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Abstract Investigations of bone mass and marrow adiposity
are critical for defining the role of zinc (Zn) in bone metabo-
lism. Rats used for study were grouped as follows: control
(sham), ovariectomy (OVX), ovariectomy + estradiol (OVX-
E), ovariectomy + Zn treatment (OVX-Zn). Bone mineral
density (BMD) was quantified (microCT); serum osteocalcin,
adiponectin, RANKL, and TRAP levels were assayed
(ELISA); and biochemical determinations of serum alkaline
phosphatase (ALP), calcium (Ca), and phosphorus (P) were
done. Cells derived from bone mesenchymal stem cell
(BMSC) isolates of respective test groups were compared,
identifying primary osteoblasts by MTT assay and adipocytes
by Oil Red O stain. Osteocalcin and adiponectin levels in
culture supernatants were determined by ELISA. Zn supple-
mentation resulted in a modest increase in BMD, but serum
osteocalcin and ALP activity increased significantly (P<0.01,
both). Serum levels of RANKL and TRAP were lower in
OVX-Zn (vs OVX) rats (P<0.01), whereas serum concentra-
tions of adiponectin, Ca, and P did not differ by group.
Osteocalcin level was significantly upregulated ex vivo
(P<0.01) in the supernatant of cultured OVX-Zn (vs OVX)
cells, accompanied by a slight upturn in osteoblastic differen-
tiation. However, Oil Red O uptake and adiponectin level in
supernatant were sharply diminished in cultured OVX-Zn (vs
OVX) cells (P<0.01). Overall, we concluded that Zn contrib-
utes to bone mass by marginally stimulating differentiation

and proliferation of osteoblasts and by effectively inhibiting
osteoclastic and adipocytic differentiation of BMSCs.
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Introduction

Zinc (Zn) is one of the most abundant nutritionally essential
microelements in the human body, with about 30 % of its
bodily content restricted to bone [1]. Thus, Zn is important for
skeletal development and physiologic bony homeostasis and
figures formatively in the pathogenesis of osteoporosis [2–4].
Dietary Zn supplementation is known to have positive effects
on bone metabolism [5], promoting osteoprotegerin expres-
sion through the PKC/MAPK pathway [6]. Furthermore, Zn is
known to inhibit pit formation by solitary neonatal osteoclasts
in a biphasic manner [7]. The inhibitory action of Zn on
osteoclastogenesis may be due in part to suppression of the
signaling pathway involved in RANKL stimulation and
RANK suppression in developing osteoclasts or to NFATc1
activation in osteoclastic differentiation [8–10]. Clinical trials
have also shown that Zn supplementation discourages post-
menopausal bone loss [11]. Yamaguchi et al. have suggested
that the opposing actions of Zn in osteoblastogenesis and
osteoclastogenesis may hinge upon antagonism of NF-jB
activation [12].

Despite the clear association found between Zn intake and
improved BMD [13, 14], Hie et al. have indicated that both
quantity and activity of osteoclasts are diminished by admin-
istration of Zn, with no appreciable effect on numbers of
osteoblasts [9]. These contradictory findings demand that the
underlying mechanism by which Zn regulates homeostasis of
bone be re-evaluated.
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Epidemiologic studies have shown an increased prev-
alence of obesity in conjunction with low Zn intake and
low blood concentrations of Zn [15–17]. Zn deficiency
in the setting of obesity is attributed to increased leptin
production [18]. Similarly, marrow adiposity assumes an
inverse relationship with BMD and bony integrity in
menopausal osteoporosis [19]. Given that both osteo-
blasts and adipocytes originate from the same pool of
bone marrow stromal stem cells (BMSCs) [20], a recip-
rocal affiliation between bone mass and bone marrow
adiposity frequently is seen in human and animal
models [21].

The premise that bonemass and bonemarrow fat are linked
provides greater insight into the relationship between Zn
intake and bone mass, prompting us to speculate that Zn
may contribute to bone health by favoring osteogenesis in
otherwise undifferentiated BMSCs, while primarily inhibiting
bone resorption and bone marrow adiposity. In this way, the
overall effect of Zn on bony integrity is positive. Therefore,
we chose to investigate the in vivo contribution of Zn to bone
status and study its effect on the balance of osteoblastogenesis
and bone marrow adiposity ex vivo.

