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A B S T R A C T   

Background: Osteoporosis is a major health problem in postmenopausal women, and characterized by deterio-
rated bone mass and micro-architecture. There have been some clinical trials demonstrating the beneficial effects 
of vitamin-D and some trace elements on calcium absorption and attenuation of osteoporosis development. 
However, effects of the combination of vitamin-D and zinc on calcium absorption and osteoporosis have not been 
adequately investigated. 
Methods: Network pharmacology was first performed to explore possible correlations between calcium/vitamin 
D/zinc and osteoporosis. Forty-nine female Sprague-Dawley rats (6 months old, 250 ± 20 g) were randomized 
into 7 experimental groups with 7 animals per group for the in vivo study, including one sham surgery control 
group, one ovariectomizing (OVX) group, and 5 OVX plus treatment groups. At the end of animal experiment, 
animal tibia and femur leg bones and blood were collected for H&E staining, bone microstructure analysis by a 
micro-CT, measurement of bone and serum Ca, P and Zn concentrations, and immunohistochemical detection of 
macrophage-colony stimulating factor receptor (M-CSFR) and receptor activator of nuclear factor-kappa B ligand 
(RANKL). 
Results: The network pharmacology analysis identified 57 candidate targets that were related to the osteoporosis- 
Ca/VitD/Zn interconnections. Further pathway analysis suggested that the combined treatment of Ca, VitD and 
Zn attenuated osteoporosis via modulation of metabolic pathways. We found that a therapy with Ca/VitD-M/Zn- 
M (73 mg/kg/day Ca, 0.6 g/kg/day VitD3 and 0.6 mg/kg/day zinc citrate) could significantly suppress the 
progression of osteoporosis in rats. After the Ca/VitD-M/Zn-M treatment, the ratio of bone volume/tissue vol-
ume, trabecular number and the trabecular thickness were all significantly elevated while the extent of 
trabecular separation was significantly reduced. Additionally, both serum calcium and bone calcium levels were 
significantly upregulated by the Ca/VitD/Zn treatment in a dose-dependent manner. The combination of Ca/ 
VitD-M/Zn-M was superiou to either Ca/VitD-L/Zn-L or Ca/VitD-H/Zn-H treatment for such an effect. More-
over, the osteoporosis-associated M-CSFR and RANKL factors were both significantly downregulated by the Ca/ 
VitD-M/Zn-M treatment in bone tissues of OVX rats. 
Conclusions: The combined supplement of VitD and Zn facilitates the Ca(2 +) absorption and attenuates the 
development of osteoporosis via down-regulation of osteoporosis-associated factors M-CSFR and RANKL, thus 
potentially constitutes an alternative therapy for the postmenopausal osteoporosis.  

List of abbreviations: OP, osteoporosis; Ca, calcium; VitD, vitamin D; Zn, zinc; OVX, ovariectomization; M-CSFR, macrophage-colony stimulating factor receptor; 
RANKL, receptor activator of nuclear factor-κ B ligand; EDTA, ethylene diamine tetraacetic acid; BM, bone marrow; BT, bone trabecular; ROI, region of interest; IOD, 
integrated optical density; BV/TV, bone volume/tissue volume; Th.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; BT., bone 
trabecular.; BM, bone marrow cavities; PMOP, postmenopausal osteoporosis; AR, androgen receptor; GC, Vitamin D-binding protein; CYP19A1, Cytochrome P450 
19A1; ESR1, Estrogen receptor alpha; INS, insulin; MMP-9, matrix metalloproteinase-9; TP53, cellular tumor antigen p53; APOE, apolipoprotein-E; ALP, alkaline 
phosphatase. 
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1. Introduction 

With the increase in aging population worldwide, osteoporosis has 
become a serious public health concern, affecting millions of in-
dividuals, especially the postmenopausal women [1]. The bone mass of 
females tends to slowly decline due to estrogen deficiency by aging 
(after 35–40 years old) or by surgical ovariectomy, followed by a period 
of fast bone loss post menopause [2]. Osteoporosis is a chronic bone 
metabolic disease characterized by decreased bone mineral density 
(BMD) and deterioration of bone microarchitecture, which consequently 
increases risk of bone fragility and fracture [3]. Epidemiological inves-
tigation has found that approximately 20% men and 33.3% women 
would suffer from a fragility fracture within their lifetime [4]. Fractures 
caused by osteoporosis can have long-term consequences and seriously 
affect the daily activities and quality of life of individuals, and may even 
cause death [5]. 

