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Abstract—The effect of zinc compounds on osteoclast-like cell formation in mouse marrow culture in
vitro was investigated. The bone marrow cells were cultured for 7 days in a-minimal essential medium
containing a well-known bone resorbing agent [1,25-dihydroxyvitamin D;, parathyroid hormone (1-
34), interleukin-1a or prostaglandin E,]. Osteoclast-like cell formation was estimated by staining for
tartrate-resistant acid phosphatase (TRACP), a marker enzyme of osteoclasts. The presence of 1,25-
dihydroxyvitamin D; (107®M), parathyroid hormone (10-%M), interleukin-la (50U/mL) or
prostaglandin E, (10~ M) induced a remarkable increase in osteoclast-like multinucleated cells. These
increases were inhibited by the presence of zinc sulfate or zinc-chelating dipeptide ($-alanyl-L-histidinato
zinc; AHZ) in the concentration range of 1078 to 105 M. The inhibitory effect of AHZ (10~% and
10~7 M) was more intensive than that of zinc sulfate. Furthermore, the presence of Ni**, Cu?*, Mn?*
or Co?* (1077 and 10~ M) did not have an effect on parathyroid hormone (10~ M)-induced osteoclast-
like cell formation. The present study clearly demonstrates that zinc compounds have a potent inhibitory
effect on osteoclast-like cell formation in mouse marrow culture.
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Itis known that zinc is essential for growth in humans
and many animals [1]. Bone growth retardation is a
common finding in various conditions associated
with zinc deficiency [2, 3]. In recent years, it has
been demonstrated that zinc has a stimulatory effect
on bone formation and mineralization in vivo and
in vitro, and that bone protein synthesis is a necessary
component of this response [4-6]. Thus, zinc plays
a physiological role as an activator in the regulation
of bone formation.

On the other hand, AHZt, in which zinc is
chelated to B-alanyl-L-histidine, is a new compound.
AHZ can stimulate bone growth in weanling rats [7]
and bone calcification in aged rats [8]. Moreover,
AHZ directly stimulates bone formation in tissue
culture using the calvaria from weanling rats [9], and
the compound also has a direct anabolic effect on
osteoblastic cells (MC3T3-E1) in vitro [10]. AHZ
has a more potent effect than zinc sulfate on bone
formation[7, 9, 10], suggesting arole in the treatment
of osteoporosis.

The effect of zinc compounds on bone resorption,
however, has not been fully clarified. Therefore, the
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t Abbreviations: AHZ, p-alanyl-L-histidinato zinc;
1,25(OH),D;, 1,25-dihydroxyvitamin D;; PTH, parathyroid
hormone; IL-1a, interleukin-1a; PGE,, prostaglandin E,;
TRACP, tartrate-resistant acid phosphatase; a-MEM, a-
minimal essential medium; CT, calcitonin; and MNCs,
multinucleated cells.

present study was undertaken to clarify whether zinc
sulfate and AHZ have an effect on bone resorption
in vitro. We examined the effect of zinc compounds
on osteoclast-like cell formation in a mouse marrow
culture system. It was found that zinc compounds
have an inhibitory effect on osteoclast-like cell
formation induced by a well-known bone resorbing
agent.

MATERIALS AND METHODS

Chemicals. -MEM and penicillin-streptomycin
solution (5000 U/mL penicillin; 5000 ug/mL strep-
tomycin) were obtained from Gibco Laboratories
(Grand Island, NY, U.S.A.). Fetal bovine serum
was obtained from Bioproducts Inc. (Walkersville,
MD, U.S.A)). 1,25(OH),D;, PGE,, estrogen and
acetazolamide were obtained from the Sigma
Chemical Co. (St. Louis, MO, U.S.A.). Synthetic
human PTH (1-34) and synthetic [Asu'7]eel CT
were supplied by the Asahi Chemical Industry Co.,
Ltd. (Tokyo, Japan). Recombinant human IL-l1a
(108 U/mg) was obtained from the Genzyme Corp.
(Boston, MA, U.S.A.). Zinc sulfate and other
chemicals were of reagent grade from Wako Pure
Chemical Industries (Osaka, Japan). AHZ, which
was supplied by the Zeria Pharmaceutical Co.
(Tokyo, Japan), was dissolved in hydrochloric acid
and neutralized with sodium hydroxide. Other
chemicals were dissolved in glass-distilled water.

