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Abstract

Zinc (Zn) has been shown to inhibit osteoclast differentiation, promote osteoblast activity, and
enhance the bone formation. Zinc-containing calcium phosphate (Zn-TCP) implanted in rabbit
femoral defect was demonstrated to stimulate bone formation. Other studies demonstrated that
calcium phosphate compounds (MZF-CaP) incorporating magnesium (Mg?*), zinc and fluoride (F")
when administered either by injection or orally were effective in preventing bone loss (osteoporosis)
induced by estrogen deficiency (ovariectomy) in a rat model. The objective of the present study was
to investigate the preventive effect of similar compound, with F (MZF-CaP-L, MZF-CaP-H) and
without F (MZ-CaP-L), when injected in ovariectomized (OVX) rats. MZF-CaP-L and MZ-CaP-L were
prepared by precipitation at 90°C and MZF-CaP-H was prepared by sintering MZF-CaP-L at 900°C.
The release of the ions from acidic buffer was determined. Suspensions of Zn-TCP, MZF-CaP-H,
MZF-CaP-L and MZ-CaP-L (617 pg in 0.2 ml of 1% sodium alginate saline solution) were injected
intramuscularly under anesthesia into 5-week-old OVX rats on Zn-deficient diet. One week after
surgery, bone mineral density (BMD) and bone mineral content (BMC) of the rat femurs were
measured using X-ray CT. The injections and X-ray CT and Zn ion plasma measurements were
repeated every week for 12 weeks. The rats were sacrificed and the femurs removed after 12
weeks. Bone mechanical strength was evaluated using the three-point bending test. MZ-CaP-L
(without F), compared to the other compounds, showed the highest increase in the Zn?* ion plasma
concentration, and the highest BMD, BMC and mechanical strength.
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Introduction

It has been demonstrated that zinc (Zn2*) ions inhibit the
differentiation of osteoclasts and promotes osteoblast activity to
enhance the formation of hard tissues [3-5]. A clinical relationship

Osteoporosis results when the rate of bone formation is much
lower than the rate of bone resorption resulting in bone loss. It is
characterized by thinning and disorganized bone trabecular bone
microstructure, leading to bone loss and susceptibility to fractures.
Fractures lead to chronic pain, disability, and loss of independence,
which decrease in the quality of life [1]. Bone resorption by
osteoclasts and formation by osteoblasts are balanced under
normal conditions. However, estrogen (female sex hormone)
production decreases rapidly in postmenopausal women causing
an increase in osteoclastic activity leading to the onset of
osteoporosis after menopause [2]. Current osteoporosis therapy
includes: calcium (Ca) and vitamin D; vitamin Kj estrogen,
steroids, calcitonin, and bisphosphonates-based drugs [3, 4].

(oc) TR

between osteoporosis and Zn deficiency has been observed in
elderly subjects [6, 7]. Zinc, an essential trace element, is a
cofactor of more than 200 enzymes, and is present in nearly every
cell type in the body [8]. When a body is deficient in Zn, it induces
symptoms such as the facilitation of bone resorption, decreased
efficiency of bone formation, skin disease, taste disorders, lowering
of the immune system, etc. [9-11].

Zinc-substituted tricalcium phosphate (Zn-TCP) ceramic prepared
by Ito et al [12] was demonstrated to stimulate bone formation
when implanted in rabbit femora [13]. This stimulatory effect may
be attributed to the slow Zn2* ion release from the ceramics.

A calcium phosphate-based material (originally described as MZF-
CaP, now also described as synthetic bone mineral, SBM)
consisting of apatite incorporating carbonate (CO52), magnesium
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(Mg?*), fluoride (F-) and Zn2* ions was developed by LeGeros [14].
The development of this compound was based on the following
rationale: (a) the bone mineral is an apatite incorporating carbonate
and magnesium [15] and (b) separately, magnesium, zinc, and
fluoride ions, have been associated with biomineralization [6, 8, 9,
16-18]. These experimental compounds (MZF-CaP or SBM) were
shown to prevent bone loss induced by estrogen deficiency when
administered by injection [19, 20] and prevent bone loss induced
be mineral deficiency or estrogen deficiency when administered
orally [21-23].