At present, the prevention and treatment strategies for osteoporosis 
include proper strengthening exercise, nutritional supplementation, 
medication and hormone replacement therapy (HRT). Drugs with 
different action mechanisms are available to treat postmenopausal 
osteoporosis, including bisphosphonates, selective estrogen receptor 
modulators, calcitonin, etc [6,7]. However, adverse side effects have 
been observed in these drugs. For example, alendronate may cause 
gastrointestinal ulcers and long-term HRT increases the risk of endo-
metrial-, breast-, and ovarian cancers as well as venous thrombosis [8]. 
Therefore, it may be a better alternative therapy to use nutritional 
supplementation in daily life for the prevention of development and 
progression of osteoporosis [9,10]. 

Calcium and vitamin-D (Ca/VitD) deficiency is a major risk factor for 
osteoporosis in addition to postmenopausal estrogen decline [11]. Cal-
cium homeostasis is regulated by vitamin-D that influences intestinal 
calcium absorption, renal calcium re-absorption and bone resorption by 
osteoclasts[12]. Thus, calcium and vitamin-D supplements are generally 
used as intervention measures to reduce the risk of fractures among the 
elderly [13,14]. It has also been reported that daily calcium and vitamin 
D supplementation for osteoporosis prevention should not fall below 
1000 mg and 800 IU, respectively [15]. 

Trace elements also play an important role in bone metabolism. For 
example, zinc is an essential nutritional element for our body. Over 85% 
of body zinc is found in skeletal muscles and bones [16]. Functionally, 
zinc has catalytic and regulatory roles that are important for bone 
growth and mineralization, collagen synthesis, and bone resorption 
[17]. It has been shown that the reduced zinc level is correlated with 
elevated inflammatory activity in the very elderly [18]. Linda[19,20] 
et al. have found that the bone loss could be attenuated in aged women 
by having calcium supplementation, and the condition was further 
improved by simutaneously increasing trace mineral intake. Negin et al. 
[21] suggested that the sufficient zinc intake will elicit positive effects 
on bone health via RANKL/RANK/OPG pathway regulation. There are 
currently various zinc supplements available such as zinc sulfate (23% 
zinc), zinc acetate (30% zinc), zinc gluconate (14% zinc) and zinc citrate 
(31% zinc). However, zinc sulfate and zinc acetate have a strong 
metallic, bitter, and astringent taste. Moreover, the low zinc content of 
zinc gluconate makes this compound more expensive. Zinc citrate is 
slightly soluble in water and odorless, with a high zinc content (31%) 
and relatively low cost [22]. Importantly, the zinc absorption from 
supplemental zinc citrate is comparable with that from zinc gluconate 
[23]. 

Both vitamin-D and zinc have been reported to have an important 
role in bone metabolism. However, it has never been examined if the 
combination of VitD and Zn can improve the absorption and thus 
bioavailability of calcium for more effective management of osteopo-
rosis in vivo. In this study, the effects of different combinations of cal-
cium (provided by calcium carbonate), zinc (as zinc citrate) and vitamin 
D3 on prevention of osteoporosis were evaluated in ovariectomized fe-
male rats, the commonly used animal model of estrogen deficiency- 

induced osteoporosis in postmenopause women[24]. 

2. Materials and methods 

2.1. Network pharmacology 

2.1.1. Targets screening 
The gene targets of Ca, VitD and Zn were predicted by the Drugbank 

database (https://www. drugbank.ca/), the Swisstarget Prediction 
database (http://swisstargetprediction.ch) and published literature. 
Homo sapiens were selected as the target organism. Data on the 
osteoporosis-associated gene targets were obtained from the Targetnet 
database (http://targetnet.scbdd.com/calcnet/index/), the UniProt 
database (https://www.uniprot.org) and the Genecards database 
(https://www.genecards.org/). A gene library of the anti-osteoporosis 
targets of calcium, VitD and zinc was established by comparing and 
analyzing the targets that were common between the osteoporosis- 
associated targets and the predicted targets of calcium, VitD and zinc. 

2.1.2. Network construction and pathway enrichment 
Venny (https://bioinfogp.cnb.csic.es/tools/venny/) was applied to 

analyze the collected osteoporosis target library and the calcium, VitD 
and zinc target library to obtain the calcium, VitD and zinc-osteoporosis 
target intersection. The STRING database (https://string-db.org/) was 
used to establish the relationship between the targets, and Cytoscape 
3.7.2 was used to analyze the network characteristics of the calcium, 
VitD and zinc-target association network. Last, the KEGG database was 
used to analyze the cross-targets and get the mechanism pathway 
enrichment diagram. 

