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Abstract 23 

Background: Rapid, non-genomic estrogen receptor (ER) signaling plays an integral role in 24 

mediating the tissue selective properties of ER modulators. Icariin, a bone bioactive flavonoid, 25 

has been reported to selectively activate non-genomic ERα signaling in in vitro and in vivo 26 

studies. 27 

Purpose: The mechanisms underlying the estrogen-like bone protective effects of icariin are not 28 

fully understood, especially those that are related to insulin-like growth factor I (IGF-1) signaling. 29 

The bone protective effects of icariin were investigated in female mature ovariectomized (OVX) 30 

rats and the signaling of IGF-IR- ERα cross-talk was determined in osteoblastic cells.  31 

Study design and methods: Icariin at 3 different dosages (50, 500 and 3000 ppm) were orally 32 

administrated to rats for 3 months through daily intake of phytoestrogen-free animal diets 33 

containing icariin. Bone marrow stromal cells (BMSCs) and osteoclast precursors from femurs 34 

were harvested for experiments and RNA-sequencing. The interactions between IGF-IR and non-35 

genomic ERα signaling were examined in pre-osteoblastic MC3T3-E1 cells and mature 36 

osteoblasts differentiated from BMSCs. 37 

Results: Our results show that chronic administration of icariin to OVX rats significantly 38 

protected them against bone loss at the long bone and lumbar spine without inducing any 39 

uterotrophic effects. Ex vivo studies using BMSCs and osteoclast precursors confirmed the 40 

stimulatory effects of icariin on osteoblastogenesis and its inhibitory effects on 41 

osteoclastogenesis, respectively. RNA-sequencing analysis of mRNA from BMSCs revealed that 42 

icariin at 500 ppm significantly altered IGF-1 signaling as well as PI3K-Akt pathways. Our 43 

results demonstrated for the first time the rapid induction of interactions between IGF-IR and 44 

ERα as well as IGF-IR signaling and the downstream Akt phosphorylation by icariin in MC3T3-45 

E1 cells. The activation of ERα and Akt phosphorylation by icariin in MC3T3-E1 cells and the 46 

osteogenic effects of icariin on ALP activity in mature osteoblasts were shown to be IGF-IR-47 

dependent.  48 
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Conclusion: Our findings reveal that icariin activates both ERα and Akt via enhancing rapid 49 

induction of IGF-1 signaling in osteoblastic cells for osteogenesis and might be regarded as a 50 

novel pathway-selective phytoestrogen for management of postmenopausal osteoporosis.  51 

Keywords: icariin; IGF-IR- ERα cross-talk; osteogenesis; pathway-selective phytoestrogens 52 

Abbreviations: ER, estrogen receptor; ERE, estrogen response element; PI3K, 53 

phosphatidylinositol 3-kinase; IGF-IR, insulin-like growth factor I receptor; KEGG, Kyoto 54 

Encyclopedia of Genes and Genomes; BMSCs, bone marrow stromal cells; SERMs, selective 55 

estrogen receptor modulators; OVX, ovariectomized; PINP, N-terminal propeptide of type I 56 

procollagen; DPD, deoxypyridinoline; MAPK, mitogen activated protein kinase; HEP, Herba 57 

Epimedii; JNK, c-jun N terminal kinase; DEGs, differentially expressed genes 58 

59 

Introduction 60 

There is compelling evidence from human intervention studies that estrogen is the dominant sex 61 

steroid regulating bone metabolism in both women and men (Khosla and Monroe, 2018). The 62 

major cause of osteoporosis for women is the onset of estrogen deficiency following menopause 63 

(Riggs et al., 2002), and for men it is the decline in bioavailable estrogen levels that contributes 64 

to the development of age-related bone loss (Khosla et al., 2008). 65 

The effects of estrogen are mediated by estrogen receptors (ERα and ERβ) via classical genomic 66 

pathways in which ER-ligand complex alters estrogen response element (ERE)-dependent or -67 

independent target genes transcription. Recent studies further indicated that ERs can be activated 68 

rapidly (from a few seconds to a few minutes) by estrogen at the cell membrane via extra-nuclear 69 

estrogen signaling (Arnal et al., 2017) or ligand-independently by cross-talk with growth factor 70 

receptors (such as IGF-IR) which phosphorylates ERs by inducing kinases such as mitogen-71 

activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) (Kato et al., 1995). 72 

Indeed, the positive effects of estrogen on bone mass are believed to be mediated by ERα 73 

(Khalid and Krum, 2016) via extra-nuclear or membrane-initiated signaling pathways (Bartell et 74 

al., 2013; Gustafsson et al., 2016; Manolagas et al., 2013).  75 
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Estrogen supplementation with or without progesterone as part of hormone replacement therapy 76 

