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Abstract. Osteoporosis is a ser ious public health 
problem and icariin (ICA) is the active component of the 
Epimedium  sagittatum, a traditional Chinese medicinal 
herb. The present study aimed to investigate the effects and 
underlying mechanisms of ICA as a potential therapy for 
osteoporosis. Calvaria osteoblasts were isolated from newborn 
rats and treated with ICA. Cell viability, apoptosis, alkaline 
phosphatase activity and calcium deposition were analyzed. 
Bioinformatics analyses were performed to identify differen-
tially expressed proteins (DEPs) in response to ICA treatment. 
Western blot analysis was performed to validate the expression 
of DEPs. ICA administration promoted osteoblast viability, 
alkaline phosphatase activity, calcium deposition and inhibited 
osteoblast apoptosis. Secretome analysis of ICA‑treated cells 
was performed using two‑dimensional gel electrophoresis and 
matrix‑assisted laser desorption/ionization time‑of‑flight mass 
spectrometry. A total of 56 DEPs were identified, including 
serpin family F member 1 (PEDF), protein disulfide isomerase 
family A, member 3 (PDIA3), nuclear protein, co‑activator of 
histone transcription (NPAT), c‑Myc and heat shock protein 70 
(HSP70). These proteins were associated with signaling path-
ways, including Fas and p53. Bioinformatics and western blot 
analyses confirmed that the expression levels of the six DEPs 
were upregulated following ICA treatment. These genes may 

be directly or indirectly involved in ICA‑mediated osteogenic 
differentiation and osteogenesis. It was demonstrated that ICA 
treatment promoted osteogenesis by modulating the expres-
sion of PEDF, PDIA3, NPAT and HSP70 through signaling 
pathways, including Fas and p53.

Introduction

Osteoporosis, or porous bone, is a serious condition that 
impacts the health of hundreds of millions of people. In 2010, 
>158 million people suffered from osteoporotic fractures 
worldwide (1). Osteoporosis is typically prevalent in older 
populations, but can also occur in children and teenagers. 
Osteoporosis is characterized by a loss of bone mass or 
a reduction in bone mineral density (BMD) (2). Due to the 
complexity and number of causes of osteoporosis; however, 
the prevention and treatment of osteoporosis is a challenging 
process and existing therapies have a limited efficiency.

Estrogen deficiency (3), gene polymorphisms (4), meno-
pause (5) and environmental factors, including smoking (6) 
may contribute to osteoporosis pathogenesis. Postmenopausal 
osteoporosis or reduction of BMD is partially due to estrogen 
deficiency (7). Previous studies focusing on osteoporosis drugs 
have demonstrated the risk factors or side‑effects involved in 
osteoporosis treatment, such as increasing the risk of bone 
neoplasms, breast cancer and embolisms (8,9). Novel drugs 
with fewer adverse side effects are required for effective osteo-
porosis management.

Icariin (ICA) is a flavonol glycoside isolated from a 
traditional Chinese medicinal herb Epimedium sagittatum, 
the Epimedium genus  (10). Previous studies focusing on 
the molecular mechanisms of ICA have demonstrated its 
anti‑osteoporotic and osteogenic differentiation effects (11,12), 
as well as its involvement in estrogen biosynthesis, in vivo 
and in vitro (13,14). It is of note that ICA may regulate the 
expression of osteoporosis‑associated factors, including the 
Wnt/β‑catenin pathway, peroxisome proliferator‑activated 
receptor γ (PPARγ), and bone morphogenetic protein 
(BMP) (15‑17). Chen et al (15) demonstrated that the adminis-
tration of ICA to an ovariectomized rat model of osteoporosis 
increases the expression of β‑catenin pathway‑associated 
proteins, including runt related transcription factor 2 and 
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low‑density lipoprotein receptor related protein 6. Proteomics, 
transcriptomics, and metabolomics analyses have identified 
the dysregulation of mRNAs, proteins and metabolites associ-
ated with osteoporosis. However, there are limited studies that 
focus on the proteomics associated with the protective activity 
of ICA against osteoporosis, particularly the underlying 
mechanisms of ICA activity (18).

To further investigate the mechanisms of ICA against osteo-
porosis, the proteomics of ICA‑treated calvaria osteoblasts were 
analyzed using matrix‑assisted laser desorption/ionization 
time‑of‑flight mass spectrometry (MALDI‑TOF‑MS) analysis. 
Differentially expressed proteins (DEPs) in ICA‑treated osteo-
blasts were identified and further investigated. The present 
study aimed to provide more information on the protective 
mechanisms of ICA against osteoporosis.

