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Aims: Puerarin is a phytoestrogen that shows osteogenic effects. Meanwhile, zinc stimulates bone formation and
inhibits bone resorption. The study aims to investigate the effects of coadministration of puerarin (low dose) and
zinc on bone formation in ovariectomized rats.

Materials and methods: Co-administration or use alone of puerarin (low dose) and/or zinc were gavaged in OVX
rats. The estrogen-like effects were detected by the uterus weight, the histologic observation and the IGF-1 pro-
Keywords: tein expression. The osteogenic effects were determined by bone histomorphometric and mechanical parame-
Puerarin ters, osteogenic and adipogenic blood markers, and so on.

Zinc Key findings: The results showed that oral administration of puerarin (low dose) plus zinc didn't significantly in-
Osteoporosis crease uterus weight. The glandular epithelial of endometrium had no proliferation and no protein expression of
Osteogenesis IGF-1. Moreover, co-administration attenuated bone loss and biomechanical decrease more than single use of
Adipogenesis puerarin or zinc (p < 0.05). Next, combined administration of puerarin and zinc promoted the serological level
of osteocalcin, bone marrow stromal cell (BMSC) proliferation, and the expression of alkaline phosphatase
(ALP), and suppressed the serological level of adiponectin and adiposity in bone marrow (BM).

Significance: In conclusion, co-administrated puerarin (low dose) and zinc can partially reverse OVX-induced
bone loss and suppress the adiposity of BM in rats, which shed light on the potential use of puerarin and zinc

in the treatment of osteoporosis.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Postmenopausal osteoporosis is widely recognized as a major public
health problem. The prevalence of osteoporosis has increased rapidly
among the elderly as life expectancy has increased in industrialized
countries [1].

Current therapeutic approaches for osteoporosis are anabolic agents
such as parathyroid hormone [2] (which stimulate bone formation),
and antiresorptive agents such as bisphosphonates, raloxifene (which
inhibit bone resorption) [3]. These therapies have been shown to in-
crease bone mineral density (BMD) and reduce the risk of fractures,
but their long-term safety and efficacy are ongoing concerns [4]. More-
over, drugs for the treatment of osteoporosis remain costly [5]. Thus,
new, safe, effective, low-cost modalities are desired to ameliorate oste-
oporotic conditions.
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Phytoestrogens have structural similarity to estrogen and can bind
to estrogen receptors (ERs). Puerarin (PubChem CID: 5281807, Fig. 1a)
is a phytoestrogen extracted from Pueraria lobata (Willd.) Ohwi, a
wild creeper leguminous plant used in Chinese traditional medicine;
this compound shows many important biological activities and has an
isoflavone structure. Pueraria can be used to treat various diseases in-
cluding cerebral ischemia, diabetes, and cardiovascular diseases in
China [6]. Puerarin from P. lobata exerts antiosteoporotic effects in
vitro and in vivo [7-10].

Recently, Rachon D et al. have reported that high-dose consumption
of puerarin may expose women with an intact uterus to the risk of en-
dometrial hyperplasia because of its uterotropic effect [11]. Another
study also exhibited that supplementation of puerarin at doses of
150-600 mg/kg increased uterus weight in ovariectomized mature
rats and immature female mice [12]. Moreover, uterotrophic and vagi-
nal cornification assays revealed that puerarin exhibited dose-depen-
dent estrogenic side effects [13]. Therefore, a high-dose of puerarin
may raise the risk of estrogen-related cancers such as breast cancer
and endometrium cancer. We speculate that low-dosage application
of puerarin may down-regulate its adverse estrogenic effect, but the os-
teogenic activity may decrease accordingly. Therefore, we wish to assess
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Fig. 1. The chemical structure of puerarin (a) and the regions of interest (ROI) (b) in tibias in micro-CT analysis. The outline in Fig.1b represents the ROI in the coronal direction of tibia.

how to produce greater osteogenic activity with lower adverse estro-
genic effects.