Several ions affect the formation and transformation of biologically
relevant calcium phosphates and their incorporation affect the
properties of apatites [14, 15]. Incorporation of CO42 and/or Mg2*
ions increase the crystallinity (crystal size) and decreases the
solubility of the apatite [14, 15, 24-28]. On the other hand,
incorporation of F- ions increases the crystallinity and decreases
the solubility of synthetic or bone apatite [14, 15, 24, 29, 26-28].
Incorporation of Zn2* ions in apatite even though very limited,
decreases apatite crystal size and solubility [15, 25]; while Zn
substitution in tricalcium phosphate (ZnTCP), stabilizes the
structure and decreases its solubility [30].

In this study, formulations with (MZF-CaP-L, MZF-CaP-H) and
without (MZ-CaP-L) F were used and their effects in preventing
bone loss in ovariectomized rats determined.

Materials and Methods

Materials

Zn-substituted tricalcium phosphate [Cas 7Zng 3(PO4),] or Zn-TCP
containing 10 mol% Zn (6.17, w/w%) was synthesized as described
previously [12]. Apatites incorporating COs2, Mg%*, Zn?* with
(MZF-CaP-:L) and without F- (MZ-CaP-L) ions were prepared by
hydrolysis method at 90°C [16, 21, 24]. The compositions of the
MZF-CaP preparations and Zn-TCP used in this study are
summarized in Table 1. MZF-CaP-H was obtained by sintering
MZF-CaP-L at 900°C.

Table 1. Composition and specific surface area of apatites.

. o ] Specific
Composition (wt %) A
! R surface area
Samples Ca P Mg 2Zn F (m?g)
Zn-TCP 341 195 - 6.17 - 454
MZF-CaP-L 2712 168 191 183 1.50 55.1
MZ-CaP-L 264 174 200 160 0.003 34.4

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) profiles were obtained with an X-ray
diffractometer (RINT-ULTIMA IIl; Rigaku Co., Japan), using Cu
target, Ni filter, operating at 40 kV; current, 40 mA; with scanning
speed, 4.0 /min.

Specific surface area measurements

The specific surface area was measured with an MONOSORB
(Quantachrome Instruments, USA) by N, absorption porosimetry
measurements. The powder (about 1g) was loaded into a sample
cell and degassed for 1 h at 150 C prior to analysis. A specific
surface area value (m2/g) was measured by a single-point BET
method with a MONOSORB.

In vitro release of Zn2+ and Ca2+ ions from the MZF-
CaPs

The release of Ca® or Zn?* ions from the calcium phosphate
samples in acetate buffer solution (pH 5.0) was evaluated. The
calcium phosphate powder (10 mg) was added to a stirring acetate
buffer solution (100 mL) maintained at 37.0£0.5 C. An aliquot of 1
mL was sampled every minute and filtered by a membrane filter
(0.22 pm). Fresh acetate buffer (1 mL) was refilled to maintain the
total volume. Ca2* ion concentration in the filtrate was measured
using the methyl xylenol blue method with a Ca E-Test-Wako
(Wako Pure Chemical Industries, Co. Ltd., Tokyo, Japan). Zn?*ion
concentration in the filtrate was assessed using the 5-Br PAPS
method with a Zn-Test-Wako. Absorbance measurements were
performed with a microplate reader (Model 680; BIO-RAD), at 595
nm for Ca, and 550 nm for Zn.

Animal diet

Vitamin D-, Ca- and Zn-deficient diets (DCaZn(-) diet) were
obtained from Clea Co. Ltd, Japan. The diet composition is
summarized in Table 2.

Table 2. Composition of the diets. Data in the table are from Clea
Co. (Japan) and Oriental Yeast Co. (Japan). The DZn(-) diet was
prepared by mixing calcium carbonate (1.5%) with the DCaZn(-)
diet.