Materials and methods

Animals. All animal experimental protocols were approved by 
the Animal Care Committee of Nanjing University of Chinese 
Medicine (Nanjing, China) and were performed in accordance 
with the Guide for Care and Use of Laboratory Animals. A 
total of 10 Sprague‑Dawley male rats (weighing 8‑10  g), 
were obtained from Experimental Animal Center of Nanjing 
University of Chinese Medicine (Nanjing, China) within 24 h 
post‑birth and kept in an incubator under 12‑h light/dark cycle 
with a humidity of 45‑75% at 19‑27˚C, with free access to food 
and water.

Osteoblast isolation and cell culture procedure. The calvaria 
was dissected from surface‑sterilized rats and subsequently 
soaked in 75% ethanol for 5‑10 min at 4˚C. Isolation of calvaria 
osteoblasts was performed as previously described (19,20). 
Briefly, the frontal and parietal bone was separated, cut into 
fragments (1 mm3), digested in 0.25% trypsin (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C for 15 min 
and the precipitates following centrifugation at 750 x g and 
4˚C for 5 min were treated with collagenase II (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) for 5 min for further 
digestion (19). Precipitated cells were subsequently suspended 
in Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 15% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C in 5% CO2 for 24 h. Cells were then transferred to 
DMEM with 20% FBS. Medium was replaced every 2 days. 
For ICA (95.4%; cat. no I1286; Sigma‑Aldrich; Merck KGaA) 
treatment, ICA was added into the cell cultures prior to incu-
bation at concentration of 0, 10, and 20 µg/l at 37˚C in 5% CO2 
for 24 h. Each experiment was performed in triplicate.

Cell viability analysis. An MTT (Sigma‑Aldrich; Merck 
KGaA) assay was performed to detect cell viability as previ-
ously described (16). Osteoblasts (50 cells/well) were seeded 
into 96‑well plates and maintained in DMEM supplemented 
with 20% FBS (Gibco; Thermo Fisher Scientific) at 37˚C in 5% 
CO2 for 24 h prior to treatment with 10 µg/l and 20 µg/l ICA 
for 5 days. The supernatant of cell cultures was subsequently 
discarded and 20 µl MTT solution (5 mg/ml) was added into 
each well and cells were incubated for a further 4 h. 150 µl 
DMSO was added and the optical density at an absorbance of 

490 nm was determined using a microplate reader (Molecular 
Devices, LLC, Sunnyvale, CA, USA).

Cell cycle assay. Osteoblasts (5x104 cells/ml) were seeded 
into 6‑well culture plates until 90% confluence. Cells were 
then treated with ICA for 48 h and harvested, fixed with 4% 
paraformaldehyde at 4˚C for 4 h, and stained with propidium 
iodide (PI) for 30 min in the dark at room temperature. For cell 
cycle analysis, the at G0/G1, S and G2/M phase distribution of 
10,000 cells was determined using the BD FACS Calibur™ 
flow cytometer equipped with CellQuest Pro 5.1 software 
(BD Biosciences, San Jose, CA, USA). Each experiment was 
performed in triplicate.

Apoptotic analysis. Osteoblasts were seeded into 6‑well 
plates (1x105 cells/well) and cultured in DMEM at 37˚C in 
5% CO2 for 48 h and treated as aforementioned. Cells were 
harvested with 0.25% trypsin (Sigma‑Aldrich; Merck KGaA) 
at 37˚C in 5% CO2 for 20 min for apoptotic analysis using the 
Annexin V apoptosis detection kit (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Cells were 
stained with Annexin V and PI for 30 min in the dark at room 
temperature followed by BD FACS Calibur™ flow cytometry 
analysis using CellQuest Pro 5.1 software (BD Biosciences). 
Annexin V positive and PI negative stained cells indicated 
early apoptosis.

Alkaline phosphatase (ALP) staining and enzyme‑linked 
immunosorbent assay (ELISA). Following incubation with 
ICA (10 µg/l) for 1, 2, 3 and 4 days, calvaria osteoblasts were 
prepared for ALP staining. A total of 1x104 cells/well were 
placed into 24‑well plates and incubated in the aforementioned 
conditions until 85% confluence. Cells were subsequently 
harvested, fixed using 4% paraformaldehyde at 4˚C for 
30 min and stained for the analysis of ALP activity with an 
ALP activity assay kit (BioVision, Inc., Milpitas, CA, USA) 
according to manufacturer's protocol. Images of stained cells 
were captured using an Olympus BX51 inverted fluorescent 
microscope (magnification, x40; Olympus Corporation, 
Tokyo, Japan). Additionally, the ALP activity of cell cultures 
was analyzed using an ELISA kit (cat. no. K422; BioVision, 
Inc.) according to manufacturers' instruction.