2.2. Chemicals and reagents 

The calcium carbonate (99%, 471–34–1), calcium hydrogen phos-
phate (≥98%, 7789–77–7), zinc citrate (≥98%, 5990–32–9), and 
vitamin D3 (98%, 67–97–0) were provided by the Infinitus (China) Co., 
Ltd.(Guangzhou, China). 

2.3. Animal study 

Forty-nine female Sprague-Dawley rats (six-month old, 250 ± 20 g) 
were purchased from Guangdong Medical Laboratory Animal Center, 
Guangzhou, China. The animal experiment was conducted in accor-
dance with relevant laws and institutional guidelines, and was approved 
by the Animal Ethics Committee of South China University of Technol-
ogy (Approval ID: 20201270912; Date: 27 September 2020). Rats were 
fed in the animal facility with free food and water, in 12 h/12 h-light/ 
dark cycle, in constant temperature (22 ± 2 ◦C) and relative humidity 
(55 ± 9%). The rat sustaining feed was purchased from the Guangdong 
Provincial Medical Laboratory Animal Center, and the feed formula is 
shown in Table 2. After one week adaptation, rats were undergone either 
sham ovariectomy surgery (Sham control group) or bilateral ovariec-
tomy (OVX groups). Then the rats were intramuscularly injected with 
40,000 IU of penicillin once a day for 3 consecutive days to prevent 
infection. 

Four weeks after bilateral ovariectomy, rats were randomly assigned 
into one of the following six experimental groups (n = 7/group), in 
addition to the Sham control group (Table 1): (1) Sham control and (2) 
OVX groups, which were administered with 1 mL PBS per rat by oral 
gavage (i.g.); (3) OVX+Ca/VitD-M group, administered daily with 73 
mg/kg calcium and 0.6 μg/kg VitD3 (in 1 mL PBS); (4) OVX+Ca/Zn-M, 
administered daily with 73 mg/kg calcium and 0.6 mg/kg zinc citrate 
(in 1 mL PBS); (5) OVX+Ca/VitD-M/Zn-M, administered daily with 73 
mg/kg calcium, 0.6 μg/kg VitD3 and 0.6 mg/kg zinc citrate (in 1 mL 
PBS); (6) OVX+Ca/VitD-L/Zn-L, administered daily with 73 mg/kg 
calcium, 0.3 μg/kg VitD3 and 0.3 mg/kg zinc citrate (in 1 mL PBS); (7) 
OVX+Ca/VitD-H/Zn-H, administered daily with 73 mg/kg calcium, 1.8 
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μg/kg VitD3 and 1.2 mg/kg zinc citrate (in 1 mL PBS). All treatments 
were carried out for 42 consecutive days (from Week 5 to Week 10) 
[25–27]. At the end of the experiment, animals were culled by spinal 
dislocation and the blood, tibia and femurs were immediately removed 
for further analysis. Portions of femurs were immersed in 4% neutralized 
buffered paraformaldehyde (NBP) for histological inspection, and other 
portions were frozen immediately in liquid nitrogen and stored at −
80 ◦C for later analyses.(Fig. 1)(Table 2) 

2.4. Micro-CT determination 

The right tibia of the rat was dissected and the attached tissue was 
removed. Micro-CT (MILabs, The Netherlands) was used to scan the 
proximal tibia (scanning direction: sagittal plane, horizontal plane) by 
using the following scanning parameters: voltage 90 kV, electric current 
500 mA; resolution: 10 µm; region of interest (ROI): 0.5 cm from the 
proximal tibia, imaging field 72 mm × 60 mm. The scanning mode was 
adjusted to 14 min high resolution. The scanned data were used to 
calculate the bone microstructure, bone volume/tissue volume (BV/TV) 
(Positively correlated with bone load capacity), trabecular number (Tb. 
N), trabecular thickness (Tb.Th) (Negatively correlated with osteopo-
rosis, fractures, hyperplasia and degeneration), and trabecular separa-
tion (Tb.Sp) (Negatively related to bone quality). 

2.5. H&E staining of bone tissue 

The right distal femur of rat was dissected, and the attached tissue 
was removed. The femurs were fixed by 4% formaldehyde (Sigma- 
Aldrich, Shanghai, China) followed by 2-week decalcification with 10% 
ethylene diamine tetraacetic acid (EDTA) solution (Solarbio, Beijing, 
China). The samples were sliced into 4-μm-thick sections with a 
microtome, then the sections were stained with haematoxylin and eosin 
(H&E staining) and were examined using an optical microscope 
(Olympus BX41). Fields were selected following systematic random 
sampling scheme.The image analysis software Image-Pro Plus 6.0 was 
used to select the red patch areas to quantify the integrated optical 
density (IOD). The IOD from each area was normalized by correspond-
ing blank group to calculate the percentage of trabecular bone in each 
group. 

