the role of iron on the
in vitro growth of hydroxyapatite crystals. We used a
modified polymer, carboxymethylated poly (2-hydroxyethyl
methacrylate) (pHEMA-CM), which can mimic the calcifi-
cation of woven bone [15]. Pellets of the polymer were
incubated in a synthetic body fluid containing iron (Fe3+) at
increasing concentrations because Fe3+ is the circulating
form of iron in the blood and extracellular fluids [16,17]. The
hydroxyapatite growth in presence of iron was studied by
chemical analysis, scanning electron microscopy (SEM), and
Raman microscopectroscopy.
2. Materials and methods

2.1. The monomer

Commercial 2-hydroxyethyl methacrylate (HEMA) was
purchased from Sigma-Aldrich Chemical (Illkirsh, France).
Commercial HEMA contains residual methacrylic acid and
cross-linkers due to the fabrication process. The polymeriza-
tion inhibitor 4-methoxyphenol (added by the manufacturer
before shipping, at a concentration of 350 ppm) also needs to
be removed. HEMAwas purified and distilled under reduced
pressure (5 × 10−2 mBar, 70°C).

2.2. Preparation of the polymer

The linear polymer was prepared by bulk polymeriza-
tion. Briefly, the polymerization mixture was composed of
HEMA (10 mL) and 0.2 g of benzoyl peroxide (BPO)
used as initiator. The mixture was accelerated by N,N-
dimethyl-para-toluidine in a molar ratio of benzoyl
peroxide to N,N-dimethyl-para-toluidine of 100:1 (mol/
mol). Monomers were polymerized at 4°C for 2 hours in
polypropylene wells (Delta Microscopies, Labege, France).
In that way, calibrated pellets of pHEMA were obtained
(150 ± 5 mg) with a great regularity. Carboxymethylation
of the pellets was done by the modified method of Garrett
et al [18]. Briefly, the pellets were washed with deionized
water (USF ELGA, Purelab Plus, Ransbach-Baumbach,
Germany) for 30 minutes and soaked in 0.5 mol
bromoacetic acid in a 2-mol NaOH solution for 18 hours
at room temperature, under gentle agitation. Pellets of the
carboxymethylated polymer (pHEMA-CM) were washed 3
times (10 min each) in deionized water.
2.2.1. Incubation of pellets in synthetic body fluid
A standard synthetic body fluid (medium-1×) mimicking

the lymph fluid was prepared according to Yamada et al [19].
Its composition (verified on a Technicon SMA analyzer,
Emeryville, CA) was as follows: Na, 142.19mmol/L; Ca, 2.49
mmol/L; Mg, 1.5 mmol/L; HCO3, 4.2 mmol/L; Cl, 141.54
mmol/L; HPO4, 0.9 mmol/L; SO4, 0.5 mmol/L; K, 4.85mmol/
L. Pellets of pHEMA-CM materials were sterilized by UV
radiation (360 nm for 3 hours) and were distributed in sterile-
capped vials containing 50 mL of the synthetic medium
(1.25×) during 5 days at 37°C to induce the appearance of
hydroxyapatite globules (calcospherites) at their surface. The
pellets were transferred into an enriched body fluid (medium-
1.25×) containing 0, 20, 40 or 60 μmol/L iron (Fe3+) during
12 days. The groups incubated with Fe supplemented body
fluid will be referred as the “iron groups” I20, I40, and I60, and
the pellets incubated without iron will constitute the control
group. Pellets were soaked in a humidified oven at +37°C,
with an inflowing air containing 5 vol% CO2. The fluid was
replaced every 2 days. At the end of the incubation period, the
pellets were rinsed in deionized water for 3 × 10 minutes to
remove the noncrystallized ions. Twelve pellets were
incubated for each period and for each iron concentration, so
the following analyses were done in triplicate.

2.3. Chemical analysis

Transfer of the pellets in HCl 0.2 mol (1 mL) for 24 hours
led to a complete dissolution of calcospherites. The fluid was
then collected and used to determine the amount of free ions on
an automated biochemistry Hitachi 917 spectrophotometer
(Roche, France) with standardized clinical reagents for iron
(FerroZine Iron), calcium (Calcium Infinity Arsenazo III), and
phosphate (reduced phosphomolybdate method) [20] obtained
from the manufacturer. Measurement was performed on the
fluid obtained from 3 pellets incubated in the same conditions,
and the mean ± SD of the triplicate was considered.