Alizarin red staining. For the in vitro visualization of nodular 
patterns and calcium deposition, osteoblasts were stained with 
Alizarin red S after 21 days of culture in DMEM as previously 
described (20,21). Briefly, 1,000 cells/well were placed into 
24‑well plates to reach to 80% confluence. Cells were subse-
quently harvested, fixed using 4% paraformaldehyde at 4˚C 
and stained with 2% Alizarin red S (Sigma‑Aldrich; Merck 
KGaA) for 30 min at room temperature. Cells were washed 
with distilled water prior to observation of plate samples 
for calcium deposition, which indicates bone nodule forma-
tion or osteoblast mineralization, using an Olympus BX51 
inverted fluorescent microscope (magnification, x40; Olympus 
Corporation).

Preparation of proteomics sample. For proteomics analysis, 
osteoblasts (1x106 cells/ml) were transferred to a flask and 
allowed to reach 80% confluence prior to the addition of ICA 
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(10 µg/l) at 37˚C in 5% CO2 for 48 h. The secretory proteins 
from conditioned cell cultures of osteoblasts were prepared 
for proteomics as previously described (22,23). In brief, the 
supernatants of the ICA‑treated osteoblasts were collected and 
gathered using TCA‑acetone solution (1:3) at ‑20˚C overnight. 
Precipitates from centrifugation (750 x g at 4˚C for 5 min) 
were subsequently washed with acetone, air‑dried, quantified 
using the Bradford assay method (Applygen Technologies, 
Inc., Beijing, China) (24) and stored at ‑80˚C.

Two‑dimensional electrophoresis (2‑DE) and gel image 
scanning. 2‑DE was conducted as described previously (23). 
Immobilized pH gradient (IPG) strips (17 cm; pH 3‑10; GE 
Healthcare Life Sciences, Uppsala, Sweden) were rehydrated 
with 150 µg protein for 12‑16 h at room temperature, followed 
by isoelectric focusing (IEF, 60,000 Vh) in a Protean IEF 
cell (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The 
IPG strips were subsequently equilibrated as previously 
described (25) and transferred onto a 12% polyacrylamide gel 
(Beyotime Institute of Biotechnology, Nanjing, China), which 
was subjected to the second dimension (200 V, room tempera-
ture) in a Protean II XI cell (Bio‑Rad Laboratories, Inc.) for 
7 h at 6˚C. Polyacrylamide gels were washed and silver stained 
using a Fast Silver Stain kit according to the manufacturer's 
protocols (Beyotime Institute of Biotechnology). Finally, the 
gels were scanned and analyzed using an ImageScanner™ 
(GE Healthcare Life Sciences) transmission scan with 
ImageMaster version 5.0 gel image analysis (GE Healthcare 
Life Sciences). The silver‑stained spots with more than 2‑fold 
change in spot intensity and novel spots among groups were 
considered to be upregulated DEPs. Spots with less than 1‑fold 
change were considered downregulated DEPs. Each experi-
ment was performed in triplicate.

MALDI‑TOF/MS. A total of 60 DEP spots were manually 
cut from gels and digested with trypsin (Gibco; Thermo 
Fisher Scientific, Inc.) in 96‑well plates, according to previ-
ously described methods (18). DEP spots were subsequently 
excised from the polyacrylamide gels. Excised bands were 
then destained using 50% acetonitrile and 50 mM ammonium 
bicarbonate at 37˚C for 30 min and digested using trypsin 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C for 16 h. DEPs 
were subsequently extracted with 50% acetonitrile and 0.1% 
trifluoroacetic acid 3 times. Gel spot extracts (1.5 µl) were 
placed into new 96‑well plates, vacuum dried and stored at 
‑80˚C prior to MS analysis using a MALDI‑TOF/MS system 
(Bruker Corporation, Ettlingen, Germany) according to 
instructions as previously described (22,26).