Vitamin D Ca Zn
Diet (1U/100g) (mg/100g)  (mg/100g)
DCazn(-) - 12 0.08
DZn(-) - 612 0.08
Normal feed 158 1120 5.28

Animal experiments

The animal experiments and maintenance were performed under
conditions approved by the animal research committee of
Musashino University. Female Sprague-Dawley rats (5 weeks)
weighing 160-180 g were anaesthetized by intraperitoneal injection
of pentobarbital, and the ovary was extirpated, or treated with
sham operation (for healthy rats as positive control). The vitamin
D-, Ca- and Zn-deficient diets (DCaZn(-) diet) were fed for a week
to prepare the rat osteoporosis model (OVX rat). The rats were
assigned randomly into the following 6 groups (8 animals in each
group), and treated as follows: Group 1: Healthy rats given with a
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sodium alginate saline solution (Normal), Group 2: OVX rats given
with a sodium alginate saline solution (Control), Group 3: OVX rats
given with Zn-TCP suspension, Group 4: OVX rats given with MZF-
CaP-H, Group 5: OVX rats given with MZF-CaP-L, Group 6: OVX
rats given with MZ-CaP-L. Each sample containing 617 pg of Zn in
0.2 mL of 1% sodium alginate saline solution was injected
intramuscularly under anesthesia into the OVX rats. One week
after surgery, bone mineral density (BMD) and bone mineral
content (BMC) of the femur of the rats were measured using X-ray
CT (pixel size, 480480 fan beam; tube voltage, 50 kV; tube
current, 1 mA; resolution, 0.25 mm) (LCT-100A; ALOKA, Tokyo,
Japan). The Rats were kept fed with DZn (-) diet (including
CaCOj) for up to 12 weeks. The injection and X-ray CT
measurement were repeated every week, and the concentration of
Zn ions in the plasma was also measured. After 12 weeks, the rats
were sacrificed, and the femurs were removed. Their bone
mechanical strength was evaluated by the three-point bending test
with a compression and tensile testing machine (TG-50kN;
Minebea Co. Ltd, Japan).

Statistical test

Significant differences between two independent groups were
examined using Student's #test. One-way analysis of variance
(ANOVA) was used to determine significant differences among six
groups.

Results

Characterization of Zn-TCP and MZF-CaPs

X-ray powder diffraction profiles of the test materials (Zn-TCP,
MZF-CaP-L, MZF-CaP-H, MZ-CaP-L) are shown in Figure 1.

Figure. 1. X-ray powder diffraction profiles of Zn-TCP and MZF-
CaPs.
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Zn-TCP and MZF-CaP-H, synthesized by sintering, showed sharp
diffraction peaks, indicating the high crystallinity of the
formulations. The diffraction peaks at 20 = 14, 17, 20.5, 22, 30,
31.5 and 35 degrees two theta (°20) are attributed to the B-TCP
structure. In the structure of MZF-CaP-H (obtained by sintering
MZF-CaP-L at 900° C), typical diffraction peaks of hydroxyapatite
at 32° 20 were detected. On the other hand, MZF-CaP-L and MZ-
CaP-L, which were prepared by hydrolysis at 95° C, showed broad
apatite diffraction peaks at 26 to 32°26. The broad peaks indicate
apatite with low crystallinity (i.e., small crystallite size) (Klug et al.,
1974) The XRD profile of MZ-CaP-L showed small diffraction
peaks of B-TCP at 14, 17, 20.5, 22, and 35°20 in addition to the
broad apatite diffraction peaks. The B-TCP is presumably Mg- and
Zn-substituted [15].

The specific surface areas of Zn-TCP and MZF-CaPs powders
were evaluated by the BET nitrogen absorption method. The
specific surface area of high-crystalline Zn-TCP and MZF-CaP-H
was smaller than that of low-crystalline MZF-CaP-L and MZ-CaP-L
(Table 1).