2.4. Scanning electron microscopy and energy-dispersive
x-ray analysis

Pellets to be examined by SEM, were processed as pre-
viously described [21]. Briefly, pellets whose surface was
covered by calcospherites were dehydrated and carbon-
coated (10 nm thick) with a MED 020 (Bal-Tec, Balzers,
Liechtenstein). Scanning electron microscopy was performed
on a JEOL 6301F (Jeol-France, Paris) field emission micro-
scope equipped with an energy dispersive x-ray microana-
lysis machine (EDX, Link ISIS, Oxford Instruments, Oxford,
UK). EDX was done by point analysis at the surface of
calcospherites to determine their composition; the method
explores several micrometers in thickness [22]. To illustrate
the areas of iron deposition, 3 pellets covered by calcosphe-
rites incubated in body fluid containing Fe3+ were embedded
in methyl methacrylate. They were fractured transversally in
liquid nitrogen to expose the pHEMA and the layer of
calcospherites. EDX analysis was done by line scanning: it is



Fig. 1. Fe3+ and Ca concentration (mMP/mg polymer) in pHEMA-CM
pellets incubated with 1.25× body fluid with and without Fe: controls, 0; I20,
20 μmol/L; I40, 40 μmol/L; and I60, 60 μmol/L. Significant differences
with controls (C) are detailed in Table 1.
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a useful method for investigating the change in elements
along a line of traverse on the specimen surface. Each pixel
along the testing line is analyzed to provide its own spectrum
of data for selected elements. The intensity of elements along
the length of the testing line is plotted and corresponds to the
distribution of Ca, P, and Fe from the surface of the polymer
to the different layers of calcospherites.

2.5. Raman microspectroscopy

Raman analysis was performed on a Senterra microscope
with the OPUS 5.5 software (BRUKER OPTIK, Ettlingen,
Germany). The excitation laser wavelength was 785 nm. The
long working distance of the 20× microscope objective gave
a spot size in the order of a few micrometers. The Raman
microspectroscopy consists in a continuous laser beam
focused on a sample through a microscope. From photons
interaction with the molecules of the sample, crystal-
lographic and molecular group characteristics can be
assessed. The final spectrum of each spot was the average
of 4 scans. Automatic baseline correction removes residual
fluorescent background, resulting in fluorescent-free spectra.
Values from peak intensities and bandwidths of peak
recorded spectrum were used as described in the literature
using the vendor-supplied scripts [23]. Two bands were
investigated: phosphate band (PO4

3− symmetric stretch at
Table 1
Fe3+, Ca2+, and PO4

3− concentrations in pHEMA-CM pellets incubated with 1.25×

Mean ± SD Fe3+ (mmol/L per milligram
of pHEMA)

PO4
3− (mmol/L per

of pHEMA)

controls 0.06 ± 0.01 0.11 ± 0.02
I20 0.44 ± 0.12 ⁎⁎⁎ 0.04 ± 0.01 ⁎⁎⁎

I40 0.33 ± 0.02 ⁎⁎ 0.04 ± 0.01 ⁎⁎⁎

I60 0.33 ± 0.05 ⁎⁎ 0.03 ± 0.001 ⁎⁎⁎

⁎ P b .05, significant difference with controls.
⁎⁎ P b .01, significant difference with controls.
⁎⁎⁎ P b .0001, significant difference with controls.
960 cm−1) and carbonate band (CO3
2− symmetric stretch at

1071 cm−1). From these measurements, we calculated
crystallinity (expressed in cm−1) as the bandwidth at the
half peak intensity of the PO4

3− band at 960 cm−1 [24].
Crystallinity is improved as the mineral crystal size
increases. In hydroxyapatite, the substitution of the PO4

3−

functional group by CO3
2− is coined a type B carbonate

substitution [24,25]. Carbonate substitution was calculated
as the ratio of the intensity of the PO4

3− peak at 960 cm−1

to the intensity of CO3
2− peak at 1071 cm−1 [23,26]. Ten

peaks of each band were analyzed for each sample.
Although other forms of substitutions exist, only the
bCO3

2− substitution was investigated in this study. The
extent of type B carbonate substitution was quantified by
dividing bCO3

2− intensity with the PO4
3− intensity.