(HRT) could effectively reduce the risk of bone fractures in postmenopausal women (Rossouw et 77 

al., 2002), but its use has been limited in recent years due to the concern of the associated risk of 78 

reproductive cancers (Nyirjesy, 2003). Specific selective estrogen receptor modulators (SERMs) 79 

have been clinically developed to protect against breast cancer without compromising their 80 

protective effects on bone (Mirkin and Komm, 2013).  However,  the agonist/antagonist profiles 81 

of these agents require further improvement as they have been shown to exert various 82 

undesirable effects on the uterus (tamoxifen) (Glurich et al., 2013) and the cardiovascular system 83 

(raloxifene) (Barrett-Connor et al., 2006). With the discovery of the differential actions of 84 

nuclear and membrane ERα initiated pathways, a new generation of SERMs with improved 85 

tissue specificity can be developed (Gustafsson et al., 2016). Specifically, an ideal bone bioactive 86 

SERM will be one that can differentially activate membrane initiated but not nuclear ER 87 

signaling pathway, thereby maintaining the beneficial effects of estrogen in bone while avoiding 88 

any undesirable effects on other organ systems. 89 

Icariin is a major flavonoid glucoside isolated from Herba Epimedii  (HEP), the most frequently 90 

prescribed herb for clinical management of bone diseases in China (Arnal et al., 2017; Xiao et al., 91 

2014). Both preclinical and clinical studies (Wang et al., 2018; Zhang et al., 2007) showed that 92 

icariin is the bioactive compound that accounts for the osteoprotective effects of HEP. Icariin 93 

was previously shown by us to exert estrogen-like protective effects on bone in ovariectomized 94 

(OVX) mice without inducing any uterotrophic effects and that its estrogenic effects in rat 95 

osteoblastic cells were ER-dependent and ERE-independent (Mok et al., 2010). Our recent study 96 

(Ho et al., 2018) further showed that icariin induced rapid phosphorylation of ERα at Ser118 and 97 

at Ser167 in osteoblastic cells via MAPK/ERK and PI3K/Akt signaling pathways, respectively. 98 

Most importantly, the study showed that icariin induced osteogenic and anti-apoptotic effects by 99 

selectively activating rapid membrane-initiated ERα signaling pathways in osteoblastic cells, 100 

suggesting that icariin behaved as a pathway-selective SERM. However, as icariin is not a ligand 101 

of ERs, and the mechanism by which it elicits estrogen-like bone protective actions is far from 102 

clear.  103 

Various mechanisms of actions that mediate the ER-dependent bone protective effects of icariin 104 

in vitro have been reported by others, including ER/ERK/c-jun N terminal kinase (JNK)/p38 105 

(Song et al., 2013; Wu et al., 2017) as well as ER/Wnt/β-catenin (Wei et al., 2016). Here, we 106 
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characterized the dose-dependent bone protective effects of icariin on OVX rats, and its  ability 107 

to induce osteoblastogenesis and osteoclastogenesis as revealed ex vivo by bone marrow stromal 108 

cells (BMSCs) isolated from icariin-treated rats. We also studied the transcriptional profiles of 109 

BMSCs to delineate the mechanism of actions involved in mediating the in vivo bone protective 110 

effects of icariin. Our results revealed that IGF-IR signaling and its cross-talk with ERα and Akt 111 

were enhanced by icariin in osteoblastic cells and this might account for the behavior of icariin 112 

as a pathway-selective SERM in stimulating osteogenesis. 113 

114 

Materials and methods  115 

Preparation of control diets containing icariin and Animal study 116 

Icariin was purchased from Shanghai Winherb Medical Technology Co. Ltd. 117 

(http://www.winherb.cn/Index.html) and the purity is 99.3% (CAS#489-32-7, Shanghai, China) 118 

and added into diets at three different dosages formulated by Research Diet, Inc (New Brunswick, 119 

USA). The present experiment was conducted under an animal license issued by Department of 120 

Health, Hong Kong Special Administrative Region Government, and the Hong Kong 121 

Polytechnic University Animal Subjects Ethics Sub-committee (ASESC Case: 13/18). Seventy 122 

6-month-old female Sprague-Dawley rats weighing 230±20g were purchased from The Chinese123 

University of Hong Kong and housed in Centralized Animal Facilities (CAF) of The Hong Kong 124 

Polytechnic University on a 12h light/dark cycle. Water and food were available ad libitum. 125 

After one week of acclimatization, all the rats were given bilateral ovariectomy or sham 126 

operation. During the preliminary experiment, rats were allowed to take diets freely and the daily 127 

amount of intake was recorded for five days. Based on the preliminary study, the mean daily 128 

intake of diet for each rat was established as 15g (the minimal amount of daily intake) in the 129 

present study. Upon recovery for 2 weeks, the OVX rats were randomly subjected to oral 130 

administration with vehicle, 17β-estradiol (E2) (1.0 mg/kg.day) or raloxifene (1.0 mg/kg.day) as 131 

well as icariin at three dosages of 50 ppm (D15061901, 0.05g of icariin in 1 kg of diet), 500 ppm 132 