Release of Ca2* and Zn2* ions from MZF-CaPs at pH
5.0

The release profile of Ca2+ and Zn2* ions from Zn-TCP and MZF-
CaPs powders was examined in acetate buffer (pH 5.0, 37 C). The
concentration of the Ca?* ions released from MZF-CaP-L and MZ-
CaP-L which had low crystallinity (i.e., small crystallite size)
compared to that released from highly crystalline (i.e., large
crystallite size) Zn-TCP and MZF-CaP-H. The concentration of the
Ca%* ions released from MZF-CaP-H and MZF-CaP-L which
contained F ions reached a plateau after about 4 min in the buffer
(Figure. 2 (a)).

The MZF-CaP-H, MZF-CaP-L and MZ-CaP-L compounds
contained Mg. These compounds showed fast initial release of
Zn?* ions in the acetate buffer (Figure. 2 (b)). On the other hand,
Zn-TCP showed relatively slow release of the ion, and the Zn
concentration in the buffer kept increasing for more than 10 min
(Figure. 2 (b)).

MZF-CaP-H was synthesized by sintering of MZF-CaP-L and has a
crystalline hydroxyapatite structure. F incorporation in the apatite
also contributed to the low solubility [15]. However the sintering
process caused formation of HA with some B-TCP which has a
higher solubility than HA. Therefore the solubility of the MZF-CaP-
H is decreased by the incorporation of F in the HA but decreased
by the presence B-TCP.
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Figure. 2. Release profile of (a); Ca ion, and (b); Zn ion from Zn-TCP and MZF-CaPs powders in acetate buffer (pH 5.0) at 37 C.
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Zn2+ jon concentration in plasma

The effect of Zn-TCP or MZF-CaPs on the Zn?* ion concentration
in the OVX rat plasma is illustrated in Figure 3. The Zn2* ion
concentration in the plasma of rats injected with low-crystalline
MZF-CaP-L or MZ-CaP-L increased soon after the injection, and
became almost equivalent to that in normal rats after 8 weeks. The
relatively slower release of Zn ions was observed with Zn-TCP
(which also showed the slow release of ions /n vitro), and the
concentration of Zn2* ions in the plasma rose after 6 weeks.

Figure. 3. Concentration of Zn ions in plasma of rats after
intramuscular administration of Zn-TCP or MZF-CaPs.
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Rat body weight

The body weight of OVX rats injected with Zn-TCP or MZF-CaPs
apparently increased compared with non-treated OVX rats (control
group) (Figure. 4). Notably, MZF-CaP-L or MZ-CaP-L showed the
same increase rate of the body weight as the normal group
(healthy rats) after the 4th week of injection. The decreasing order
of the body weight after 12 weeks was MZ-CaP-L > MZF-CaP-L >
Normal > Zn-TCP > MZF-CaP-H > Control.
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Figure. 4. Body weight changes of rats after intramuscular
administration of Zn-TCP or MZF-CaPs.

Bone mineral density (BMD) and bone mineral contents
(BMC)

The suspension of Zn-TCP or MZF-CaPs was injected
intramuscularly into the right femur of OVX rats. The BMD and
BMC of right and left femurs were measured by X-ray CT. Unlike
normal rats, BMD increase was not observed in OVX rats (Figure.
5a); however, MZ-Cap-L induced a higher BMD value on both
sides compared to that in control rats after 12 weeks (Figure. 5b).
On the other hand, the BMC of all rats treated with MZF-CaPs
improved in both right and left femurs (Fig. 6a). The difference
between the control group and treated rats became evident three
weeks after the first injection, and the difference from control rats
became significant after 6 weeks (Figure. 6b).
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Figure. 5. (a) BMD changes in the injected femur and the other side after intramuscular administration of Zn-TCP or MZF-CaPs, and (b) BMD
value after 12 weeks.
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Figure. 6. (a) BMC changes of the femurs of rats after intramuscular administration of Zn-TCP or MZF-CaPs, and (b) BMC value after 6 weeks.
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Bone mechanical strength