2.6. Statistical analysis

Data analysis was performed with the Statistical Package
for Social Science 12.0.1 software (SPSS, Chicago, IL). Data
are expressed as mean ± SD. The significance of differences
between groups was calculated by analysis of variance
procedure, and when a significant difference was found,
Fisher least significant difference test for post hoc between
group comparisons was used at the 95% significance level.
3. Results

3.1. Chemical composition of pellets

The pellets did not vary in shape or weight under
standardized polymerization conditions. They were translu-
cent, and their mean weight was 149 ± 4.3 mg without
significant differences between groups. When incubated in
1.25× body fluid with iron, there were significant differences
between the iron groups and controls for chemical analysis.
As expected, the amount of Fe3+ was higher in the iron
groups, but no significant difference could be evidenced
between them. The mean Fe3+ concentration was 0.06 ± 0.01
mmol/L per milligram of pHEMA in the control pellets and
5.41- to 7.16-fold more in the iron groups (P b .05 and .01)
(Fig. 1 and Table 1). There was a lower amount of Ca (Fig. 1)
and P and a higher Ca/P ratio in the iron groups than in
controls (Table 1). There was a dramatic decrease in P and
Ca with, respectively, 2.9- to 4.4-fold and 2.12- to 3.27-fold
body fluid with Fe3+ (0, 20, 40, and 60 μmol/L)

milligram Ca2+ (mmol/L per milligram
of pHEMA)

Ca2+/ PO4
3−

0.18 ± 0, 03 1.58 ± 0.07
0.08 ± 0.01 2.18 ± 0.28 ⁎

0.07 ± 0.01 ⁎⁎⁎ 2.01 ± 0.06 ⁎

0.05 ± 0.003 ⁎⁎⁎ 2.12 ± 0.12 ⁎⁎



Fig. 3. EDX analysis of a control calcospherite (A) showing Ca, P, and Mg
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in iron groups vs controls and a 1.27- to 1.38-fold increase in
the Ca/P ratio in irons groups vs controls. There was no
significant difference for Ca and P between the iron groups
but a trend to a decrease of Ca with the increase of iron
concentration (Table 1 and Fig. 1).

3.2. Scanning electron microscopy

After incubation in the body fluid, a white mineral layer
composed of mineralized nodules was clearly shown by
SEM. Mineralized nodules had a rounded shape (calco-
spherites); they were made of elementary tablets or plates of
hydroxyapatite, packed together as previously reported [27].
A significant difference was found in calcospherite diameter
between controls (Fig. 2A) and iron groups (Fig. 2B). In the
latter, the calcospherite diameter was significantly lower than
controls (I20, 1.28 ± 0.35; I40, 1.15 ± 0.31; I60, 1.25 ± 0.41
μm and 2.34 ± 0.41 μm in controls; P b .0001). There was no
difference for calcospherite size between the iron groups. On
the EDX cartography, Ca, P, and Mg could be localized. Fe
was only localized in the iron groups. There was no
difference in Fe spectrum intensity between the iron groups
Fig. 2. A, SEM micrograph of a group of calcospherites incubated in body
fluid without Fe3+ (control). B, A group of calcospherites incubated in body
fluid with Fe3+. Bar = 1 μm.

colocalization. The lower spectrum (B) is from an I40 calcospherite and the
position of Fe is clearly illustrated.
(Fig. 3). On fractured pellets examined by line scanning in
EDX (Fig. 4), the first band of calcospherites grown without
iron was clearly identified (c). It is covered by the upper
band containing calcospherites heavily and diffusely positive
for iron (d).

3.3. Raman microspectroscopy

In Raman spectroscopic analysis, the physicochemical
properties of calcospherites demonstrated significant
changes between iron groups and controls (Fig. 5). The
bandwidth at the half peak intensity of the PO4

3− band, which
is a reflection of crystallinity, was significantly lower in
controls than in iron groups (except for I60 where the
difference did not reach significance), suggesting a greater
crystallinity in controls and a more ordered crystal lattice.
The substitution of carbonate ions in phosphate positions
given by the ratio of the intensity of the PO4

3− peak to the
intensity of CO3

2− peak (reflecting the ratio phosphate/
carbonate) was significantly greater in iron groups than in
controls (13.5%-23.7%), suggesting a possible deterioration
of structural mechanical properties as it was demonstrated
previously [23] (Table 2).
4. Discussion

Iron is a vital trace element essential for cytochromes,
oxygen-binding molecules, and enzymes. However, free iron
can also damage tissues by producing free radical species as
hydroxyl radical (OH•). Free radicals cause lipid peroxida-
tion, changes in cell membranes composition and fluidity,
and alteration of proteins and DNA, especially in case of iron
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overload [28]. This has been well established in HIV
infection, chronic hepatitis C, and alcoholism associated
with increased iron concentrations [1,29]. Little is known
about the relationships between iron and hydroxyapatite
crystal, which is the most abundant constituent of bone
mineral. In a study of iliac crest biopsies from 21 individuals
with severe osteoporosis (at least one vertebral fracture), iron
bone concentration (cortical and trabecular) was evaluated
using inductively coupled plasma optical emission spectro-
metry. A significant increase in iron content in cortical bone
was found in osteoporotic patients vs 12 controls. However,
the authors thought that it was due to the increase of bone
vascularization in more osteoporotic cortical bones, with an
increase of red blood cells that can release iron [30]. Their
data did not exclude abnormal iron absorption and a direct
toxicity on bone.