(D15061902, 0.5g/kg) or 3000 ppm (D15061903, 3.0 g/kg) in the form of icariin-containing diets 133 

for 12 consecutive weeks. During the whole recovery and treatment periods, the rats in the sham, 134 

OVX, 17β-estradiol and raloxifene treatment groups were paired-fed with the control 135 

phytoestrogen-free diet (AIN-93M, D00031602) to remove any influences of phytoestrogens. 136 

http://www.winherb.cn/Index.html
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The ingredients of diets have been provided in the supplementary. One day before sacrifice, the 137 

animals were housed individually in a metabolic cage for collection of urine. The rats were 138 

sacrificed under anesthesia by ketamine/xylazine and blood was collected from the abdominal 139 

aorta. The uterus was freshly isolated and weighed. The whole left leg and spine were collected 140 

for micro-computed tomography (μ-CT) analysis. The right femur was dissected at sterile 141 

conditions for isolation of BMSCs and osteoclast precursors. The right tibia was freshly collected 142 

and stored at -80℃ after removal of all soft tissues.   143 

Chemicals 144 

Chemical compounds studied in this article were Icariin (PubChem CID: 5318997) and 145 

picropodophyllin (PubChem CID: 72435). 146 

Biochemical assay of serum and urine samples 147 

Calcium and phosphorus levels in serum and urine as well as urinary level of creatinine were 148 

measured using the Arsenazo III UV method with an automatic analyzer HITACHI7100. The 149 

kits were purchased from Shanghai Kehua Bio-Engineering Co. Ltd (Shanghai, China). Urinary 150 

deoxypyridinoline (DPD) was determined using an enzyme immunoassay DPD EIA kit 151 

(QUIDEL Corporation, USA) and normalized by urinary creatinine. Serum level of PINP was 152 

measured by ELISA kit (Immunodiagnosticsystems, UK). 153 

Micro-computed tomography (Micro-CT) measurements 154 

Bone properties of the trabecular bone and cortical bone at the proximal tibia and distal femur as 155 

well as lumbar vertebra were determined by Micro-CT (μCT40, Scanco Medical, Switzerland) as 156 

previously described (Zhou et al., 2018). Briefly, the source energy selected for this study was 70 157 

KVp and 114 μA with a resolution of 21 um. Approximately 200 slices were done for each scan. 158 

The distal/proximal were defined as 4.2 mm and 2.2 mm away from the femur/tibia head. 159 

Scanning was done at the metaphyseal area located 0.63 mm below the lowest point of the 160 

epiphyseal growth plate and extending 2.0 mm in the proximal direction. Bone mineral density 161 

(BMD, mg/cm
3
) and bone morphometric properties, including bone volume over total volume162 

(BV/TV), trabecular bone number (Tb.N, mm
-1

), trabecular bone thickness (Tb.Th, mm), 163 

trabecular bone separation (Tb.Sp, mm), connective density (Conn.D, 1/mm
3
) and structure 164 
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model index (SMI), were evaluated by contoured VOI images. The bone porosity of the femur 165 

and tibia were measured as described by (Britz et al., 2010). The condition was standardized to 100 166 

kVp and 100 μA with a resolution of 3 μm. A 1 mm diameter of circular region of interest (ROI) 167 

was selected on the periosteal surface of the anterior part of the bone. The percentage of bone 168 

porosity (Cr.Po) (canal volume fraction) was measured.  169 

Isolation and differentiation of bone marrow stromal cells (BMSCs) 170 

The isolation and culturing of rat BMSCs were performed according to the methods described in 171 

(Chen et al., 2010; Li et al., 2014; Taylor et al., 2014). Briefly, the right femurs from the rats of 172 

each treatment group were dissected at sterile conditions and then washed with warm HBSS 173 

containing 3% of 100U/ml penicillin/streptomycin (Gibco, USA). After removing the epiphyses, 174 

the bone marrow was flashed with Dulbecco’s modified medium containing 10% fetal bovine 175 

serum, 100U/ml penicillin/streptomycin and 1% amphotericin B (Gibco, USA) into a sterile Petri 176 

dish first using a syringe with a 21-gauge needle, followed by a 25-gauge needle. The isolated 177 

bone marrow samples were made into a single cell suspension and centrifuged. After the 178 

supernatant was discarded, the cells were resuspended for incubation at 37℃ in a 5% CO2 179 

incubator and the culture medium was replaced every 2-3 days. An osteogenic medium 180 

containing 10 mM β-glycerophosphate, 50 μg/ml ascorbic acid (Gibco, USA) and 10 nM 181 

dexamethasone was applied when osteoblast differentiation was promoted. 182 

Alkaline Phosphatase (ALP) staining and ALP assay, Alizarin red and Von Kossa staining 183 