The bone mechanical strength of both femurs in OVX rats which
received injection of Zn-TCP or MZF-CaP suspension is shown in
Figure 7. The bone mechanical strength of right and left femurs of
healthy normal rats was 188 and 179 N, while that for control OVX
rats was 121 and 123 N, respectively, showing that the bone

mechanical strength of all treated rats was significantly higher than
the control group. Bone mechanical strength was especially
improved in the right femur (the injection site), and OVX rats
injected with a low-crystalline MZ-CaP-L (without F), showed the
highest bone mechanical strength.

Figure. 7. Femur mechanical strength after 12 weeks.
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Discussion

The solubility of apatites strongly depend on the crystallinity
(crystallite size) and the type and amount of substituting ions [16,
24-26, 28). For example, increasing carbonate substitution in the
apatite causes a decrease in crystallinity (smaller crystallite size)
and an increase in solubility while F substitution causes an
increase in crystallinity and a decrease in solubility. MZF-CaP-L
and MZ-CaP-L, prepared by wet synthesis at low temperature, had
low crystallinity. The Ca2* ions were quickly released from these
apatites in acetate buffer (pH 5.0, 37°C) owing to the easy
dissolution of low-crystalline hydroxyapatite reflected in their higher
surface area compared to the highly crystalline Zn-TCP and MZF-
CaP-H. On the other hand, the release of the Ca2* ions in the F-
containing compounds (MZF-CaP-L and MZF-CaP-H) reached a
plateau after about 2 min in the buffer. This may be attributed to
the fact that the F-for-OH substitution in the apatite causes the
apatite structure to be more stable and less soluble [16]. The
release behavior of Zn ion also depended on the components, and
MZF-CaP-H, MZF-CaP-L, and MZ-CaP-L including magnesium,
showed an initial burst in the release of Zn?* ion release in the
acetate buffer. The incorporation of Mg in apatite reduces its
crystallinity and increases its solubility [16, 26]. Deformation of the
crystalline lattice of hydroxyapatite would easily take place in MZF-
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CaP-H, MZF-CaP-L, MZ-CaP-L, and cause the quick release of the
zinc.ions

Injection of MZF-CaP-L or MZ-CaP-L with high solubility
successfully increased the Zn2* ion concentration in the plasma of
the OVX rats, up to the same level as normal rats (healthy rats) 8
weeks after the first injection. On the other hand, release of Zn ion
from MZF-CaP-H in vivo should be slow because of the limited
solubility of such a highly crystalline material, though that in acetate
buffer was fairly rapid. In the Zn-TCP-administrated rats,
enhancement of the Zn2+ ion concentration in plasma was
observed 6 weeks after the injection. However, in prior studies [19,
20], increase in the Zn ion concentration was observed at 1 or 2
weeks post-injection. This difference may be attributed to the
lower zinc concentration in the Zn-TCP used in the present study
(this study: ca. 3.3 mg/kg; prior studies: ca. 3.9 mg/kg [19], ca. 4.9
mg/kg and ca. 4.0 mg/kg [20] and to the difference in the age of
rats.

Body weight increase, a barometer of a healthy condition, in all
treated OVX rats was the same rate as healthy rats. The highest
bone mineral density and highest bone mechanical strength were
observed in the OVX rats injected with MZ-CaP-L which was a low-
crystalline apatite, highest solubility. And did not contain F ions.
The MZ-CaP-L compound also showed an initial burst of ion
release followed by a steady state of slow release. This seemed to
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induce a relatively higher zinc concentration in the plasma, causing
a whole body effect and improvement in the legs on both sides.

Conclusion

MZ-CaP-L (without fluoride ions), a low-crystalline apatite with the
highest solubility, induced high zinc concentration in plasma,
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causing a whole-body therapeutic effect on OVX rats, such as
bone mineral density, bone mechanical strength, and body weight.
Application of the system for the treatment of osteoporosis is
expected.
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