Materials and Methods

Chemicals and Reagents

αModified Eagle medium (αMEM), fetal bovine serum
(FBS), and a penicillin (5000 U/ml)-streptomycin
(5000 μg/ml) formulation were utilized (GIBCO Laborato-
ries, Grand Island, NY, USA). ZnSO4, estradiol, 3-[4,5-
dimetylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), Oil Red O, βsodium glycerophosphate, ascorbic acid,
dexamethasone, insulin, and dexamethasone were purchased
(Sigma Chemical Co, St. Louis, MO, USA).

Animals and Administration Procedure

Sixty adult female Sprague-Dawley rats (weight, 210±230 g)
obtained from the Animal Center of National Birth Control
Board in China were kept at constant temperature (22±3 °C)
and humidity (50±20 %) during the test period (12-h light/
12-h dark cycles, light on 07:15 AM). Experimentation was
conducted under guidelines and permission of Chinese Ani-
mal Care Committee, randomly assigning animals to four
groups of 15 each (in vivo testing, n=10; ex vivo study, n=
5) as follows: 1) sham, sham surgery; 2) OVX, bilateral
ovariectomy under isoflurane anesthesia; 3) OVX-E, estradiol
replacement (10 μg/kg once every 2 days) after bilateral
ovariectomy; and 4)OVX-Zn, intragastric ZnSO4 (0.25mg/kg
once every 2 days) after bilateral ovariectomy. Sham and
OVX rats received vehicle only, once every 2 days. General

conditions were observed, and the body weights of rats were
recorded weekly. At week 12, all animals were subjected to
pentobarbital anesthesia and exsanguinated. The right tibia of
each euthanized rat was dissected cleanly from soft tissue,
fixed in 4 % paraformaldehyde (24 h), and then washed in
10 % saccharose solution. Microtomography was performed
24 h later.

Bone Mineral Density by MicroCT

Bone mineral density (BMD) was assayed by microCT
method, using an mm-sized Gantry-LG CT camera (Sie-
mens, Berlin, Germany) and quantified by relative den-
sity of motif. Generally, samples and motif of differing
density were each scanned at fixed voltage (60 kV) and
current (400 μA). The volume of interest (VOI) was
drawn incrementally, contouring trabecular bone careful-
ly at five-slice intervals and morphing to interpolate all
slices in between. Each slice was then visually inspected
and modified as needed. Once VOI was determined, a
mean was automatically calculated, in accord with a
linear equation: BMD (g/cm2)=9.1313 (VOI)-8518
(R2=1).

Biochemistry of Animal Serum

Blood samples (2ml) frommodel rats were collected in plastic
EDTA-Na2 tubes and centrifuged (5000 rpm, 10 min, 4 °C),
then serum was transferred to new tubes for freezing (−20 °C)
until time of assay. Osteocalcin, adiponectin, RANKL, and
TRAP were assayed via two-site ELISA (R&D Systems,
Minneapolis,MN, USA). Intra- and interassay variations were
<5 %, and detection limit was 0.1 ng/ml. Levels of alkaline
phosphatase (ALP), calcium (Ca), and phosphorus (P) were
determined by automatic analyzer (Hitachi 7180; Hitachi
High-Tech, Tokyo, Japan).

Isolation and Culture of BMSCs from Ovariectomized Rats

Cellular studies were performed to assess the potential role of
Zn in bony homeostasis. In brief, femoral and tibial bone
marrow cells of all animals were isolated for culture ex vivo.
BMSCs at interface after Ficoll–Paque gradient centrifugation
were cultured (3.0×105 cells/35-mm plate) in αMEM medi-
um containing 10 % FCS. Cultures were maintained by
change of medium every 3 days.

Osteoblastic Differentiation of BMSCs and MTTAssay

Two days after initiation and proliferation of MSCs, the
culture medium was replaced by fresh αMEM medium
supplemented with 10 mM β sodium glycerophosphate +
0.05 M ascorbic acid +10 nM dexamethasone for
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osteoblastic differentiation. For purposes of examination,
cells were plated (6.0×103 cells/well, 96-well plates) and
maintained in growth media (24 h, 5 % CO2, 37 °C). At
60 % confluence, 10 μl of MTT solution (5 mg/mL) was
added to each well, and the cells were incubated further
(4 h, 37 °C). Once formazan crystals formed, the MTT
medium was aspirated and replaced with 150 μl solubi-
lization solution dimethyl sulfoxide (DMSO) to dissolve
the formazan crystals. The plates were then shaken
(5 min), and absorbance of each well was recorded using
a microplate spectrophotometer at 570 nm. Relative cel-
lular growth was determined by the ratio of average
absorbance in treated vs control cells. Cell viability was
calculated as the ratio of optical densities.