BMSCs were seeded in a 12-well plate at a density of 1.5  10
6
/well and cultured in an 184 

osteogenic medium. ALP staining was conducted by following the manufacturer’s instruction 185 

(Cat#SCR004, Millipore, USA) to evaluate the osteogenic activities of BMSCs on days 10 and 186 

25, respectively. The number of colonies of osteoblast (red/purple) was counted for statistical 187 

analysis. ALP activity assay was conducted by the cell at density of 1.5  10
6
/well and cultured188 

in osteogenic medium. ALP staining was conducted by following the manufacturer’s instruction 189 

(Cat#295-58601, LabAssay™ ALP, WAKO, Japan) to evaluate the ALP activities of mature 190 

osteoblasts on day 25. For Alizarin red and Von Kossa staining, the cells were fixed with 4% 191 

paraformaldehyde for 10 min at room temperature. The fixed cells were incubated in 2% 192 

Alizarin red S (AR-S) solution for 30 min at room temperature followed by washing with Milli-193 
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Q water four times. The amount of Ca
2+

-containing nodule (purple-red spots) was released from 194 

the cell matrix by incubation in 10% cetylpyridinium chloride for 15 min. The amount of AR-S 195 

dye released was quantified by spectrophotometry at 562 nm and the calcium ion concentration 196 

of each sample was normalized to its protein concentration. Von Kossa staining was conducted 197 

by incubating the fixed cells with 1% silver nitrate solution for 45 min under UV light at room 198 

temperature. After washing four times with Milli-Q water, the cells were treated with 3% sodium 199 

thiosulfate for 5 min, washed four times with Milli-Q water, then dried at room temperature. The 200 

stained cells were visualized and their images were captured under a light microscope equipped 201 

with a digital camera (Olympus, Japan).  202 

Tartrate-resistant acid phosphatase (TRAP) staining 203 

The isolation and culturing of osteoclast precursors and osteoclast differentiation were performed 204 

according to the methods described in (Chen et al., 2010; Marino et al., 2014). The osteoclast 205 

precursors were seeded in a 12-well plate at a density of 2.0 x 10
6
 per well and cultured in an 206 

osteoclastogenic medium containing 10 nM vitamin D3 for 13 days. At the end of the culturing, 207 

TRAP staining was conducted by using a commercial kit (Sigma-Aldrich, USA). TRACP-208 

positive osteoclasts containing 3 or more nuclei were regarded as multinucleated osteoclasts and 209 

recorded for statistical analysis. The stained cells were visualized and their images were captured 210 

under a light microscope equipped with a digital camera (Olympus, Japan). 211 

RNA sequencing 212 

RNA sequencing (RNA-seq) was carried out by the Beijing Genomics Institute following 213 

standard protocols. The library products were sequenced using BGISEQ-500. Standard 214 

bioinformatics analysis was performed by the Beijing Genomics Institute. All the generated raw 215 

sequencing reads were filtered by removing reads with adaptors, reads with more than 10% 216 

unknown bases, and low quality reads. After filtering, clean reads of each sample 217 

(Supplementary Table 2) were mapped to the reference gene by using Bowtie2 program and 218 

aligned to the reference genome by using HISAT program. The Q20 and GC contents of the 219 

clean data were calculated. All the downstream analyses were based on high-quality clean data. 220 

Genes were considered as significantly differentially expressed if their fold changes ≥2 and <0.5. 221 

Fold change represents the ratio of the expression between two groups. Functions of protein-222 
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coding genes were assigned according to the best match derived from alignments to proteins in 223 

the nr (NCBI non-redundant protein sequences) database. Gene Ontology (GO) annotation was 224 

performed for all identified DEGs and the WEGO software (Ye et al., 2006) was used to conduct 225 

the GO functional classification. GO terms with a P-value ≤0.05 corrected by Bonferroni were 226 

defined as significantly enriched GO terms in DEGs. Pathway enrichment analysis of DEGs was 227 

performed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 228 

(Kanehisa et al., 2008). Raw sequence data are available throughout the NCBI Sequence Read 229 

Archive and the accession number of SRA for the submission is PRJNA648394. 230 

After isolation of BMSCs, the femoral head was cut off and homogenized in Trizol reagent by 231 

using Precellys 24 homogenizer (Bertin, France). Total RNA extraction, reverse transcription 232 

and real-time quantitative PCR assay were carried out as previously described for validation of 233 

gene expressions of RNA-seq results (Zhou et al., 2018). 234 

Confocal immunofluorescence analysis 235 

BMSCs isolated from 5-week-old female SD rats were seeded onto glass coverslips in a 12-well 236 

plate and treated with IGF-1 (100 ng/ml), 17β-estradiol (E2, 10 nM) and icariin (0.1 μM) for 10 237 

min in a phenol red-free medium. Upon treatment, cells were washed with PBS and immediately 238 

fixed in 4% paraformaldehyde for 15 min at room temperature. After blocking with 1% BSA for 239 