2.6. Elemental analysis in bone and blood 

The right tibia of the rat from each group was placed in an oven at 
80 ◦C for 48 h. Eighty mg of bone samples were crushed in liquid ni-
trogen and placed in a microwave digestion tube. After adding 3 mL 
nitric acid (65%), the tubes were placed in a microwave digestion 
apparatus (MARS6, CEM Co. Ltd, USA), and heated from 90 ◦C to 
170 ◦C, and then continued for 25 min. After cooling, the digested so-
lution was poured into a constant volume tube and ultra-pure water was 
added up to 20 mL. The blood samples were centrifuged at 3000 g at 
4 ◦C for 10 min. Then the serum was separated and cryopreserved at 
− 80 ◦C. The serum samples from each group were also subjected to the 
above digestion method. The content of Ca, P and Zn in bone and serum 
samples were measured by atomic absorption spectrophotometer (AA- 
7000, SHIMADAZU Co., Ltd, Japan). 

2.7. Immunohistochemistry analysis of bone biomarkers 

After micro-CT, the dissected right tibia was fixed with para-
formaldehyde overnight at 4 ◦C, followed by decalcification for 4 weeks 
with 15% neutral EDTA-Na2, gradient dehydration, paraffin embedding 
and then making 5 µm thick sections. The primary antibodies against 
receptor activator of nuclear factor kappa-B ligand (RANKL) (1:200, 
Affinity Biosciences LTD, U.S.A) and macrophage colony-stimulating 
factor receptor (M-CSFR) (1:200, Affinity Biosciences LTD. U.S.A) 
were added onto the section and incubated at 4 ◦C for overnight, 
respectively. After washing with PBS, the section was incubated with the 
horseradish peroxidase-conjugated secondary antibody at room tem-
perature for 50 min, and then immersed in diaminobenzidine (DAB) for 
3 min, followed by H&E staining. Stained areas of each section were 
visualized using an optical microscope (Nikon Eclipse E100, Tokyo, 
Japan). Fields were selected following systematic random sampling 
scheme, and the quantitative analysis was performed using the Image J 
software. 

Table 1 
Experimental Groups.  

Group 

Ca* 
mg/ (kg.d) 
BW 

vitamin D3 
ug/ (kg.d) 
BW 

Zn (provided as zinc 
citrate 
mg/ (kg.d) BW 

1. Sham Control 
(sham)  0  0  0 

2. Modeling (OVX)  0  0  0 
3. Ca/VitD-M  73  0.6  0 
4. Ca/Zn-M  73  0  0.6 
5. Ca/VitD-M/Zn-M  73  0.6  0.6 
6. Ca/VitD-L/Zn-L  73  0.3  0.3 
7. Ca/VitD-H/Zn-H  73  1.8  1.2  

* provided as calcium carbonate, calcium hydrogen phosphate, and phos-
hpors/calcium from chow diet; with the ratio of total Ca/ total P = 2:1 

Fig. 1. Experimental treatment schedule.  

Table 2 
Rat Feed Formula.  

Recipe composition Proportion (%) 

flour  19.0 
corn flour  23.0 
Sorghum flour  6 
wheat  10 
soy flour  15 
vegetable oil  2 
cod liver oil  1 
fish meal  10 
bone meal  1 
beer yeast  1 
salt  1 
starch  6.6 
Glycine  3.4 
Methionine  0.5 
calcium carbonate  0.5 

*Each rat was approximately fed 20 g per day. According to 
the conversion, each rat would receive extra 10 mg calcium 
carbonate from food. 
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2.8. Statistical analysis 

All quantitative data are expressed as mean ± SD and statistically 
analyzed by using one-way analysis of variance (ANOVA), followed by 
Tukey’ s comparison test (GraphPad Software, version 6.02 for win-
dows, San Diego, CA, USA). 

3. Results 

3.1. Network pharmacology analysis 

Retrival and integration of data on osteoporosis-related targets from 
Targetnet, UniProt and the Genecards resulted in 1125 targets (Rele-
vance > 1). These targets were compared with the predicted targets of 
calcium, VitD and zinc, and 57 common targets were identified as the 
candidate targets that are associated with the anti-osteoporosis activity 
of calcium, VitD and zinc (Table 3, Fig. 2). 

Table 3 
Common Targets of osteoporosis-Ca, VD and Zn interconnection.  