Puerarin's phenol hydroxyl and carbonyl on the benzene ring (Fig.
1a) both have the ability to coordinate metal ions. Nutritional trace ele-
ments, e.g., zinc, are thought to be of particular importance in bone for-
mation, quality and status [14]. Our previous research demonstrated
that zinc enhanced bone metabolism in ovariectomized rats and exerted
anabolic osteoblastic/adipocytic marrow effects ex vivo [15]. We previ-
ously showed that zinc inhibited pit formation by isolated neonatal os-
teoclasts in a biphasic manner [16]. Moreover, Uchiyama et al. reported
that genistein (a phytoestrogen) and zinc synergistically enhance oste-
ogenic ability and suppress receptor activator of nuclear factor kappa-B
ligand (RANKL) signaling-related gene expression in vitro [17,18].
Therefore, we hypothesize that coadministration of puerarin and zinc
may attenuate osteoporosis-induced bone loss in vivo.

In this study, we design experiments to evaluate the effects of coad-
ministration of puerarin and zinc on attenuating tibial bone loss in OVX
rats, and investigate the underlying mechanism of these effects ex vivo.

2. Materials and methods
2.1. Reagents

a-Modified Eagle's medium (eMEM), fetal bovine serum (FBS) and
penicillin-streptomycin (5000 U/mL penicillin; 5000 pg/mL streptomy-
cin) were purchased from GIBCO Laboratories (Grand Island, NY, USA).
Puerarin, ZnSQy, estradiol, 3-[4,5-dimetylthiazol-2-yl]-2,5-diphenyltet-
razolium bromide (MTT), Oil-red O, 3-sodium glycerophosphate, ascor-
bic acid, insulin, and dexamethasone were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Insulin-like growth factor 1 (IGF-1) anti-
body was obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

2.2. Animals and administration procedure

All animal experiments were approved by the Animal Care and Use
Committee of Peking University Health Science Center (approval num-
ber: LA2014213; Beijing, China).

Eight-week-old female Sprague Dawley rats (n = 90) were obtained
from Vital River Inc. (Beijing, China) and assigned randomly into six
groups of fifteen: (1) sham: sham surgery; (2) OVX: bilaterally ovariec-
tomized, negative control; (3) OVX-E: OVX rats were injected i.p. with
10 pg/kg body weight (BW) estradiol (dissolved with oil) once every
2 days after ovariectomization, positive control; (4) OVX-P: puerarin
(dissolved with normal saline) was orally administrated once every
2 days at 50 mg/kg BW after ovariectomization; (5) OVX-Z: ZnSO, (dis-
solved with normal saline) was orally administrated once every 2 days
at 0.25 mg/kg BW after ovariectomization; (6) OVX-ZP: puerarin

(50 mg/kg BW) and ZnSO,4 (0.25 mg/kg BW) in the normal saline
were orally administrated once every 2 days after ovariectomization.
The sham and OVX groups were treated with normal saline vehicle. Bi-
lateral ovariectomy or sham operation was undertaken by standard
methods. The above mentioned treatment/vehicle was performed at
one week post-surgery. After 12 weeks of treatment, the rats were anes-
thetized and exsanguinated before euthanasia. Serum was separated
and stored at — 80 °C until analysis. The uteruses of rats were separated
for weighing and histological analysis. The bilateral tibias from each an-
imal were thoroughly dissected free from soft tissue following
euthanization, frozen at — 80 °C, and later used for micro computed to-
mography (micro-CT) and biomechanical analyses.

2.3. Immunohistochemistry for uterine IGF-1 in rats

Uterotropic effects of estrogens are part due to the activation of
the uterine IGF-1 expression, thus uterine IGF-1 was detected by im-
munohistochemistry as previously described [19,20]. In brief, the
uterus were dehydrated and subsequently embedded in paraffin.
The 5 pm thickness sections were dewaxed and subsequently
dehydrated. After antigen retrieval through boiling in citrate buffer
(pH 6.0), sections were incubated with anti-IGF-1 monoclonal anti-
body at 4 °C overnight. Next, the sections were incubated with sec-
ond antibody about 30 min at 37 °C. At last, immunoreactivity was
visualized by diaminobenzidine and the sections were counter-
stained through hematoxylin. Purified IgG was used as a negative
control.