Adipogenesis from MSCs and Oil Red O Staining

In prior studies of BMSC-derived adipocytes, cells were
grown to confluence before transfer to adipogenic me-
dium [22]; so, we plated BMSCs in a 60-cm2 dish for
incubation (7 days) in complete culture medium. There-
after, the medium was replaced by adipogenic medium
for extended incubation (21 days). Adipogenic medium
was supplemented with insulin (10 μg/ml) and dexa-
methasone (10−7M).

For Oil Red O staining, cells were fixed in 10 % formalin
(10 min), washed with distilled water, and dried completely
before applying 0.6 % Oil Red O solution in 60:40 (v/v)
isopropyl alcohols: H2O (room temperature, 30 min). The
stained cells were eluted with isopropyl alcohol immediately
before measuring optical density at 490 nm. There were eight
wells for each group.

Biochemistry of Culture Supernatant

Osteocalcin and adiponectin levels in culture supernatant
were quantified as directed by manufacturer (R&D Sys-
tems). Briefly, samples were washed extensively with
PBS and incubated in lysis buffer on ice (15 min) to
generate whole-cell lysates. The lysates were then centri-
fuged (10,000 rpm, 30 min), and supernatants were trans-
ferred to new tubes. Total protein concentration was eval-
uated by BCA protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). Intra- and interassay variations were
<5 %, and detection limit was 0.1 ng/ml.

Statistical Analysis

Statistical analysis relied on standard software (SPSS v10;
SPSS Inc, Chicago, IL, USA). One-way ANOVA tests were

Fig. 1 Bone mineral density of right tibia quantified by microCT.
**P<0.01, vs sham group; $$P<0.01, vs OVX group; #P<0.05, vs
OVX-E group

Fig. 2 Change in serum osteocalcin concentration after Zn
administration. **P<0.01, vs Sham group; $$P<0.01, vs OVX group;
##P<0.01, vs OVX-E group Fig. 3 Serum adiponectin levels in four study groups
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used for comparisons between groups. All results were
expressed as means±SD, with significance set at P<0.05 or
P<0.01.

Results

Bone Mineral Density by MicroCT

BMD of the OVX group declined significantly, compared
with that of the sham group (P<0.01), representing an induced
osteopenic state. Estradiol replacement increased BMD
(P<0.01) to control level. Compared with the OVX group,
Zn supplementation of ovariectomized rats produced amodest
increase in BMD, which was not statistically significant
(P>0.05) (Fig. 1).

Bone Biochemical Markers

Bone remodeling markers of the four groups are demonstrated
in Figs. 2, 3, 4, and 5. In Zn-treated ovariectomized rats,
osteocalcin level was slightly elevated (1.3-fold; P<0.01)
(Fig. 2); adiponectin level in serum was unchanged (Fig. 3);
and ALP activity rose sharply (roughly 2.2-fold; P<0.01)
(Fig. 4a), compared with respective control levels. Serum Ca
and P determinations did not differ significantly by group
(Fig. 4b, c).

Ovariectomy led to higher serum RANKL and TRAP
levels in OVX rats (P<0.01). Zn supplement downregulated

this increase to normal levels (Fig. 5). Serum RANKL value
of the OVX-Zn group was lower than that of OVX-E group
(P<0.05).

Effect of Zn on Osteoblastic Proliferation and Osteocalcin
Level in Culture Supernatant

Ovariectomy resulted in comparatively fewer BMSC-derived
osteoblastic cells (P<0.01), although estradiol replacement
dramatically reversed this decline (P<0.01). Although Zn
supplementation also enhanced osteoblastic proliferation after
ovariectomy, the effect was far weaker than that of estradiol
(P<0.01) (Fig. 6a).

After ovariectomy, osteocalcin level in culture supernatant
behaved similarly, declining to 75 % of that in the sham group
(P<0.01). Relative to the OVX group, the OVX-Zn group
showed a significant rise in osteocalcin (P<0.01), but estradi-
ol was more effective than Zn in increasing osteocalcin con-
centration (P<0.05) (Fig. 6b).