MS database search and alignment of peptide sequences. 
MS peptide mass fingerprinting (PMF) data was obtained 
using Mascot Distiller software (v.2.3.2; Matrix Science Ltd., 
London, UK) (22), and searches of PMF peptide sequences 
were performed based on the international protein index (IPI) 
rat FASTA database (v3.31; 41,251 sequences; 21,545,744 
residues; ftp://ftp.ebi.ac.uk/pub/databases/IPI). Sequence 
alignments were generated using the CLC Free Workbench 
software package (version 4.0.3; Qiagen, Inc., Valencia, CA, 
USA), and protein properties were identified as previously 
described (27).

Bioinformatics analysis. In order to investigate the 
DEP‑associated pathways and Gene Ontology (GO) 
Consortiums, DEP sequences (peptides) were analyzed with 
the Protein ANalysis THrough Evolutionary Relationships 
(PANTHER) pathway database (http://www.pantherdb 
.org/) (28,29). Proteins were classified according to their func-
tion and were annotated with ontology terms (PANTHER 
pathways, GO terms and PANTHER protein class) and 
sequences are assigned to PANTHER pathways.

Western blot analysis. Western blot analysis was performed 
to validate expression of several identified potential DEPs. 
Cellular proteins of calvaria osteoblasts were extracted, quan-
tified as aforementioned. Proteins were subsequently separated 
by 10% SDS‑PAGE (Beyotime Institute of Biotechnology) 
and electro‑transferred onto polyvinylidene dif luoride 
(PVDF) membranes (Invitrogen; Thermo Fisher Scientific, 
Inc.). Membranes were blocked with 5% milk for 1 h at 4˚C, 
probed with the primary antibodies against β‑actin (cat. 
no. ab8227; 1:1,000; Abcam, Cambridge, MA, USA), serpin 
family F member 1 (cat. no. ab14993; PEDF; 1:1,000; Abcam), 
signal transducing adaptor molecule (cat. no.  ab48015; 
STAM; 1:1,000; Abcam), c‑Myc (cat. no. ab32072; 1:1,000: 
Abcam), protein disulfide isomerase family A, member 3 (cat. 
no. ab13506; PDIA3; 1:1,000; Abcam), heat shock protein 
family A member 4 (cat. no. ab2787; HSP70; 1:1,000; Abcam), 
and nuclear protein, co‑activator of histone transcription 
(cat. no. ab70595; NPAT; 1:1,000; Abcam) overnight at 4˚C. 
Membranes were subsequently incubated with the appro-
priate horseradish peroxidase (HRP)‑conjugated secondary 
antibodies (cat. no. ab6721; 1:10,000, Abcam) for 1 h at room 
temperature. Bands were subsequently visualized using an 
enhanced chemiluminescence detection reagent (Beyotime 
Institute of Biotechnology) and were subjected to densito-
metric analysis with QuantiScan software (v.3.0; BIOSOFT, 
Cambridge, UK).

Statistical analysis. Experimental data was analyzed using 
SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). and is 
expressed as the mean  ±  standard deviation. Differences 
among groups were determined using one‑way analysis of 
variance (ANOVA) followed by Fisher's Least Significant 
Difference for multiple comparisons. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Identification of osteoblasts. Prior to ICA treatment, isolated 
calvaria osteoblasts were characterized by ALP and Alizarin 
red S staining (Fig. 1). At day 3, cells were stained with an 
ALP assay kit and were observed to have purple stained nuclei 
accompanied by red‑brown stained membrane and cytoplasm 
(Fig. 1A). Cells were stained with Alizarin red S at day 21 to 
detect calcium and an irregular red‑orange stain was observed, 
indicating the formation of mineralized bone nodules and the 
deposition of calcium‑rich hydroxyapatite (Fig. 1B).

Effect of ICA on ALP activity and calcium deposition. 
Osteoblasts were treated with ICA to evaluate the effect of 
ICA on cell function. Osteoblasts treated with 10 µg/l ICA 
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for 48 h exhibited the highest ALP activity (P<0.05; Fig. 2A). 
Cells treated with 10 µg/l ICA demonstrated higher ALP 
activity compared with cells treated with 20 µg/l ICA at 24, 48 
and 72 h time intervals (P<0.05). For Alizarin red S staining 
analysis, it was confirmed that osteoblasts treated with 10 µg/l 
ICA had brighter irregular red‑orange staining than 20 µg/l 
ICA‑treated cells (Fig. 2B). These results suggested that 10 µg/l 
ICA concentration was the optimum treatment compared with 
20 µg/l for ICA‑mediated ALP activation and calcium deposi-
tion in osteoblasts.