No. Targets Common name Uniprot ID 

1 Vitamin D receptor VitDR P11473 
2 Estrogen receptor alpha ESR1 P03372 
3 Estrogen receptor beta ESR2 Q92731 
4 Cytochrome P450 19A1 CYP19A1 P11511 
5 Androgen Receptor AR P10275 
6 Tyrosine-protein kinase SRC SRC P12931 
7 Testis-specific androgen-binding protein SHBG P04278 
8 Cytochrome P450 17A1 CYP17A1 P05093 
9 Vitamin D-binding protein GC P02774 
10 Carbonic anhydrase II CA2 P00918 
11 Cytochrome P450 3A4 CYP3A4 P08684 
12 Insulin-like growth factor I receptor IGF1R P08069 
13 HMG-CoA reductase HMGCR P04035 
14 Cannabinoid receptor 2 CNR2 P34972 
15 11-beta-hydroxysteroid dehydrogenase 1 HSD11B1 P28845 
16 Cannabinoid receptor 1 (by homology) CNR1 P21554 
17 Progesterone receptor PGR P06401 
18 Vanilloid receptor TRPV1 Q8NER1 
19 Cytochrome P450 11B1 CYP11B1 P15538 
20 Liver glycogen phosphorylase PYGL P06737 
21 Thrombin F2 P00734 
22 Protein kinase C beta PRKCB P05771 
23 C-C chemokine receptor type 3 CCR3 P51677 
24 Macrophage colony stimulating factor receptor CSF1R P07333 
25 Corticotropin releasing factor receptor 1 CRHR1 P34998 
26 Vascular endothelial growth factor receptor 2 KDR P35968 
27 Protein kinase C theta PRKCQ Q04759 
28 Cytochrome P450 11B2 CYP11B2 P19099 
29 Phosphodiesterase 4 A PDE4A P27815 
30 

31 
Melatonin receptor 1B 
Alkaline phosphatase, placental type 

MTNR1B 
ALPP 

P49286 
P05187 

32 Bone morphogenetic protein 4 BMP4 P12644 
33 Spectrin beta chain, non-erythrocytic 1 SPTBN1 Q01082 
34 Matrix Gla protein MGP P08493 
35 Ceruloplasmin CP P00450 
36 Cartilage oligomeric matrix protein COMP P49747 
37 Coagulation factor XII F12 P00748 
38 Sex hormone-binding globulin SHBG P04278 
39 

40 
Apolipoprotein E 
Insulin 

APOE 
INS 

P02649 
P01308 

41 Alpha-2-HS-glycoprotein AHSG P02765 
42 Cellular tumor antigen p53 TP53 P04637 
43 Matrix metalloproteinase-9 MMP9 P14780 
44 Histone deacetylase 4 HDAC4 P56524 
45 Hemoglobin subunit beta HBB P68871 
46 Ceruloplasmin CP P00450 
47 Serum paraoxonase/arylesterase 1 PON1 P27169 
48 Protein disulfide-isomerase P4HB P07237 
49 Prothrombin F2 P00734 
50 Serotransferrin TF P02787 
51 Interleukin-3 IL3 P08700 
52 Superoxide dismutase [Cu-Zn] SOD1 P00441 
53 Alpha-1-antitrypsin SERPINA1 P01009 
54 Poly [ADP-ribose] polymerase 1 PARP1 P09874 
55 Gelsolin GSN P06396 
56 Keratin, type I cytoskeletal 10 KRT10 P13645 
57 Alpha-enolase ENO1 P06733 

Table 3. Common Targets of Ca, VitD and Zn on osteoporosis. The targets of Ca and Zn were predicted by the Drugbank database, the targets of VitD were predicted by 
the Swisstarget Prediction database. Targets of osteoporosis were predicted by the Genecards database. Venny was used to analyze the common targets between Ca, Zn, 
VitD and osteoporosis. 

S. Wang et al.                                                                                                                                                                                                                                   



Journal of Trace Elements in Medicine and Biology 77 (2023) 127138

5

To explore the possible mechanisms by which calcium, VitD and zinc 
combination may act against osteoporosis, 57 common targets were 
imported to the STRING database in order to construct an original PPI 
(protein protein interaction) network. The final network was con-
structed from the tsv, which comprises 53 nodes and 472 edges (Fig. 3). 
As shown in Fig. 3B, the cluster is consisted of 10 nodes and 34 edges; 
the average degree centrality (DC) was 6.8, the average betweenness 
centrality (BC) was 0.0306, and the average closeness centrality (CC) 
was 0.8186. 