45 min, the cells were incubated with specific primary antibodies (rabbit anti-IGF-IR and mouse 240 

anti-ERα, 1:500) overnight at 4℃. The primary antibodies were probed with both Alexa Fluor 241 

488-conjugated anti-rabbit antibody for IGF-IR (shown in green) and Alexa Fluor 594-242 

conjugated anti-mouse antibody for ERα (shown in red) for 1 hr at room temperature followed 243 

by Hoechst counter-staining (shown in blue) (Ho et al., 2018). Fluorescence images were 244 

captured at mid-plane of cells (oil objective: 60x) by a Leica TCS SPE DMi8 confocal 245 

microscope (Leica Microsystems, Wetzlar, Germany). The overall intensities of the fluorescent 246 

signals of single cell were quantified using the corresponding Leica Microsystem software 247 

station (LAS AF, Leica Microsystems, Germany) and the overlapping of IGF-IR and ERα 248 

(shown in yellow) was quantified using the Imaris 9.0 software (Bitplane, USA). 249 

Culture and treatment of murine MC3T3-E1 cells 250 
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The murine pre-osteoblastic MC3T3-E1 cells (Subclone 4, CRL-2593, ATCC) were cultured 251 

with α-MEM containing 10% FBS and antibiotics (1% penicillin/streptomycin) according to the 252 

methods described in our previous study (Ho et al., 2018). Cells were seeded in a 6-well plate at 253 

a density of 1.2 x 10
5
/well and cultured in an osteogenic medium for 7 days. The medium was 254 

then replaced with phenol red-free α-MEM containing 1% charcoal-stripped FBS for another 24h. 255 

After that, cells were treated with icariin (0.01 μM, 0.1 μM and 1 μM), E2 (10 nM) and IGF-1 256 

(100 ng/ml) or Des1,3-IGF-1 (10 ng/ml) as positive control in the presence or absence of IGF-IR 257 

antagonist JB-1 (10 μM, 1 h pre-treatment, Sigma, USA) or selective IGF-IR kinase inhibitor 258 

picropodophyllin (PPP, 0.5 μM, 6 h pre-treatment, Tocris, UK) at several time points.  259 

Immunoblotting 260 

Treated MC3T3-E1 cell lysates were collected using the NP-40 buffer supplemented with 261 

protease inhibitor (PMSF, 1 mM) and phosphatase inhibitors (1 mM sodium orthovanadate, 10 262 

mM NaF). Immunoblotting was carried out as previously described (Ho et al., 2018). Rabbit 263 

anti-phospho-IGF-IR (1:1000, Thermo Fisher Scientific, USA), rabbit or mouse anti-IGF-IR 264 

(1:1000, Thermo Fisher Scientific, USA), rabbit anti-phospho-ERα at serine 167 (1:500, Santa 265 

Cruz, USA), rabbit or mouse anti-ERα (1:500, Santa Cruz, USA), rabbit anti-phospho-IRS1 at 266 

serine 302 and tyrosine 612 (1:1000, Thermo Fisher Scientific, USA), rabbit anti-IRS1 (1:1000, 267 

Cell Signaling, USA), rabbit anti-IRS2 (1:1000, Cell Signaling, USA), mouse anti-phospho-Akt 268 

at serine 473 (1:1000, Millipore, USA), mouse anti-Akt 1/2/3 (1:500, Santa Cruz, USA) or 269 

mouse anti-β actin (1:2000, Thermo Fisher Scientific, USA) were incubated as primary 270 

antibodies.  271 

Co-Immunoprecipitation 272 

Treated rat BMSC lysates were harvested by trypsinization and washed with PBS, then lysed in 273 

IP lysis buffer (Thermo Fisher Scientific, USA) supplemented with 1 mM PMSF. Cell lysates 274 

were cleared by centrifugation at 4°C. Equal amounts of total protein between samples were 275 

incubated with the pre‐washed appropriate protein A/G plus agarose beads (Thermo Fisher 276 

Scientific, USA) and mouse anti-IGF-IR antibody (1:100, Santa Cruz, USA) under constant 277 

rotation at 4°C overnight. Then, beads were washed four times with Co‐IP lysis buffer, and 278 

bound proteins were eluted with SDS sample buffer. Samples were resolved by SDS–PAGE for 279 
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immunoblotting. For the detection of endogenous interaction between IRS1, IGF-IR and ERα, 280 

co‐immunoprecipitation was carried out with mouse anti-IGF-IR antibody (1:100, Santa Cruz, 281 

USA), followed by immunoblotting with mouse anti-IGF-IR antibody (Santa Cruz, USA), rabbit 282 

anti-IRS1 antibody (1:1000, Cell Signaling, USA) and rabbit anti‐ ERα antibody (1:100, Santa 283 