ICA promotes cell viability and inhibits apoptosis. The MTT 
assay confirmed that ICA promoted the cell viability of 
osteoblast in a dose‑ and time‑dependent manner (Fig. 3A). 
Cells treated with 10 µg/l ICA had significantly increased cell 
viability at 72 h following ICA incubation (P<0.05). Notably, 
osteoblasts treated with 20  µg/l ICA had decreased cell 
viability compared with the 10 µg/l ICA treatment (P<0.05).

Cell cycle distribution analysis revealed that ICA treatment 
increased the percentage of cells in the S and G2/M phases, 
and reduced the percentage in the G0/G1 phase (Fig. 3B). 
As expected, there was also an increase in the percentage of 
cells in the S and G2/M phase and a decrease in the G0/G1 
phase in osteoblasts treated with 10 µg/l ICA compared with 
those treated with 20  µg/l ICA (P<0.05). Cell apoptosis 
analysis revealed that ICA inhibited cell apoptosis (Fig. 3C). 
Osteoblasts treated with 10 µg/l ICA had a significantly lower 
apoptotic rate when compared with the control and 20 µg/l 
ICA treated cells (P<0.05). Taken together, it was concluded 
that ICA increased cell viability and inhibited cell apoptosis. 
Furthermore, it was determined that the optimum ICA concen-
tration for osteoblast viability was 10 µg/l.

2‑DE/MALDI‑TOF/MS analysis. Proteomic analysis revealed 
60 proteins points that were differentially expressed (with more 
than two‑fold change in spot intensity) or specifically expressed 
(expression specifically induced by ICA) in osteoblasts treated 
with 10  µg/l ICA, compared with the control with >750 
silver‑stained spots (Fig. 4). Bioinformatics analysis identified 
56 DEP sequences, which were matched to reference sequences 
in databases using the CLC Free Workbench software package. 
Identified DEPS included 22 upregulated DEPs, including 
STAM binding protein, insulin‑like growth factor‑binding 
protein 2 (IGFBP‑2) precursor and PEDF. Eight downregulated 
DEPs were identified, including phosphoglycerate mutase 1 and 
myosin‑1 and succinate dehydrogenase subunit A. A total of 

24 specially expressed proteins were identified in ICA‑treated 
osteoblasts, including heat shock proteins [heat shock cognate 
71 kDa protein (HSPA8) and heat shock protein, mitochon-
drial precursor], myc‑associated factor X (Max), nuclear 
protein ataxia‑telangiectasia (NPAT) and PDIA3 precursor. 
Glutaredoxin 5 and translationally controlled tumor protein 
were DEPs that were lost in ICA treated cells (Table I). A total 
of four downregulated DEPs in ICA treated osteoblasts were 
not aligned in the CLC Free Workbench software package.

Bioinformatics analysis. Sequences of these 56 DEPs were 
subjected to PANTHER pathway database analysis (29,30). 
DEP enrichment analysis for PANTHER pathways, GO terms 
(biological processes, molecular function and cellular compo-
nent) and PANTHER protein classification were performed 
(Fig. 5). Results revealed that these DEPs were associated 
with PANTHER pathways, including receptor (PC00197), 
isomerase (PC00135), calcium‑binding protein (PC00060) 
and signaling molecule (PC00207); enriched into GO terms 
including ʻtransporter activityʼ (GO: 0005215), ʻcatalytic 
activityʼ (GO: 0003824), ʻimmune system processʼ (GO: 
0002376) and ʻcell partʼ (GO: 0044464); annotated into path-
ways including Fas (P00020), fibroblast growth factor (FGF; 
P00021), p53 (P00059) and apoptosis (P04398).

Validation of DEP expression by western blot analysis. Previous 
reports have demonstrated the association of gene dysregula-
tion with osteoporosis or bone mineral content accumulation, 
including PEDF (30,31) and PDIA3 (32). Furthermore, NPAT, 
c‑Myc and several other proteins are thought to be involved in 
the regulation of histone transcription (32,33), calcium metabo-
lism (34) and cell proliferation (35,36). Max associates and 
interacts with c‑Myc, thus forming the c‑Myc‑Max complex, 
which has core activating roles in gene expression. Inhibition of 
c‑Myc‑Max dimerization formation results in the inhibition of 
cancer cell proliferation (37,38). HSPA8 is a gene that encodes for 
an important member of HSP70 protein family (39). Therefore, 
the expression of HSP70 was investigated. In the present study, 
Max was identified as a protein that was specifically expressed 
in response to ICA administration. The expression of c‑Myc 
protein and several identified DEPs in ICA (10 and 20 µg/l) 
treated osteoblasts was subsequently detected. ICA treatment 
was demonstrated to upregulate the expression of PEDF, STAM, 
c‑Myc, PDIA3, HSP70 and NPAT. Expression of these DEPs 
were higher in cells treated with 10 µg/l ICA compared with 
control cells (P<0.05; Fig. 6). In addition, the expression levels 
of PEDF, PDIA3, HSP70 and NPAT proteins exhibited by the 
control cells were not significantly different compared with cells 
treated with 20 µg/l ICA. These findings were in accordance 
with the bioinformatics analysis results.