Animals. Male mice (Ddy strain; 6 weeks old)
were obtained from Japan SLC (Hamamatsu, Japan).
The animals were fed commercial laboratory chow
(solid) containing 1.1% calcium, 1.1% phosphorus

1225



1226

140

120 . 3

100t

801

60r

40+ 7

Osteoclast-like MNCs (Number fculture)

oL j i e 1 J
0 10* W 0° ©*
Zinc compound (M)

Fig. 1. Effect of zinc compounds on 1,25(0OH),D;-induced
osteoclast-like cell formation in mouse marrow culture.
Mouse marrow cells were cultured for 7 days in medium
containing either vehicle (control), 1,25(0OH),D; (1072 M),
1,25(0H),D; plus zinc sulfate (107° to 107°M) or
1,25(0OH),D; plus AHZ (107% 1o 107° M). Cells were then
fixed and stained for TRACP, and the number of TRACP-
positive MNCs was scored. The results are expressed as
the means = SEM of six cultures. Key: (*) P<0.01,
compared with the control group; and (**) P <0.01,
compared with the value for 1,25(0OH),D; alone. (A)
control (O) or 1,25(OH);D; (M); (B) 1,25(0H),D; plus
zinc (O) or 1,25(0OH),D; plus AHZ (@).

and 0.012% zinc, and distilled water. The rats were
killed by exsanguination.

Marrow cultures. Bone marrow cells were isolated
from mice, as described elsewhere [11]. Briefly,
bone ends of the femur were cut off, and the marrow
cavity was flushed with 1 mL of a-MEM. The marrow
cells were washed with a-MEM and cultured in the
same medium containing 10% heat-inactivated fetal
bovine serum at 1.0 X 107 cells/mL in 24-well plates
(0.5mL/well) in a water-saturated atmosphere
containing 5% CO, and 95% air at 37°. The celis
were cultured for 3 days; then 0.2mL of the old
medium was replaced with fresh medium and the
cultures were maintained for an additional 4 days.
Various concentrations of zinc sulfate or AHZ were
added to the culture medium containing either
vehicle, 1,25(0H),D; (10-8 M), PTH (107¥ M), IL-
lee (50 U/mL) or PGE; (107°M) with an effective
concentration at the beginning of the cultures and
at each time the medium was changed. In the
separate experiments, the respective media contained
either CT, 178-estradiol or acetazolamide.

Enzyme histochemistry. After being cultured for
7 days, cells adherent to the 24-well plates were
stained for TRACP, a marker enzyme of osteoclasts
{12]. Briefly, cells were washed with Hanks’ balanced
salt solution and fixed with 10% neutralized formalin-
phosphate (pH7.2) for 10 min. After the culture
dishes were dried, TRACP-staining was applied
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Fig. 2. Effect of zinc compounds on PTH-induced
osteoclast-like cell formation in mouse marrow culture.
Mouse marrow cells were cultured for 7 days in medium
containing either vehicle {control), PTH (107*M), PTH
plus zinc sulfate (10°% to 167> M) or PTH plus AHZ (10°%
to 1073 M). Cells were then fixed and stained for TRACP,
and the number of TRACP-positive MNCs was scored.
The results are expressed as the means £ SEM of six
cultures. Key: (*) P < 0.01, compared with the control
group; and (**) P < 0.01, compared with the value for
PTH alone. (A) control (O0) or PTH (M); (B) PTH plus
zinc {O) or PTH plus AHZ (@).

according to the method of Burstone [13]. The fixed
cells were incubated for 12 min at room temperature
{25°y in an acetate buffer (pH5.0) containing
naphthol AS-MX phosphate (Sigma) as a substrate,
and red violet LB sait (Sigma) as a stain for the
reaction product, in the presence of 10 mM sodium
tartrate [14]. TRACP-positive multinucleated cells
{(MNCs) containing three or more nuclei were
counted as osteoclast-like cells.

Pit formation assay. The pit formation assay was
performed according to the method of Takada ef al.
[15] with some modifications. Briefly, transverse
slices of dentine (150 ym in thickness) were prepared
using a low-speed diamond saw (Leitz, Wetzlar,
Germany). Each slice was ground to 100 pm in
thickness and sterilized in 70% ethanol overnight.
For this assay, whole bone marrow cells were
cultured. After incubation for 7 days in the presence
of 1,25(OH),D; (1078 M), the slices were examined
for TRACP staining. After counting TRACP-
positive MNCs on a slice, the slice was subjected to
ultrasonication to remove attached cells and
subsequently stained with toluidine blue (0.1%,
w/v). The number of pits formed on the slices was
determined using a light microscope.