A KEGG pathway enrichment analysis at P < 0.01 significance level 
was performed for the 57 common targets (Fig. 4). 

3.2. Effects of Ca/VitD/Zn combinations on bone microstructure 

The bone microstructure of the proximal tibia was visualized and 
quantified by using a Micro-CT scanning. Little change was observed in 
cortical bone, while the density difference of cancellous bone was visible 
(Fig. 5A), suggesting the significant bone loss in ovariectomized rats 
when compared with the Sham group. It was also shown that the density 
of the bone trabecular in treatment groups was higher than that in the 
OVX modeling group (Fig. 5A). As for the quantified bone structure 
parameters, the modeling group showed significant decreases in BV/TV, 
Tb.Th, and Tb.N and a significant increase in Tb.Sp comparing with the 
Sham group (Fig. 5B-E), which confirmed the successful establishment 
of an osteoporosis model. These bone loss-related parameters were 
reversed by the trace element supplementation treatments. Especially, 
the Ca/VitD-M/Zn-M therapy resulted in the increase of BV/TV ratio by 
57% (P < 0.01) comparing with the modeling group, and showed a 
significantly better effect than treatments by Ca/VitD-M or Ca/Zn-M 
(Fig. 5B). Also, the Ca/VitD-M/Zn-M treatment significantly increased 
Tb.Th and Tb.N and significantly decreased Tb.Sp when compared with 
the OVX modeling group (Fig. 5C-E). 

3.3. Treatment effects of Ca/VitD/Zn on bone histology and bone 
trabecular area 

As shown in Fig. 6A, the bone trabecular structure of rats in the Sham 
group was relatively intact, with regular arrangement and intercon-
nection into a network structure, lesser bone marrow (BM) tissue, and 
almost no lipid vacuoles. In the OVX modeling group, by contrast, the 
bone trabecular (BT) structure was destroyed, and the network structure 
was twisted, broken, or even disappeared. There were a large number of 
bone marrow tissues and lipid vacuoles in the medullary cavity. Mean-
while, comparing with the medeling group, the supplementation treat-
ment groups had relatively mild osteoporosis with fewer breaks and 
reductions of trabecular bone, indicating the evident anti-osteoporosis 
effect in ovariectomized rats (Fig. 6A). The quantitation on trabecular 
bone areas confirmed significant reduction of trabecular bone areas in 
the OVX modeling group, when compared with the Sham group. 
Furthermore, comparing with the OVX group, all supplementation 
treatment groups (except the Ca/Zn-M group) showed significant in-
crease of trabecular bone areas (P < 0.05), and the Ca/VitD-M/Zn-M 
group had the highest ~ 3.2-fold increase. (Fig. 6B) 

3.4. Treatment effects of Ca/VitD/Zn combination on bone and serum 
Ca, P and Zn levels 

As shown in Fig. 7, the serum Ca level declined significantly after 
ovariectomizing. The serum P and Zn levels were also slightly down-
regulated in the OVX modeling group comparing with the Sham group. 
The serum Ca level was upregulated for 52.5 ± 11.96% and 58.16 
± 13.25%, and the serum Zn level was increased for 24.29 ± 2.49% and 
26.96 ± 6.83%, by the Ca/VitD-M/Zn-M and Ca/VitD-H/Zn-H treat-
ments, respectively,when compared with the modeling group. The bone 
Ca, P and Zn levels were decreased in the OVX modeling group 
comparing with the Sham control. However, the bone Ca, P, and Zn 
levels were upregulated for 21.98 ± 4.91%, 7.73 ± 2.65%, and 11.50 

Fig. 2. The common matched targets between the predicted targets of Ca, VitD, Zn and the osteoporosis-associated targets. Venny was used to analyze the common 
targets between Ca, Zn, VitD and osteoporosis. 
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Fig. 3. The PPI network. (A) The PPI network was constructed using Cytoscape and analyzed using NetworkAnalyzer. (B) The cluster generated from (A), the most 
important targets of VitD and Zn on osteoporosis; different colors represent the degree, as indicated by the scale. Node size is proportional to the degree of 
interaction. 
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± 2.45%, respectively, in the Ca/VitD-M/Zn-M group comparing with 
the OVX modeling group. 