Discussion

The antiosteoporotic activity of ICA has been previously 
reported (11,12) and was further confirmed in the present 
study. ICA treatment promoted the viability, ALP activity and 
calcium deposition of osteoblasts in a dose‑ and time‑depen-
dent manner. Proteomics analysis revealed that the identified 
proteins were involved in osteogenesis and bone mineral 
content accumulation via several signaling pathways.

Figure 1. Identification of calvaria osteoblasts. (A) Osteoblasts were stained 
for Alkaline phosphatase activity 3 days after isolation. (B) Osteoblasts were 
stained with Alizarin red S following culture for 21 days. All cells were incu-
bated without icariin. Magnification, x40.
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Figure 2. Effect of ICA on ALP activity and calcium deposition. (A) ALP activity was detected using an enzyme‑linked immunosorbent assay kit. (B) Calcium 
deposition in osteoblast cultures was identified by Alizarin red S staining. *P<0.05 vs. control. #P<0.05 vs. 10 µg/l ICA. ICA, icariin; ALP, alkaline phosphatase.

Figure 3. Effect of ICA on cell proliferation and apoptosis. (A) Cell viability was detected with an MTT assay. (B) Cell cycle distribution and (C) cell apoptotic 
percentage were determined using flow cytometry. *P<0.05 vs. control. #P<0.05 vs. 10 µg/l ICA. ICA, icariin; OD, optical density.
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Table I. DEPs in ICA‑treated osteoblasts.

A, Upregulated DEPs

	 Sequence number of		
Protein point	 protein warehouse	 Name of protein	 Fold‑change

59	 IPI00231275	 Galectin‑1	 5.7
62	 IPI00230937	 Phosphatidylethanol‑amine‑binding protein	 5.5
65	 IPI00196994	 GDP dissociation	 6.7
72	 IPI00231260	 Peroxiredoxin‑6	 6.8
112	 IPI00765011	 Follistatin‑related protein 1 precursor	 7.6
118	 IPI00207063	 Follistatin‑related protein 1 precursor	 11.8
123	 IPI00464670	 Macrophage‑capping protein	 5.2
127	 IPI00778493	 Serpinf1 41 kDa protein	 9.2
135	 IPI00189819	 β‑actin	 8.6
149	 IPI00553950	 Prolactinregulatory element‑binding protein	 10.7
155	 IPI00200044	 STAM binding protein	 12.4
186	 IPI00370815	 T‑complex protein 1 subunit theta	 11.2
219	 IPI00778705	 Ephrin type‑A receptor 8	 7.3
271	 IPI00777582	‑ 69 kDa protein	 13.0
284	 IPI00188921	 Collagen alpha‑2 (I) chain precursor	 17.5
285	 IPI00326412	 Gamma‑enolase	 5.7
357	 IPI00201060	 Lamin‑A	 5.7
358	 IPI00421947	 DPPY	 5.2
136	 IPI00201573	 Insulin‑like growth factor‑binding protein 2 precursor	 2.1
159	 IPI00209148	 Isoform 1 of Heterogeneous nuclear ribonucleoprotein M	 3.5
330	 IPI00765011	 Actin, cytoplasmic 2	 4.3
169	 IPI00212901	 Uncharacterized protein C18 or f19 homolog	 5.2

B, Downregulated DEPs

	 Sequence number of		
Protein point	 protein warehouse	 Name of protein	 Fold‑change

29	 IPI00764455	 Myosin‑1	 0.1
101	 IPI00421428	 Phosphoglycerate mutase 1	 0.3
251	 IPI00567268	 Sdha 72 kDa protein	 0.3
105	 IPI00362469	 6‑phosphogluconolactonase	 0.7
129	 IPI00189819	 β‑actin	 0.6
227	 IPI00187662	 Cyfip1_predicted 51 kDa protein	 0.8
296	 IPI00230941	 Vimentin	 0.6
306	 IPI00195929	 CAP‑Gly domain‑containing linker protein 2	 0.7