Statistical analysis. All results are expressed as
means = SEM. The statistical significance of the
control and the experimental group was analyzed by
Student’s ftest. P values of less than 0.0
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Fig. 3. Effect of zinc compounds on IL-la-induced
osteoclast-like cell formation in mouse marrow culture.
Mouse marrow cells were cultured for 7 days in medium
containing either vehicle (control), IL-1a (50 U/mL), IL-
la plus zine (1078 to 1073 M) or IL-1a plus AHZ (107% to
107> M). Cells were then fixed and stained for TRACP,
and the number of TRACP-positive MNCs was scored.
The results are expressed as the means * SEM of six
cultures. Key: (*) P < 0.01, compared with control group;
and (**) P <0.01, compared with the value for IL-lo
alone. (A) control (O) or IL-1a (M); (B) IL-1« plus zinc
(O) or IL-1& plus AHZ (@).

were considered to indicate statistically significant
differences.

RESULTS

The effect of zinc compounds on the 1,25(OH),D5-
induced osteoclast-like MNC formation in the mouse
marrow culture system is shown in Fig. 1. When
mouse marrow cells were cultured for 7 days with
an effective concentration (1078 M) of 1,25(OH),D;,
the number of TRACP-positive MNCs was increased
markedly (Fig. 1A). No TRACP-positive MNCs
were formed in the control culture without
1,25(OH),D; at any incubation time. The presence
of AHZ (107% to 107>M) in the culture medium
caused a significant decrease of the number of
TRACP-positive MNCs increased by 1,25(OH),D;
(10~8M) (Fig. 1B). In the presence of zinc sulfate,
the decrease was seen at concentrations of 107 and
10~ M. Zinc compounds in the range of 1073 to
103M did not have an inhibitory effect on the
proliferation of marrow cells, which were cultured
in medium with and without 1,25(0OH),D; (1078 M)
(data not shown).

The number of TRACP-positive MNCs was
increased significantly by the presence of PTH
(1078 M) (Fig. 2A). This increase was inhibited by
the essence of AHZ or zinc sulfate in the range of
10-% to 1075 M (Fig. 2B). The inhibitory effect of
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Fig. 4. Effect of zinc compounds on PGE,-induced
osteoclast-like cell formation in mouse marrow culture.
Mouse marrow cells were cultured for 7 days in medium
containing either vehicle (control), PGE, (107® M), PGE,
plus zinc (1078 to 107°M) or PGE, plus AHZ (107% to
107> M). Cells were then fixed and stained for TRACP,
and the number of TRACP-positive MNCs was scored.
The results are expressed as the means + SEM of six
cultures. Key: (*) P <0.01, compared with the control
group; and (**) P < 0.01, compared with the value for
PGE, alone. (A) control (3J) or PGE, (B); (B) PGE; plus
zinc (O) or PGE, plus AHZ (@).

AHZ, however, was greater than that of zinc sulfate
in the range of 1078 to 107°M. At 107°M, the
inhibitory effects of the zinc compounds were equal.
Also, the presence of 1078 to 1073 M AHZ or zinc
sulfate significantly blocked the IL-1a (50 U/mL)-
induced increase in the number of TRACP-positive
MNCs (Fig. 3). Moreover, the PGE, (107°M)-
induced osteoclast-like MNC formation was inhibited
by the presence of AHZ (1078 to 1075 M). The
inhibitory effect of zinc sulfate was seen at 1077 to
1075 M (Fig. 4).

In another experiment, mouse marrow cells were
cultured for 3 days in medium containing either
vehicle, 1,25(0OH),D; (1078 M), PTH (1072 M), IL-
1a(50 U/mL) or PGE, (10~¢ M); then AHZ (10~% M)
or zinc sulfate (107 M) was added into the culture
medium containing each bone-resorbing agent, and
the cells were further incubated for 4 days. In this
case, the presence of AHZ or zinc sulfate caused
a significant inhibition of osteoclast-like MNC
formation induced by all bone-resorbing agents
(Table 1). This result indicates that zinc compounds
can reveal an inhibitory effect at the later stage of
osteoclast-like MNC formation with differentiation
of marrow cells.

The effects of AHZ and other agents on the
1,25(OH),D;- or PTH-induced osteoclast-like cell
formation in mouse marrow culture were compared,
and the result is shown in Table 2. Mouse marrow
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Table 1. Effect of zinc compounds on the bone-resorbing agent-induced osteoclast-like cell
formation in mouse marrow culture

Osteoclast-like MNCs (number/culture)

Treatment 1,25(OH),D; PTH IL-1er PGE,
Control 1154 6.2 443+2.4 47.6x1.5 346=1.5
AHZ (107°M) 63.0+3.1* 34.0 = 2.3% 342 2.8t 279+ 3.0+
ZnSO, (107 M) 79.2 £ 5.9* 32.8 +3.8% 31.3 =2.8% 28.0 = 2.9%

Mouse marrow cells were cultured for 7 days in medium containing either vehicle (control),
1,25(OH),D; (108M), PTH (10"*M), IL-1a (50 U/mL) or PGE, (10°M). After 3 days of
culture, the medium was changed, then AHZ or zinc sulfate was added in the culture medium
containing each bone-resorbing agent, and the cells were cultured for an additional 4 days.