3.5. Effects of Ca/VitD/Zn supplementation on the expression of 
osteoporosis-related biomarkers M-CSFR and RANEK 

Two osteoporosis-related biomarkers M-CSFR and RANKL were 
examined for expression changes by immunohistochemical staining. The 
OVX modeling group showed a significant ~5-fold increase of M-CSFR 
expression comparing with the Sham group (Fig. 8A, B). By contrast, all 
supplementation treatment groups demonstrated significant reduction 
of M-CSFR expression when compared with the modeling group, and 
particularly, the Ca/VitD-M/Zn-M group had the highest reduction of ~ 
45% (Fig. 8B). 

Similarly the OVX modeling group showed a significant upregulation 
of bone RANKL expression comparing with the Sham control; however, 
the supplementation treatments significantly reduced the bone RANKL 
expression level (Fig. 9A, B). Among different supplement combinations, 
the Ca/VitD-M/Zn-M showed the highest reduction level of 42% 
(P < 0.01). 

4. Discussion 

Firstly, the pharmacological network analysis has revealed different 
targets of Zn and VitD on the absorption of Ca and further on anti- 
osteoporosis. The main targets of VitD on osteoporosis are mostly hor-
mone regulation-related targets, such as the CYP19A1. As an estrogen 
synthase, CYP19A1 indicates that VitD maintains a dynamic balance 
between bone formation and bone resorption by regulating the hormone 

levels [28]. There are also reports demonstrating that VitD regulates 
calcium homeostasis via regulating intestinal calcium absorption, renal 
calcium re-absorption and bone resorption by osteoclasts [29,30]. The 
main targets of Zn on anti-osteoporosis include INS, MMP-9, and APOE, 
etc. Zn is a cofactor of alkaline phosphatase (ALP) that is a zinc metal-
loenzyme essential for bone mineralization [31]. Zn also stimulates 
collagen synthesis and insulin-like growth factor-I expression in bone, 
which are beneficial for bone formation [32]. Morevoer, Zn is also 
involved in osteoclast activity. It can decrease the activities of MMP-9, 
which is related to osteoclastic resorption[33]. Importantly, Zn can 
regulate the expression of APOE, a protein regulating sterol and lipid 
levels and distribution. 

It is well-known that aging and estrogen deficiency may cause un-
balanced bone remodeling, thus leading to osteoporosis [34,35]. After 
ovariectomy, female rats showed accelerated bone turnover, decreased 
bone mass and bone strength, which are dysregulated conditions similar 
to those found in postmenopausal women [36–38]. The observed drastic 
loss of bone mass, significant Tb.Sp increase, distorted and broken bone 
trabecular structure in OVX rats, further supported the importance of 
estrogen signaling pathway for regulating postmenopausal osteoporosis 
(PMOP) in this study. 

The pharmacodynamic evaluation of osteoporosis can be performed 
through assessing the bone “quality” and bone “quantity”. The Bone 
“quantity” mainly refers to bone mass, and the bone “quality” is mainly 
characterized by bone formation, bone metabolism, bone mineralization 
and bone microstructure [39]. The cancellous bone region contains the 
most recently formed trabecular bone and possibly acts as a sensitively 
responding location to dietary factors [40]. This study demonstrated 
that the oral administration of Ca/VitD/Zn supplements significantly 

Fig. 4. KEGG enrichment analysis of the anti-osteoporosis targets of Ca, VitD and Zn. The STRING database was used to establish the relationship between the 
targets, then the KEGG database was used to analyze the cross-targets and get the mechanism pathway enrichment diagram. 
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improved the micro-architecture indices of trabecular bone,including 
Tb.N, Tb.Th, Tb.Sp, and BV/TV in OVX rats. In addition, the combined 
supplementation also significantly increased bone trabecular area in 
OVX rats. Of note, the improvement of bone microstructure by the 
Ca/VitD/Zn supplementation appeared more effective than the Ca/VitD 
or Ca/Zn supplementation therapies, suggesting the necessity of using 
Ca, VitD and Zn in the diet supplement for prevention and treatment of 
osteoporosis in postmenopausal women. 

Bones are always in a dynamic balance between osteoblastic for-
mation and osteoclastic resorption [41]. The bone metabolism conver-
sion plays a decisive role in bone mass. In this study, the Zn and VitD 
combination was shown to significantly increase both serum and bone 
Ca levels, and the effect is more evident than the administration of Zn or 
VitD alone. This finding indicates that the anti-osteoporosis effect of the 

Zn and VitD combination is through facilitating the absorption of Ca in 
OVX rats. 