2.4. Bone microtomographic histomorphometry evaluated by micro-CT

Micro-CT was undertaken by Inveon MM system (Siemens, Munich,
Germany) as previously described [21]. Briefly, images were acquired at
an effective pixel size of 8.82 um, voltage 80 kV, current 500 pA, and ex-
posure time of 1500 ms in each of the 360 rotational steps. Parameters
were calculated using an Inveon Research Workplace (Siemens, Mu-
nich, Germany), as follows: bone volume/total volume (BV/TV) refers
to the total amount of bone region present in relation to the analyzed
bone volume; bone surface area/bone volume (BS/BV) is the relation
between the overall trabecular bone surface and the bone volume ana-
lyzed of mineralized bone; trabecular thickness (Tb.Th) is figured out by
means of a technique that fills with spheres the structure analyzed and
by the transformation of the distance it is calculated the mean thickness
of the osseous structures; trabecular number (Th.N) implies the number
of times that trabeculae are crossed by means of length in a randomly
selected way across the bone volume analyzed; trabecular separation
(Tb.Sp) represents the average diameter of all non-overlapping spheres
that fit inside the marrow space [22]. For tibia, the ROl was 1-2 mm dis-
tal to the proximal epiphysis as previously described (Fig. 1b) [23].
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2.5. Biomechanical testing

Following the micro-CT measurements, the left tibias were subject-
ed to three-point bend tests. The tests proceeded at a plunger speed of
1.0 mm/min using a servohydraulic testing device (Instron 4302,
Instron, Norwood, Mass), as previously described [23]. Load-deforma-
tion curves were recorded during the bending process. The analysis
area of the tibia was 3 mm distal to the proximal epiphysis. The param-
eters were calculated as follows: The maximum load, stiffness, energy to
ultimate load, and elastic modulus.

2.6. Bone marrow stromal cell (BMSC) isolation, and osteogenic and
adipogenic differentiation

To isolate and culture BMSCs, bone marrow (BM) cells from the
femur were obtained as described previously [24]. Briefly, the tips of
bone were removed with a rongeur, and the marrow was harvested
by inserting a syringe needle (27-gauge) into one end of the bone and
flushing with 1 mL oMEM. Cells were cultured in maintenance medium
(aMEM containing 10% FBS, 100 U/mL penicillin G and 100 mg/mL
streptomycin) at 5 x 10° cells/mL in 24-well plates (0.5 mL/well) at
37 °C. After two days, the culture medium was replaced with new
oMEM supplemented separately with 10 mM -sodium glycerophos-
phate +0.05 M ascorbic acid 4+ 10 nM dexamethasone (for osteogenic
differentiation), or 10 pg/mL insulin +10~7 M dexamethasone (for
adipogenic differentiation). Culture supernatants from BMSCs cultured
for 7 days were collected and stored at — 80 °C until analysis.

2.7. MTT assays and Oil-red O staining

To examine cell proliferation, the MTT assay was performed. Briefly,
BMSCs cells were cultured to the logarithmic phase and thereafter seed-
ed in 96-well plates (2 x 10% cells per well) for 24 h. Then, the medium
was removed and 20 pL MTT solution (500 pg/mL) was added to each
well, followed by 4 h incubation. MTT solution was replaced by 150 pL
dimethyl sulfoxide to dissolve blue formazan crystals, and absorbance
was measured at 570 nm using a microplate reader.

Adipocyte differentiation was determined by Oil-red O staining as
previously described [10]. In brief, the BMSCs subject to adipogenic dif-
ferentiation were cultured in 96-well plates, fixed in formalin and
washed. Next, cells were stained with 0.6% Oil-Red O solution for
30 min. After removing the staining solution, the dye retained in the
cells was eluted into isopropanol just before measurement of the optical
density at 490 nm.

2.8. Assay of biochemical markers in serum and culture supernatant

Serum levels of osteocalcin (OC) and adiponectin, alkaline phospha-
tase (ALP) in culture supernatant were measured using relevant ELISA
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kits (eBioscience, San Diego, CA, USA). Samples were measured at
least in duplicate.

2.9. Statistical analyses

Data are shown as the means + standard deviation. SPSS v16.0 (IBM,
Armonk, NY, USA) was used for statistical analyses. One-way ANOVA
with post hoc LSD was performed, and p-values < 0.05 were considered
significant.