Cruz, USA). 284 

Statistics 285 

The data are expressed as mean ± SEM of the values obtained from individual experiments. 286 

Statistical comparisons between groups were performed by Student’s t-test or one-way analysis 287 

of variance (ANOVA) followed by Tukey post hoc test; n indicates the number of experiments. 288 

A difference of P<0.05 was considered statistically significant. GraphPad Prism 5.0 was used for 289 

statistical analysis (GraphPad software, Inc., USA). 290 

291 

Results 292 

Icariin ameliorates estrogen-deficiency bone loss in OVX rats 293 

We studied the response of six-month-old OVX rats to treatment with phytoestrogen-free diet 294 

containing icariin (at 50, 500 or 3000 ppm), raloxifene (Ralo, 1.0 mg/kg.day), 17-estradiol (E2, 295 

1.0 mg/kg.day) or vehicle for 3 months. All treatments significantly reduced OVX-induced body 296 

weight gain (Table 1). E2 and Ralo, but not icariin, significantly induced uterus index in OVX 297 

rats (Table 1). E2, Ralo and icariin at 500 ppm significantly suppressed OVX-induced serum N-298 

terminal propeptide of type I procollagen (PINP, a bone formation biomarker) (Fig. 1A) while all 299 

treatments significantly suppressed OVX-induced urinary deoxypyridinoline (DPD, a bone 300 

resorption biomarker) (Fig. 1B) in rats. Similar to E2 and Ralo, icariin at all 3 dosages 301 

significantly improved bone mineral density (BMD) at the distal femur, proximal tibia as well as 302 

lumbar vertebra in OVX rats (Fig. 1C). Icariin at 500 ppm and 3000 ppm also mimicked the 303 

effects of E2 and Ralo in reducing cortical porosity (a major determinant of overall bone strength 304 

(Cooper et al., 2016)) at the distal femur, but not at the proximal tibia in OVX rats (Fig. 1D). 305 

Representative micro-CT images of all three measured bone sites (distal femur, proximal tibia 306 

and lumbar vertebra L4) from rats in response to different treatments are shown in 307 

Supplementary Fig. 1. E2, Ralo and icariin at 3 dosages improved trabecular bone 308 

microarchitecture at those 3 sites to different extent (Supplementary Table 1A) and only cortical 309 
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BMD of the distal femur is slightly increased by the treatment of icariin at 500 ppm 310 

(Supplementary Table 1B). 311 

Icariin promotes osteoblastogenesis dose-dependently and suppresses osteoclastogenesis in 312 

BMSCs 313 

To investigate the osteogenic activity of icariin, BMSCs isolated from OVX rats treated with 314 

icariin were differentiated; followed by evaluation of their effects on ex vivo differentiation and 315 

bone formation by ALP staining, Alizarin red staining and Von Kossa staining. Cells isolated 316 

from OVX rats treated with E2 and icariin were found to have more intense ALP staining than 317 

those from OVX rats (Fig. 2A). Quantitative analysis of the intensity indicated that E2 as well as 318 

icariin at 50 and 500 ppm, but not 3000 ppm, significantly induced ALP activity (Fig. 2A). The 319 

amount of Ca
2+

-containing nodules, as revealed by Alizarin red staining, was markedly higher in320 

BMSCs isolated from E2-treated as well as icariin-treated rats upon 25 days of incubation (Fig. 321 

2B). The effects of E2 and icariin on osteoblastic mineralization were further confirmed by Von 322 

Kossa staining on day 25 (Fig. 2C). There was no ALP or Alizarin red staining in BMSCs 323 

isolated from Ralo-treated OVX rats (Fig. 2A and 2B). The effects of icariin on 324 

osteoclastogenesis were also studied in osteoclast precursors upon induction with 325 

osteoclastogenic medium for 13 days. The number of osteoclast-like cells (multinucleated cells) 326 

was determined by TRAP staining. E2, Ralo and icariin at all 3 dosages significantly reduced the 327 

number of TRAP-positive multinucleated cells formed from osteoclast precursors isolated from 328 

OVX rats (Fig. 2D), suggesting that all treatments could reduce osteoclast formation in OVX rats. 329 

330 

Analysis of differentially expressed genes (DEGs) and the GO enrichment and Kyoto 331 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis 332 

To study the mechanism involved in the mediating of the actions of icariin on osteogenesis, RNA 333 

extracted from BMSCs obtained from all treated rats was subjected to RNA-seq. Over twenty-334 

three million raw reads were generated from the RNA-seq analysis and more than 94.5% of 335 

which were clean reads with a percentage of Q20base larger than 92.9% (Supplementary Table 336 

2). The heatmap displayed the cluster analysis of DEGs between the comparison groups (Fig. 337 

3A). Based on the in vivo and ex vivo study of the effects of icariin, OVX rats fed with 500ppm 338 

icariin (ICA500) appeared to have benefitted the most from the favorable effects on serum bone 339 
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formation markers (PINP), BMD, cortical porosity, osteoblast number and mineralization (versus 340 