Calcospherite growth on pHEMA-CM is a noncellular
model mimicking the mineralization of woven bone. Woven
bone is a peculiar bone texture observed in the growing
skeleton, fracture callus, and metaplasia [31,32]. It has been
developed to test drug efficacy (bisphosphonates) [32], cell
ig. 5. Raman analysis of control calcospherites (A) and calcospherites from
e I20 group (B) incubated in body fluid with Fe3+. Note the difference in
e carbonate bandwidth.

Fig. 4. EDX analysis of a pHEMA pellet embedded in methylmethacrylate
and fractured. Line scanning of the sectioned thickness was done along
the a-b line on a 10-μm length. Ca and P are clearly identified in the first
layer (c), when calcospherites were grown without iron. Ca, P, and Fe are
identified in the upper layer (d) and correspond to calcospherites that
contain iron.
F
th
th
adherence [31], and protein interaction during bone crystal
growth [33]. In this study, we have used this model to
evaluate the direct role of iron on bone mineralization. We
found that Fe3+ induced a decrease in the calcospherite
able 2
rystallinity and carbonate substitution values in pHEMA-CM pellets
cubated with 1.25× body fluid with Fe3+ (0, 20, 40, and 60 μmol/L)

ean ± SD FWHH of 960 Δcm−1

band (cm−1)
Intensity ratio of 1071
to 960 Δcm−1 band

ontrols 23.50 ± 0.34 9.85 ± 0.71
0 24.22 ± 0.46 ⁎⁎, ‡ 12.19 ± 1.46 ⁎⁎⁎⁎

0 24.86 ± 0.80 ⁎⁎⁎, †, § 11.18 ± 1.39 ⁎

0 23.77 ± 0.19 11.62 ± 1.01 ⁎⁎⁎

WHH indicates full width of the half height and is a measure of relative
egree of crystallinity. Intensity ratio of 1071 to 960 Δcm−1 band reflects
ifferences in carbonate substitution.
⁎ P b .05, CO3

2−/PO4
3− significant difference with controls.

⁎⁎ P b .01, CO3
2−/PO4

3− significant difference with controls.
⁎⁎⁎ P b .001, CO3

2−/PO4
3− significant difference with controls.

⁎⁎⁎⁎ P b .0001, CO3
2−/PO4

3− significant difference with controls.
† P b .01, CO3

2−/PO4
3− significant difference with I20.

‡ P b .01, CO3
2−/PO4

3− significant difference with I40.
§ P b .0001, CO3

2−/PO4
3− significant difference with I60.
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diameter and a dramatic decrease in Ca and P in the crystal
content. This effect was independent of cellular or enzyme
interactions because the model is acellular. There is a
growing body of evidence that iron can play a deleterious
role in bone. In genetic hemochromatosis, former human
studies had found Perls blue staining in bone trabeculae of
patients [8,9]. Furthermore, bone mineral density is
decreased in patients with genetic hemochromatosis and
severe iron overload [5], and a negative correlation has been
found between hepatic iron concentration (a good index of
total body iron overload) and bone mineral density at the
femoral neck [4]. A study of overload with intramuscularly
dextran iron was conducted during 36 days in pigs [10]; a
linear deposit of iron inside the bone matrix was observed at
the edge of the trabecular surfaces, at the osteoid/mineralized
interface, and seldom in the cement lines. Iron was detected
as large deposits in marrow macrophages, less frequently in
osteoclasts or in osteoblasts. The main effect was a decrease
in bone formation, without change in bone resorption or
mineralization impairment. Osteopenia was induced in
Sprague-Dawley rats fed a diet containing 50 000 ppm
iron lactate (5%) for 2 or 4 weeks [34]. The bone volume,
trabecular thickness, and trabecular number decreased
without mineralization defect; surprisingly, no iron was
found at the surface of the trabeculae. The bone formation (as
assessed by osteocalcin and alkaline phosphatase dosages)
and bone resorption (as assessed by urinary pyridinolin and
deoxypyridinolin dosages) significantly increased vs con-
trols; this was confirmed by bone histomorphometric
parameter change. Parathyroid hormone levels decreased
without iron deposits in parathyroid glands. Bone remodel-
ing markers were approximately 30% lower after 4 weeks
treatment than after 2 weeks. In this study, the reason why
bone formation was increased despite low parathyroid
hormone levels remains unclear. These results contrast
with the changes seen in pigs treated with intramuscular
dextran iron [10]. When the iron treatment lasted 13 weeks,
positive iron bands were detected at the edge of all
trabecular surfaces in the tibia and at the osteoid-
mineralized bone interface. In this case, histology showed
mineralization impairment similar to osteomalacia [35].
Recently, it was shown in old Wistar rats, fed iron lactate
for 4 weeks, that reactive oxygen species accumulated in
bone. Free radicals are released via the Fenton reaction in
which Fe2+ produces OH• in the presence of hydrogen
peroxide. There was an increase in bone resorption markers
(a 2.7-fold increase of urinary deoxypyridinolin than con-
trols) and no change in bone formation markers. An iron
lactate diet significantly decreased serum glutathione
peroxidase enzyme activity, an enzyme that catalyzes the
reduction of the oxidized glutathione, and an increase of
urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG), a marker
of DNA oxidative damages.