Effect of Zn on Adipogenic Differentiation and Adiponectin
Level in Culture Supernatant

Oil Red O stain was used to identify adipocytes ex vivo. After
ovariectomy, positivity of cells exceeded that is seen in the
sham group (P<0.01). Zn supplementation reduced
adipocytic differentiation to control level, which was signifi-
cantly lower than that of OVX and OVX-E groups (P<0.01,
respectively) (Fig. 7a).

Fig. 4 Biochemical determinants
in rat serum. *P<0.05,
**P<0.01, vs sham group

Fig. 5 Serum RANKL and
TRAP levels in four study groups.
**P<0.01, vs sham group;
$$P<0.01, vs OVX group;
#P<0.05, vs OVX-E group
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Likewise, adiponectin level of OVX-Zn group was less
than that of the OVX group (P<0.01) and was comparable
to sham group level (Fig. 7b).

Discussion

Our ex vivo observations, in concert with BMD assessment
and related biochemical indices, suggest that Zn supplemen-
tation enhances bone mass in ovariectomized osteopenic rats
by stimulating differentiation and proliferation of osteoblasts
to a limited extent and by effectively inhibiting osteoclastic
and adipocytic differentiation of BMSCs.

We found that Zn administration to ovariectomized rats
produced a relatively modest increase in BMD, albeit still
inferior to control BMD status. This particular point is a
departure from other reports, suggesting that Zn is only mar-
ginally beneficial in bone formation. A comparator study has
shown that dietary Zn intake and plasma Zn concentration
both correlated positively with BMD in men. Hip, spinal, and
distal wrist BMD measurements were significantly lower in
men with lowest (vs higher) plasma Zn concentrations [23].

BMD measurement is widely used for detecting osteopo-
rosis [24], but as an index of bonemass, it has limitations [25].
We felt that BMD and biochemical indices combined would

be suitable for comprehensively evaluating bone mass. By the
same token, we discovered that Zn supplementation led to a
significant increase in osteoblast count, osteocalcin level, and
ALP activity in ovariectomized rats. ALP is generally a mark-
er of immature osteoblasts, whereas osteocalcin surges at a
later stage of osteoblastic differentiation [26]. Thus, it appears
that Zn enhances bone metabolism by promoting osteoblastic
differentiation and proliferation.

Because osteoblasts and adipocytes have common origins in
bone marrow [27], diminished bone formation in patients with
osteoporosis may be explained by preferential adipocytic (rath-
er than osteoblastic) differentiation in shared cellular precursors
[28]. One may presume that heightened osteoblastic and dimin-
ished adipocytic differentiation occurs through a “switch-like”
diversion of BMSCs toward osteoblastogenesis. Accumulating
evidence supports this contention, underscoring that extent of
marrow adipogenesis may serve as an alternate index of oste-
oporotic severity [29]. Indeed, Menagh et al. have noted that
increased osteoblastic differentiation is accompanied by de-
pressed lipid accumulation in bone marrow [30]. Future trials
should attempt to define the time sequence of gene expression
as BMSCs differentiate to adipocytes ex vivo, thereby
unearthing likely targets for interventional Zn therapy.

Avariety of cell systems have been used to study adipocytic
differentiation in bone marrow [31, 32]. The primary cells of
our rat model may be expanded rapidly in culture as a ready

Fig. 6 Effect of Zn on
osteoblastic proliferation and
osteocalcin level in culture
supernatant. **P<0.01, vs sham
group; $$P<0.01, vs OVX group;
#P<0.05, ##P<0.01, vs OVX-E
group

Fig. 7 Effect of Zn on adipocytic
differentiation and adiponectin
level in culture supernatant.
**P<0.01, vs sham group;
$$P<0.01, vs OVX group;
##P<0.01, vs OVX-E group
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resource. More importantly, these cells better mimic an in vivo
environment. Accordingly, the bone marrow response after
intake of Zn was accurately depicted by the data obtained.

Conclusion

In summary, we investigated the effect of Zn on bone mass
ex vivo, using an ovariectomized animal model to delineate its
regulatory role in bony homeostasis. Our data suggests that Zn
enhances bone mass in an induced osteopenic state through
limited stimulation of osteoblastic differentiation and prolifer-
ation and by effectively inhibiting osteoclastic and adipocytic
differentiation of BMSCs.
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