50 ppm and 3000 ppm). Thus, subsequent DEGs and pathway analysis were based on the 341 

comparison between OVX group and ICA500 group. The scatter plot and volcano plot of OVX 342 

versus ICA500 displayed 341 up-regulated DEGs (yellow) and 424 down-regulated DEGs (blue) 343 

(Fig. 3B). To further assess the functional roles of the DEGs, gene ontology (GO) enrichment 344 

analysis (Fig. 3C) was performed using the WEGO software based on Wallenius’ non-central 345 

hyper-geometric distribution. The DEGs were divided into three main GO categories: biological 346 

process, cellular component and molecular function. The KEGG pathway analysis of DEGs (Fig. 347 

3D) showed the top 20 pathways with the smallest p-values. The results of this analysis showed 348 

that the DEGs were significantly involved in pathways of cell adhesion molecules (CAM), 349 

regulation of actin cytoskeleton and focal adhesion (p-value <0.05), which are well known to be 350 

related to the pathways that mediate the stimulatory action of mechanical loading in bone tissues. 351 

352 

Icariin alters the expression of DEGs involved IGF-I signaling and Phosphoinositol-3-353 

phosphate kinase (PI3K)-Akt signaling pathway in BMSCs from treated rats 354 

IGF-IR was previously shown to interact physically with ERα (Sunters et al., 2010) and initiate 355 

rapid ligand- and ERE-independent activation of ERα to induce osteogenic responses to 356 

mechanical loadingin osteoblastic cells (Jessop et al., 2001; Windahl et al., 2013). As KEGG 357 

pathway analysis suggested that icariin might mimic the effects of mechanical loading in bone 358 

tissues, a list of differential genes involved in bone formation, bone resorption, IGF-I signaling 359 

and PI3K-Akt signaling pathways obtained from RNA-seq analysis of BMSCs derived from 360 

different rat groups is shown in Table 2. As expected, icariin at all three dosages induced the 361 

expression of genes that were involved in bone formation (Runx2 and Bglap) in BMSCs.  Our 362 

results also indicated that E2, raloxifene and icariin at 500 ppm and 3000 ppm significantly 363 

induced IGF-I mRNA expression in BMSCs isolated from OVX rats (Table 2), suggesting that 364 

icariin might induce autocrine regulation of IGF-I production in bone tissues. Moreover, E2 and 365 

icariin at 3000 ppm down-regulated insulin receptor substrate 1 (IRS1) while icariin at 50 and 366 

500 ppm down-regulated IGF-IR mRNA expression in BMSCs. Furthermore, raloxifene and 367 

icariin at 500 ppm, but not E2, could significantly alter genes (Pik3c2g, Pik3r5, Nos3) that were 368 

involved in PI3K-Akt signaling pathways in BMSCs from OVX rats (Table 2). 369 
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To experimentally validate the expression levels of 3 DEGs involved in the upstream of IGF-I 370 

signaling (Igf1r, Irs1 and Irs2) identified from the RNA-seq data, quantitative real-time PCR 371 

(qPCR) was performed to detect the mRNA levels of those genes. As shown in Supplementary 372 

Fig. 3, the qPCR results confirmed our RNA-seq analysis results, indicating the similar 373 

expression tendency in those 3 genes obtained via both methods.  374 

 375 

Icariin rapidly up-regulates insulin-like growth factor I receptor (IGF-IR) expression level 376 

and induces the co-localization of IGF-IR and ERα in osteoblastic cells 377 

To determine if IGF-IR was involved in the mediating of the actions of icariin, its ability to 378 

enhance IGF-IR-ER interactions and IGF-IR signaling in osteoblastic cells was studied. IGF-1 379 

(100 ng/ml) significantly induced IGF-IR (green) protein expression (Fig. 4A and 4B), while 380 

icariin (0.1 μM) and E2 (10 nM) significantly increased IGF-IR (green) and ERα (red) protein 381 

expression in differentiated BMSCs upon treatment for 10 min (Fig. 4A and 4B). Fig. 4C showed 382 

that all three treatments could significantly induce co-localization of IGF-IR and ERα in 383 

differentiated BMSCs as revealed by analysis of the 3D confocal images in Fig. 4A (e-f). To 384 

confirm icariin was able to increase the interactions between IGR-IR, ERα and downstream 385 

signaling molecule, IRS-1, rat BMSCs were subjected to treatment with either des (1-3) IGF-1 386 

(which do not bind to IGF binding protein) (100 ng/ml), IGF-1 (100 ng/ml) or icariin (0.1 M). 387 

As shown in Fig. 4D, icariin mimicked IGF-1 in inducing the co-immunoprecipitation of IGF-IR, 388 