3. Results

3.1. The evaluation of uterine wet weight and IGF-1 expression among 6
groups

To evaluate whether low dose of puerarin was safe, the uterine wet
weight were calculated (Fig. 2a). The uterine wet weight of OVX group
decreased significantly than that of sham group (p <0.05). However, the
OVX-E group had a highest uterine wet weight compared with the other
group (p < 0.01, respectively). Therefore, it was successful to perform
the OVX model in rats. Notedly, there was no significant difference on
uterine wet weight among OVX, OVX-P, OVX-Z, and OVX-ZP groups,
which means that uterine wet weight didn't significant increase when
low dose of puerarin was administrated.

To further explore the safety of puerarin, the expression of uterine
IGF-1 were performed by the immunohistochemistry. There was no
positive staining of IGF-1 in the glandular epithelial of endometrium.
From the point of the morphological change, the epithelial appeared
flat in OVX group, while the normal epithelial in Sham group showed
tall-columnar in shape. The cells presented short-cylindrical features
after the estrogen administration. The epithelial in the uterus of OVX-
P and OVX-Z group were both cuboidal. After the co-administration of
puerarin and Zn, the epithelial cells returned back to be flat (Fig. 2b).

3.2. The effect of puerarin and zinc on bone microarchitecture in tibia

To assess bone microarchitecture in the six groups, bone morphom-
etry were performed by micro-CT (Figs. 3 and 4). Micro-CT analyses of
the proximal tibia demonstrated that the OVX group exhibited signifi-
cantly less BV/TV than the sham group (OVX group p < 0.001), which
demonstrated the utility of the rat OVX model. Besides, the OVX-ZP
group exhibited a significant difference in tibia microarchitecture com-
pared with the OVX group (increase: BV/TV and Tb.Th p < 0.01, Th.N
p < 0.05; decrease: BS/BV and Tb.Sp p < 0.001). Of note, the OVX-P
group had a dramatically decreased BV/TV and a significantly increased
Tb.Sp compared with the OVX-ZP group (BV/TV p < 0.05; Tb.Sp
p <0.001). However, the BV/TV in OVX-Z group was lower than that
of OVX-ZP group (p < 0.05).

Fig. 2. The wet weight (a) and histologic characteristics (b) of the uterus among 6 groups. (b) The IGF-1 expression in the glandular epithelial of endometrium was detected by IHC. The
cells were tall-columnar (Sham), flat (OVX), low-columnar (OVX-P), low-columnar (OVX-Z) and flat (OVX-ZP), comprehensively (40x). Data are means 4 SD, n = 15 per group. “p < 0.05

vs. sham, #p < 0.05 vs. OVX, *p < 0.05 vs. OVX-E.
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3.3. Mechanical tests of tibia

To evaluate mechanical effects, three-point bend tests were per-
formed in tibias (Fig. 5). In detail, the OVX-ZP group had a signifi-
cantly increased maximum load, stiffness, energy to ultimate load,
and elastic modulus compared with the OVX group (maximum
load and stiffness p < 0.001; energy to ultimate load p < 0.01; elastic
modulus p < 0.05). Moreover, the maximum load of the OVX-ZP
group increased markedly compared with the OVX-P and OVX-Z
Fig. 3. Representative images of changes in bone microarchitecture of tibias in rats. (a) The groups (OVX-P group p < 0.01, OVX-Z group p < 0.05). The OVX-ZP
bone microarchitecture of tibias of the six treatment groups in the transverse plane; (b) group showed a significant increase in stiffness compared with the
the bone microarchitecture of tibias in the coronal plane. OVX-Z group (p < 0.05).
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Fig. 4. Bone histomorphometry of tibias from the six groups after 12 weeks of treatment. The parameters of bone microarchitecture (BV/TV, BS/BV, Tb.Th, Tb.N, Tb.Sp) were measured in
the trabecular bone of the proximal tibia (1-2 mm distal to the proximal epiphysis) using micro-CT. Data are means = SD, n = 15 per group. *p < 0.05 vs. sham, *p < 0.05 vs. OVX, *p < 0.05
vs. OVX-E, ®p < 0.05 vs. OVX-P, *p < 0.05 vs. OVX-Z. \: the data were cited from our published article [10].
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Fig. 5. Biomechanical measurements of tibias in a three-point bending test. Parameters of maximum load (a), stiffness (b), energy to ultimate load (c), and elastic modulus (d) were
measured in the tibias 3 mm distal to the proximal epiphysis. Data are means + SD, n = 15 per group. *p < 0.05 vs. sham, #p < 0.05 vs. OVX, *p < 0.05 vs. OVX-E, ®p < 0.05 vs. OVX-P,

#p < 0.05 vs. OVX-Z. \: the data were cited from our published article [10].