C, DEPs specifically expressed in control

	 Sequence number of		
Protein point	 protein warehouse	 Name of protein	 Fold‑change

8	 IPI00365904	 Glutaredoxin 5	 ‑
20	 IPI00208306	 Translation ally‑controlled tumor protein	 ‑
45	 IPI00558185	 Max (18 kDa protein)	 ‑
91	 IPI00213667	 Hemiferrin	 ‑
143	 IPI00464815	 Alpha enolase	 ‑
145	 IPI00464815	 Alpha enolase	 ‑
147	 IPI00464815	 Alpha enolase	 ‑
151	 IPI00566018	 Npat	 ‑
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The proliferation inducing effect of ICA was identified in 
our previous study (40) and other previous research (12,41). ICA 
is a flavonoid that exhibits anti‑apoptosis, cell differentiation 
and proliferation inducing effects (42,43). In the present study, 
ICA treatment was demonstrated to promote the proliferation 
of osteoblasts in a dose‑dependent manner. ICA (10 µg/l) 

demonstrated a more pronounced effect on cell viability, ALP 
activity and formation of osteoblast mineralized bone nodule, 
with lower apoptosis percentage compared with 20 µg/l ICA 
treatment (Figs. 2 and 3). It was confirmed that 10 µg/l ICA 
was the most effective concentration for osteoblast prolifera-
tion and antiosteoporotic activity. This was in accordance with 
our previous study (40).

Based on the proteomics analysis, 56 proteins were iden-
tified as differentially expressed in the 10 µg/l ICA treated 
osteoblasts compared with the control cells, including PEDF, 
HSPs, NPAT, PDIA3 and STAM. These proteins were enriched 
in pathways, GO function terms and PANTHER protein 
classes including calcium‑binding protein, signaling molecule, 
immune system process and signaling pathways such as Fas, 
FGF, p53, and apoptosis. As previously reported, p53‑B‑cell 
lymphoma 2 (Bcl‑2) /Bcl‑2 associated protein X‑Fas/Fas 
ligand and FGF‑2‑p53 are important signaling pathways that 
modulate apoptosis and proliferation (44,45), demonstrating 
that the DEPs induced by ICA treatment may be associated 
with cell differentiation, proliferation and apoptosis. Further 
validation by western blot analysis revealed that the expression 
of PEDF, PDIA3, NPAT, NPAT, STAM, HSP70 and c‑Myc 
proteins were upregulated by 10 µg/l ICA administration. This 
was in accordance with cellular function alterations observed 
in cells treated with ICA, demonstrating that ICA‑induced 
alterations may be mediated by these proteins.

Previous reports have revealed that the expression of 
PEDF (30,31), NPAT (32,33) and PDIA3 (32) may directly or 
indirectly contribute to osteoporosis. PEDF, a 50‑kDa secreted 

Figure 4. Gel images of obtained from two‑dimensional electrophoresis 
of (A)  control osteoblasts and (B)  osteoblasts treated with 10  µg ICA. 
Differentially expressed peptides were marked with green. Protein peptides 
were marked with red dots. ICA, icariin.

Table I. Continued.

D, DEPs specifically expressed in response to ICA		

	 Sequence number of		
Protein point	 protein warehouse	 Name of protein	 Fold‑change

153	 IPI00767505	 γ‑actin	 ‑
158	 IPI00780207	 Dlec1 39 kDa protein	 ‑
174	 IPI00212810	 Sfrs2 29 kDa protein	 ‑
176	 IPI00364170	 Spetex‑2E	 ‑
180	 IPI00192078	 Biphenyl hydrolase‑like	 ‑
248	 IPI00845891	 transglutaminase 4	 ‑
263	 IPI00208188	 Syntaxin‑binding protein	 ‑
303	 IPI00230941	 Vimentin	 ‑
314	 IPI00551812	 ATP synthase subunit beta, mitochondrial precursor	 ‑
323	 IPI00324741	 Protein disulfide‑isomerase A3 precursor	 ‑
325	 IPI00324741	 Protein disulfide‑isomerase A3 precursor	 ‑
339	 IPI00192984	 Argbp2 78 kDa protein	 ‑
340	 IPI00339148	 heat shock protein, mitochondrial precursor	 ‑
342	 IPI00208205	 Heat shock cognate 71 kDa protein	 ‑
364	 IPI00366944	 Collagen alpha‑1 (III) chain precursor	 ‑
365	 IPI00409539	 Filamin‑A	 ‑
368	 IPI00369732	 Serine‑protein kinase ATM	 ‑
369	 IPI00360916	 GRIP and coiled‑coil domain‑containing 2	 ‑