Results are the means = SEM of six cultures.

*,1 Significantly different from the control value: *P < 0.01, and 1P < 0.05.

Table 2. Comparison of the effects of AHZ and other
agents on 1,25(OH),D;- or PTH-induced osteoclast-like
cell formation in mouse marrow culture

Table 3. Effects of various metals on 1,25(OH),Ds- or
PTH-induced osteoclast-like cell formation in mouse
marrow culture

Osteoclast-like MNCs

Osteoclast-like MNCs

(number/culture) (number/culture)
Treatment 1,25(0H),D; PTH Treatment 1,25(0OH),D; PTH

Control 109.8£57 42.0+2.0 Control 101.0 + 6.8 43.1x22
AHZ 10°°M 56.7+2.8* 143+12* ZnSO, 107'M 70.0 = 6.0* 253+1.9*
10°M 56.3+4.4* 158x1.1* 10°°M 64.0 £ 9.3* 223+1.3*

Calcitonin 3 X 107°M 438+38 227x42* NiSO, 107'M 64.4 £2.8* 49.8+4.7

3x107°M 346+42* 122%1.6* 107°M 62.4£22*% 45035

178-Estradiol 102 M 47.0+51* 73=x11* CuSO, 107'M 73.2 + 3.6* 462 +2.8

107'M 287+x11* 7.0x0.7* 10°M 67.8 £3.3* 49.3£0.7

Acetazolamide 10°M 27.5+1.2* 21.6=24* MnSO, 107'M 80.8 £ 2.9% 348+23

107*M 224+21* 124+15* 10°M 70.4 +3.2* 35.0+38

CoSO, 107'M 92421 38.0x5.0

Mouse marrow cells were cultured for 7 days in medium 10°M 86.4+2.5 37.0+45

containing either vehicle (control), 1,25(0OH),D; (108 M),
PTH (1072 M), or each bone-resorbing agent plus AHZ or
other agents. Results are the means + SEM of six cultures.

*P<0.01, compared with the control value of
1,25(OH),D; or PTH alone.

cells were cultured for 7 days in medium containing
either vehicle, AHZ (107% and 10~3 M), calcitonin
(3 X 10710 and 3 x 1072 M), 17B-estradiol (1078 and
1077 M) or acetazolamide (10> and 10~* M) in the
presence of either 1,25(OH),D; (1078 M) or PTH
(1078 M). The presence of calcitonin, 17f3-estradiol
or acetazolamide caused a significant inhibition
of osteoclast-ike MNC formation induced by
1,25(0OH),D; or PTH. The inhibitory effect of AHZ
was equal in comparison with that of other agents.

Moreover, the effects of various essential trace
metals on the 1,25(OH),Ds;- or PTH-induced
osteoclast-like cell formation in mouse marrow
culture are shown in Table 3. In the presence of
1,25(0OH),D; (10-8 M), Zn?*, Ni?*, Cu?* and Mn?*
at concentrations of 1077 and 1075M significantly
inhibited osteoclast-like cell formation in mouse
marrow culture, whereas Co?* (1077 and 1075M)
did not have an inhibitory effect. Meanwhile, in the
presence of PTH (10-8 M), Zn?* (107 and 1076 M)

Mouse marrow cells were cultured for 7 days in medium
containing either vehicle (control), 1,25(0H),D; (108 M),
PTH (107*M), 1,25(0OH),D; plus each metal (1077 and
107°M) or PTH plus each metal. Results are the
means = SEM of six cultures.

*,+ Significantly different from the control value of
1,25(0OH),D; or PTH alone: *P < 0.01, and 1P < 0.05.

clearly inhibited osteoclast-like cell formation in
mouse marrow culture, although Ni®*, Cu?*, Mn?*
and Co?* (1077 and 10~¢M) had no effect. Thus,
Zn®>* had a unique effect on osteoclast-like cell
formation in mouse marrow cells.