In the present study, we found a direct effect of iron on the
hydroxyapatite crystal with a decrease in the mean size of
calcospherites and consequently a marked reduction in Ca/P
deposit on the pHEMA-CM pellets. Fe3+ was diffusely
incorporated in the calcospherites grown during the second
step of the experiment (when iron was added in the body
fluid) as shown by the line scanning analysis in EDX. It is
known that iron can be incorporated into hydroxyapatite
crystals in ectopic choroid plexuses and pineal gland
calcifications [36] and in microshells made of calcium
carbonate where it impairs mineralization [37]. The
incorporation of large amounts of iron is also well known
during the mineralization of the surface layers of dental
enamel in practically all rodent incisors and in shrew molars
[38]. Furthermore, iron is normally complexed with bone,
dentine, and immature enamel as a postmortem artifact.
Similarly, Fe2+ iron can be incorporated in calcite where it
substitutes calcium and thus decreases mineralization rate
[39]. It can be also incorporated in ceramics and biomater-
ials. In this study, iron was passively incorporated in
hydroxyapatite with a decrease of crystal size without
cellular, hormonal, or protein intervention. Moreover,
Raman microspectroscopy showed an alteration of the
crystal quality with a decrease of crystallinity and carbonate
substitution in phosphates that could led to a bone strength
decrease [23]. Scanning electron microscopy showed a direct
toxic effect of iron on the crystal growth, a finding
previously described by crystal modeling [40] and in
synthetic hydroxyapatites [41]. Iron accumulation in patients
with thalassemia or drepanocytosis is linked to the degree of
osteopenia [42,43]. Fe3+ iron binds tightly phosphate groups
and thus can affect the nature of the mineral precipitated,
some studies showed that Fe3+ does not affect HA solubility
[44]. The existence of metal trace elements in bone, such as
aluminum or lead, is well known; however, the precise
toxicity mechanisms remain largely unknown. In a human
study on the effects of soluble metals on periimplant cells, a
particulate precipitation was found at a Fe3+ concentration of
1 mmol/L (or higher) in the cell culture medium. This was
associated with a 50% decrease in osteoblast proliferation at
high concentration (10 mmol/L) [45]. Little is known about
the exact biochemical composition of the periosteocytic fluid
and the ratio to that of plasma has not been well studied. For
example, it has been established that concentration of K+ is
much higher in the bone fluid than in plasma [46]. Here, iron
concentrations near serum physiologic levels and a slightly
higher were chosen. It is possible that local iron concentra-
tion in the bone fluid is higher. However, there was no
difference on crystal growth and composition between the
different iron concentrations, except for crystallinity, sug-
gesting a saturation effect even at the smallest concentration
used. It seemed that there was a dose effect and a saturation
threshold as early as 20 mmol/L.
5. Conclusion

Iron inhibits growth and change quality of hydroxyapatite
crystals in vitro, in an acellular and nonenzymatic model of
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calcification. This suggests a direct effect of iron on bone
mineralization and, consequently, on bone quality, inde-
pendently of cells, proteins, and enzymes. Sexual hor-
mones that had been designated as the only cause of
osteoporosis in case of iron overload may not be the only
cause because a direct toxic effect of the ion is evidenced
in this in vitro study.
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