3.4. Serological assessment of osteocalcin and adiponectin

Levels of osteocalcin, a marker of bone formation, were significantly
higher in the OVX-P, OVX-Z, and OVX-ZP groups than in the sham, OVX,
and OVX-E groups (p < 0.001, respectively) (Fig. 6a). However, serum
levels of adiponectin in the OVX, OVX-P, OVX-Z, and OVX-ZP groups
were significantly lower than those in the sham group (OVX, OVX-P,
and OVX-Z group, p < 0.05, OVX-ZP group, p < 0.001) (Fig. 6b). More-
over, adiponectin levels in the OVX-ZP group notably decreased com-
pared with the OVX, OVX-E, and OVX-Z groups (OVX and OVX-Z
group p < 0.05, OVX-E group p < 0.01) (Fig. 6b).

3.5. Effects of puerarin and zinc on proliferation and differentiation of
BMSCs ex vivo

To evaluate the effects of BMSC proliferation in the six groups, MTT
assays were performed (Fig. 6¢). All the OVX groups had a lower rate
on cell proliferation than the sham group except the OVX-ZP group
(OVX, OVX-P, and OVX-Z groups p < 0.001, OVX-E group p < 0.01).
Moreover, the OVX group showed significantly decreased cell prolifera-
tion compared with the other OVX groups (OVX-E and OVX-ZP groups
p<0.001, OVX-P and OVX-Z group p < 0.01). Of note, BMSC proliferation
in the OVX-ZP group was higher than that in the OVX-E, OVX-P and
OVX-Z groups (OVX-E p < 0.01, OVX-P and OVX-Z group p < 0.001).

To assess effects on osteogenesis and adipogenesis, culture superna-
tant levels of ALP were evaluated to measure osteogenesis and Oil-red O
staining was performed to assess adipogenesis. The ALP in supernatant
of the OVX group was lower than that in the other OVX groups (OVX-E,
OVX-P, OVX-Z, and OVX-ZP groups) (p < 0.001, respectively). Notably,
the OVX-ZP group showed a significant increase in ALP compared
with the OVX-E and OVX-P groups (OVX-E p < 0.01, OVX-P p < 0.05)

(Fig. 6d). Oil-red O staining of the OVX, OVX-E, and OVX-P groups re-
sulted in a higher OD value compared with the sham group (p < 0.001,
respectively). OVX-Z and OVX-ZP groups showed a significant decrease
compared with the OVX and OVX-E groups (p < 0.001). Moreover, the
0VX-Z and OVX-ZP groups had markedly decreased OD values com-
pared with the OVX-P group (p < 0.001) (Fig. Ge).

4. Discussion

In the current study, we demonstrate for the first time that coadmin-
istration of puerarin at a low dose and zinc attenuates bone loss and
suppresses bone marrow adiposity in ovariectomized rats (a classical
animal model mimicked postmenopausal osteoporosis). The results
also show that the combined administration was more advantageous
in improving osteogenesis and suppressing adipogenesis than single
treatment with either zinc or puerarin.

To fully explore the underlying mechanism of this coadministration,
a series of in vivo and ex vivo experiments were performed. Coadminis-
tration of puerarin (low dose) and zinc promoted BMSC proliferation,
the expression of ALP, and serological levels of osteocalcin. Moreover,
combined administration also suppressed serological levels of
adiponectin and adiposity in bone marrow.