We also cultured whole bone marrow cells on a
dentine slice and examined the effect of zinc
compounds on the number of resorption pits formed
over 7 days. Zinc sulfate (1076 M) or AHZ (107 M)
clearly inhibited the 1,25(OH),D; (10~% M)-induced
increase in the number of pits formed on a dentine
slice; the number decreased from 82 = 10to 41 =7
or 29 * 6 (mean * SEM for six slices), respectively.
The result supported the view that zinc compounds
can inhibit the formation of osteoclasts from bone
marrow cells.
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DISCUSSION

AHZ, in which zinc is chelated to a dipeptide (8-
alanyl-L-histidine), has a stimulatory effect on the
proliferation and differentiation of osteoblastic cells
in vitro {16, 17]. This zinc-chelating dipeptide can
reveal a more intensive effect than zinc sulfate in
osteoblastic bone formation [9,16,17]. Whether
AHZ can influence the function of osteoclasts,
however, has not been clarified thus far. The present
study was undertaken to determine the effect of
AHZ on the formation of osteoclast-like TRACP-
positive MNCs from mouse marrow cells. It is well
established that many bone-resorbing agents can
stimulate the formation (differentiation) of osteo-
clasts from marrow cells [11, 18-21].

The presence of an effective concentration of
1,25(0OH),D;, PTH, IL-1 a or PGE,, potent bone-
resorbing agents, clearly stimulated osteoclast-like
cell formation in mouse marrow culture. The
formation of osteoclast-like cells induced by these
agents was inhibited markedly by the presence of
zinc sulfate or AHZ. Zinc compounds did not have
an inhibitory effect on the proliferation of marrow
cells (data not shown), indicating that the compounds
do not exhibit cytotoxicity toward marrow cells. The
inhibitory effect of these zinc compounds was equal
in comparison with the effect of other anti-bone-
resorbing agents (calcitonin, 17B-estradiol and
acetazolamide) on osteoclast-like cell formation in
mouse marrow culture. Thus, it was found that zinc
compounds have a potent inhibitory effect on
osteoclast-like cell formation in mouse marrow
culture.

The inhibitory effect of AHZ on osteoclast-like
cell formation in mouse marrow culture seemed to
be more potent than that of zinc sulfate. AHZ is a
new compound in which zinc is chelated to S-alanyl-
L-histidine. Now, p-alanyl-L-histidine (107% and
1073 M) itself did not cause an appreciable effect on
osteoclast-like cell formation in mouse marrow
culture. Accordingly, the inhibitory effect of AHZ
on osteoclast-like cell formation may require the
chemical form of a zinc-chelating dipeptide. AHZ
can easily enter bone cells (osteoblasts) in comparison
with zinc sulfate [9, 10], and the zinc in AHZ may
be partly released from the chelate. Zinc ion may
play a role in the demonstration of the inhibitory
effect of AHZ, since zinc sulfate had a significant
inhibitory effect on osteoclast-like cell formation.
At present, the cellular mechanism by which zinc
compounds inhibit the formation of osteoclast-like
cells induced by bone-resorbing agents in mouse
culture is unknown. Since both AHZ and zinc sulfate
have a stimulatory effect on protein synthesis in
osteoblastic cells [6,16,17], the action of zinc
compounds to stimulate protein synthesis may be
somewhat involved in the differentiation of bone
marrow cells. This remains to be elucidated.

Of various essential trace metals, Ni2*, Cu?*,
Mn?* and Co?* did not have an inhibitory effect on
PTH-induced osteoclast-like cell formation in mouse
marrow culture, although Ni?*, Cu?* and Mn?*, but
not Co**, had an appreciable effect in inhibiting
1,25(OH),D;-induced osteoclast-like cell formation.
The metals used, except for Zn?*, did not have a
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potent inhibitory effect on osteoclast-like cell
formation. Among various essential trace metals,
zinc may be unique in the inhibition of osteoclast-
like cell formation in mouse marrow culture.

Zinc compounds revealed an inhibitory effect at
the later stage of differentiation of marrow cells.
This observation suggests the possibility that zinc
compounds can inhibit at least bone-resorbing
activity of mature osteoclasts formed from marrow
cells. It is possible that zinc is an inhibitor of the
osteoclast ruffled membrane proton pump and, as
such, could be having a direct effect on bone
resorption, which is not addressed by the histo-
chemical identification that we have employed. This,
however, remains to be elucidated.

The oral administration of AHZ (10-100 mg/kg/
day) for 3 months completely prevented bone loss
in ovariectomized rats [20]. The inhibitory effect of
AHZ on the formation of osteoclast-like cells may
play a role in the prevention by AHZ of bone loss,
although AHZ also has a potent stimulatory effect
on osteoblastic bone formation in vivo [7, 8] and in
vitro [9,15,16]. Zinc compounds may have a
therapeutic role in osteoporosis.
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