VitD mediates the regulation of intestinal calcium absorption and 
calcium transport in renal epithelial cells, indicating its key role in the 
modulation of systemic calcium homeostasis [42,43]. Zn is an important 
component of bone and involved in bone turnover and metabolism [44]. 
Additionally, Zn stimulates bone formation and inhibits resorption of 
bone, inducing an increase of bone mass [45]. Interestingly, SLC30A10 
gene, which is highly expressed in the small intestine and encoding for 
the zinc transporter ZnT10, was found being upregulated for ~15-fold 
upon vitamin D3 treatment, suggesting a significant modulation of Zn 
transportation by VitD [46]. This fact supports our finding that VitD is 
synergistic with Zn for anti-osteoporosis therapy. Thus, Zn and VitD acts 
synergistically to mediate osteoporosis therapy via regulating the 

Fig. 5. Effects of treatment on bone microstructure in rats. (A) The Micro-CT images of rat proximal tibia; (B-E) Measurement and quantification of bone structures: 
bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp). All values are means ± SD (n = 7). 
#P < 0.05, ##P < 0.01 vs sham control group; * P < 0.05, * * P < 0.01, * ** P < 0.001 vs OVX modeling group; ✢ P < 0.05, ✢✢ P < 0.01 between various treatment 
groups; analysed by one-way ANOVA followed by Tukey’ s comparison test. 

S. Wang et al.                                                                                                                                                                                                                                   



Journal of Trace Elements in Medicine and Biology 77 (2023) 127138

9

absorption of Ca and thus maintaining the balance of bone formation 
and resorption. The PI3K/Akt signaling essentially regulates cellular 
proliferation, differentiation and apoptosis [47]. Both RANKL and 
M-CSF were previously shown to trigger PI3K/Akt signaling, inducing 
osteoclast differentiation response [48]. In this study, the KEGG 
enrichment analysis revealed the potential involvement of PI3K/Akt 
signaling pathway in the mechanism of combined Zn and VitD for 
osteoporosis therapy. 

The bone mass is regulated with a fine balance between bone for-
mation and bone resorption, which is mediated by several factors or 
cytokines. RANKL is a membrane-bound molecule of TNF ligand family 
to RANK receptors and promotes osteoclast differentiation via activation 
of their resorptive activity and survival [49]. Osteoclastogenesis also 
requires M-CSF, which binds to the M-CSF receptor situated in the os-
teoclasts and stimulates osteroclastogenesis [50]. Our results showed 
significantly increased bone levels of RANKL and M-CSFR proteins in 
ovariectomized rats, indicating the promotion of osteoclast differentia-
tion and activity. Furthermore, treatment of osteoporotic rats with the 
combined supplements significantly reduced RANKL and M-CSFR 

protein levels, suggesting that one of the possible mechanisms by which 
the combined Ca/VitD/Zn supplements inhibit osteoporosis may be, in 
part, via down-regulation of RANKL and M-CSFR expression and 
function. 

This study focused on the effects of combinations of VitD and Zn in 
low, middle and high doses on Ca absorption and the subsequent 
attenuation of osteoporosis development. Next, we need to examine the 
anti-osteoporosis contribution of each individual component in the Ca/ 
VitD/Zn combination. No doubt, the underlying modulation mechanism 
of Ca absorption by VitD and Zn also needs to be furher elucidated in 
detail to warrant the practical application of VitD and Zn combination as 
a dietary supplementation strategy for the prevention and treatment of 
osteoporosis in women in the future. 

5. Conclusion 

In conclusion, this study demonstrated that the combination of VitD 
(0.6 µg/(kg.d)) and Zn(0.6 mg/(kg.d)) could significantly enhance the 
Ca absorption in rats when compared to Zn or VitD alone, respectively. 

Fig. 6. Treatment effects of trace element supplementation on bone trabecular. (A) The representative H&E staining images of femur. BT: bone trabecular, BM: bone 
marrow cavities. (B) The quantification of bone trabecular area. All values are means ± SD (n = 7). ###P < 0.001 vs sham group; * P < 0.05, **P < 0.01, 
* ** P < 0.001 vs OVX modeling group; ✢ P < 0.05, ✢✢ P < 0.01 between treatment groups; analyzed by one-way ANOVA followed by Tukey’ s comparison test. 

S. Wang et al.                                                                                                                                                                                                                                   



Journal of Trace Elements in Medicine and Biology 77 (2023) 127138

10

Furthermore, the Ca/VitD/Zn combination can effectively attenuate the 
development and progression of osteoporosis. This study for the first 
time provides experimental evidences for the effective use of a combined 
Ca/VitD/Zn as a dietary supplement to attenuate the development of 
osteoporosis via downregulating the expressions of osteoporosis-related 
factors M-CSFR and RANKL. It therefore could be used as a potential 
alternative therapy for the postmenopausal osteoporosis. 
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