Several recent lines of evidence support the hypothesis that puerarin
enhances osteoblastic differentiation by multiple mechanisms in vitro
[25-27]. Moreover, both our previous research and that of Tanaka, T.
et al. showed that puerarin (Pueraria lobata vine ethanol extracts) en-
hanced bone mass by promoting osteoblastogenesis in vivo [10,28].
Our findings in this study further confirmed above conclusions through
bone morphometry, biomechanics, and osteogenic mechanisms sys-
tematically. However, Cho et al. have showed that low dose puerarin
(50 mg/kg) administrated to OVX rats had a weaker osteogenic effect
than high-dose puerarin (500 mg/kg) [29]. But, high-dose puerarin
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Fig. 6. The evaluation on mechanisms of osteogenesis and adipogenesis. Serum levels of osteocalcin (a marker of osteogenic differentiation) (a) and adiponectin (a marker of adipogenic
differentiation) (b) were detected after 12 weeks of treatment. BMSC proliferation was evaluated by MTT assay (c). Supernatant levels of ALP (a marker of bone formation) during
osteogenic differentiation of BMSCs (d). Oil-red O staining was evaluated after adipogenic differentiation of BMSCs (e). Data are means =+ SD from experiments carried out in triplicate,
n = 15 per group. *p < 0.05 vs. sham, *p < 0.05 vs. OVX, *p < 0.05 vs. OVX-E, &p < 0.05 vs. OVX-P, “p < 0.05 vs. OVX-Z. \: the data were cited from our published article [10,15].

enhanced the risk of endometrial hyperplasia due to its uterotropic ef-
fect [11], which it was conflicted. So, to use puerarin, one must balance
the beneficial osteogenic effects with the adverse effects.

Zinc is a trace element that plays essential roles in multiple metabol-
ic pathways. A growing body of evidence showed that zinc supplemen-
tation improved bone formation and stimulated collagen synthesis and
mineralization [30,31]. Our experiments suggested that zinc had an ex-
cellent effect in attenuating bone loss in OVX rats, which was consistent
with most other research.

Uchiyama et al. discovered that genistein (another phytoestrogen)
and zinc synergistically enhanced osteogenic ability through increasing

the expression of ALP, osteocalcin and a1 collagen in vitro [17]. Like the
study of Uchiyama et al., our research also exhibited synergistic osteo-
genic effects between puerarin and zinc were enhanced by improving
the expression of ALP and serological levels of osteocalcin ex vivo. More-
over, we further showed that co-administration showed more excellent
biomechanical ability compared with use alone, which was of great sig-
nificance to osteoporotic prevention or treatment.

Surprisingly, the BW and uterus wet weight had no difference
among OVX-P, OVX-Z, and OVX-ZP, which mean that low dose of
puerarin didn't have a malignant effect on uterus. Obviously, co-admin-
istration of puerarin (low dose) and zinc balance the beneficial
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osteogenic effects with the adverse effects (uterus weight increase) ex-
cellently, which had more advantage in osteoporotic treatment com-
pare with high dose of puerarin use only [29].

However, in our work, the serological levels of osteocalcin were not
significantly different among the OVX-P, OVX-Z, and OVX-ZP groups, so
we speculated that the osteogenic advantage of combined puerarin and
zinc administration may not merely be due to the expression of
osteocalcin. Alternatively, we concluded that the combined administra-
tion resulted in better osteogenesis due to increased BMSC proliferation
and expression of ALP in BMSCs, which was consistent with the research
of Wang PP et al. [7]. However, further investigations should be
performed.

Considering adiposity in the bone marrow, our results showed that
the OVX-ZP group had decreased serological levels of adiponectin and
quantities of lipid droplets from adipocytes in bone marrow. Of note,
co-administrated puerarin and zinc suppressed the serological level of
adiponectin more effectively than the other five groups, which is an im-
portant improvement compared with estrogen treatment of osteoporo-
sis. Puerarin administration alone decreased the levels of adiponectin in
serum slightly, which was consistent with our previous study [10].
However, the quantities of lipid droplets from the adipocytes in bone
marrow were significantly decreased in the OVX-Z group, which was
same as the conclusions of Wang et al. [32]. We speculate that other
mechanisms that we did not detect in this study might be involved in
the suppression of adiposity induced by zinc in osteoporosis; further in-
vestigations are necessary.

5. Conclusions

In this study, we demonstrate that coadministration of puerarin
(low dose) and zinc attenuated bone loss and biomechanical decrease
in tibia, which was more effectively compared with alternative drug
treatment in OVX rats. BMSC proliferation and the expressions of ALP
and osteocalcin play a key part in bone regeneration. Moreover, com-
bined administration suppressed adiposity in bone marrow by decreas-
ing serological levels of adiponectin. The results of our study shed light
on the potential use of puerarin and zinc in the osteoporotic treatment.
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