DEP, differentially expressed protein; ICA, icariin.
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glycoprotein encoded by SERPINF1, is an endogenous 
anti‑inflammatory factor (46), which also acts as an anti‑tumor 
factor (47,48). PEDF can induce p53‑ and Fas‑mediated cell 
apoptosis and the expression of anti‑inflammatory factors 
through PPARγ signaling (49). PPARγ is an essential factor for 

adipocyte differentiation and suppression of its expression has 
been determined to be crucial for the promotion of osteogen-
esis and the inhibition of adipogenesis (50,51).

NPAT is an essential factor in histone transcription regula-
tion and acts directly downstream of cyclin E/cyclin‑dependent 

Figure 5. Bioinformatics analysis using pathway database. (A) Identified PANTHER protein classes. GO function terms of (B) molecular function, (C) cellular 
components and (D) biological process. (E) Terms of PANTHER pathways. Numbers on the x‑axis indicate the enriched protein number into corresponding 
terms.
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kinase 2 (52). The phosphorylation or upregulation of NPAT is 
required for the expression of histone genes, which modulate 
DNA synthesis and cell cycle proliferation (53). Additionally, 
NPAT expression correlates with the S phase (53). However, to the 
best of our knowledge, no reports have investigated the associa-
tion of PEDF and NPAT with osteoporosis. In the present study, 
it was confirmed that PEDF and NPAT expression, as well as 
cell viability in 10 µg/l ICA‑treated osteoblasts were upregulated, 
suggesting that PEDF and NPAT may contribute to osteogenesis 
via signaling pathways, including Fas and p53 in vitro.

Max and c‑Myc forms the c‑Myc‑Max complex, which 
has a core role in trans‑activating gene expression (54,55), 
whereas the inhibition of c‑Myc‑Max complex has been 
previously reported to lead to cell cycle arrest, apoptosis 
and the inhibition of cancer cell proliferation  (37,39). 
Indo et al (56) reported that the inhibition of c‑Myc reduces 
bone‑resorbing activity in mature osteoclasts and suppresses 
the expression of solute carrier family, neutral amino acid 
transporter (B0), which in turn results in the suppression of 
osteoclastogenesis. In the present study, it was demonstrated 
that the expression of Max and c‑Myc was significantly 
upregulated by ICA treatment. Osteoblast apoptosis was 
inhibited and cell viability and proliferation was enhanced 
by ICA, suggesting that the formation of the c‑Myc‑Max 
complex and subsequent trans‑activated gene expression was 
promoted by ICA treatment.

The PDIA3/phospholipase A2 activating protein receptor 
complex was reported to be necessary for the Wnt/β‑catenin 
pathway, particularly Wnt5a calcium‑dependent pathways in 
osteoblasts and chondrocytes (32,57). Expression of HSP70 
promotes osteoblast differentiation via activation of the 
mitogen‑activated protein kinase signaling pathway  (58). 
Additionally, c‑Myc gene products promote HSP70 expres-
sion (59) and both c‑Myc and HSP70 contribute to cell cycle 
regulation (60). In the present study, c‑Myc, Max, PDIA3 
and HSP70 expression was significantly upregulated by 

ICA treatment. Bioinformatics analysis revealed that these 
proteins were associated with pathways that may mediate 
calcium metabolism, suggesting a link between c‑Myc, Max, 
PDIA3 and HSP70 overexpression and osteoporosis, as well 
as the therapeutic effects of ICA in osteoporosis.

In conclusion, it was demonstrated that ICA treatment 
promoted proliferation, calcium deposition and inhib-
ited osteoblast apoptosis. Using proteomics analysis, 56 
DEPs were identified between cells treated with 10 µg/l 
ICA and control groups, including PEDF, PDIA3, NPAT, 
STAM, HSP70 and c‑Myc, which may be associated with 
ICA‑mediated osteogenesis differentiation. However, addi-
tional experiments should be performed to further elucidate 
the interaction of these DEPs with ICA‑induced osteogenesis 
and the involvement of these proteins in ICA‑induced cell 
proliferation, calcium accumulation and osteogenesis.
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