IRS-1 and ERα. These results suggest that icariin indeed enhances the physical interactions 389 

between ERαIGF-IR and its downstream signaling molecules. 390 

 391 

Icariin rapidly activates IGF-IR signaling in MC3T3-E1 cells 392 

To further determine if IGF-IR signaling cascades were involved in the mediating of the rapid 393 

actions of icariin in osteoblastic cells, the effects of icariin (10 nM, 0.1 μM and 1 μM) on the 394 

expression of IGF-IR, IRS1, IRS2 as well as the phosphorylation of IGF-IR in murine pre-395 

osteoblastic MC3T3-E1 cells were studied. Icariin at all three dosages significantly up-regulated 396 

the IRS1 expression level in 10 min, but not IRS2 (Fig. 5A-C). Moreover, IGF-1 (100 ng/ml), E2 397 

(10 nM) and icariin at 0.1 μM significantly induced IGF-IR phosphorylation in MC3T3-E1 cells 398 

within 10 min of incubation (Fig. 5A and 5D). The time-dependent effects of icariin (0.1 μM), 399 
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IGF-1 (100 ng/ml) and E2 (10 nM) on IRS-1 phosphorylation at Tyr 612 in MC3T3-E1 cells 400 

were also studied (Fig. 5E). IGF-1, but not E2, rapidly induced IRS-1 phosphorylation at Tyr 612 401 

within 1-5 min of incubation while icariin induced IRS-1 phosphorylation at 10 minutes of 402 

incubation in MC3T3-E1 cells (Fig. 5F). These results suggest that icariin rapidly enhances IGF-403 

1 signaling by enhancing the expression and phosphorylation of its signaling proteins in 404 

osteoblastic cells. 405 

 406 

Blocking of IGF-IR kinase abolishes the phosphorylation of IGF-IR, ERα and the PI3K 407 

downstream effector Akt induced by icariin in MC3T3-E1 cells  408 

To investigate if IGF-IR was involved in the mediating of phosphorylation of ERα and the PI3K 409 

downstream effector Akt induced by icariin, the phosphorylation of IGF-IR, ERα and Akt in 410 

MC3T3-E1 cells in response to icariin (0.1 M) and IGF-1 (100 ng/ml) in the presence or 411 

absence of IGF-IR blockers was determined. Pre-treatment of MC3T3-E1 cells with JB-1 (10 412 

M, a selective IGF-IR antagonist) abolished the stimulatory effects of IGF-1, but not those of 413 

icariin, on the phosphorylation of IGF-IR (Figs. 6A and 6B). JB-1 did not significantly alter the 414 

effects of either IGF-1 or icariin on phosphorylation of ERα at Ser 167 (also a downstream target 415 

of PI3K/Akt pathway) in MC3T3-E1 cells (Fig. 6A and 6C). Pre-treatment of MC3T3-E1 cells 416 

with picropodophyllin (PPP) (0.5 μM, IGF-IR kinase inhibitor) for 6 hours completely abolished 417 

the phosphorylation of IGF-IR induced by IGF-1 and icariin (Fig. 6D and 6E). Most importantly, 418 

blocking of IGF-IR phosphorylation with PPP abolished the effects of IGF-1 and icariin on ERα 419 

phosphorylation at Ser 167 (Fig. 6D and 6F) and Akt phosphorylation (Fig. 6G and 6H), 420 

suggesting that icariin required the kinase activities of IGF-IR to induce at least both ERα and 421 

Akt phosphorylation for osteogenic effects and cell survival. To further confirm if IGF-IR was 422 

involved in the direct mediating of the icariin-stimulated osteogenic effects, ALP activities in 423 

mature osteoblasts differentiated from BMSCs in response to icariin (0.1 M) and IGF-1 (100 424 

ng/ml) in the presence or absence of JB-1 or PPP were determined. Pre-treatment of osteoblasts 425 

with JB-1 abolished the stimulatory effects of IGF-1, but not those of icariin, on ALP activity 426 

(Fig. 6I). Pre-treatment of osteoblasts with PPP completely abolished the ALP activities induced 427 

by IGF-1 and icariin (Fig. 6J). 428 

Discussion 429 
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In this report, icariin administrated by using phytoestrogen-free diet at 50, 500 and 3000 ppm (i.e. 430 

2.14, 21.4 and 128.6 mg/kg body weight/day) for three months could ameliorate estrogen-431 

deficiency-induced body weight gain and loss of BMD and micro-architectural properties at all 432 

tested bone sites in mature OVX rats. The in vivo effects of icariin appeared to be mediated by 433 

mimicking the effects of E2 in suppressing the rapid bone turnover induced by estrogen 434 

deficiency in OVX rats, as revealed by the inhibitory effects on bone resorption marker (DPD). 435 

The effects of icariin were more prominent at the distal femur than at the proximal tibia in OVX 436 

rats, as reflected by its effects on cortical porosity as well as microarchitecture properties 437 

(BV/TV, Tb/Th, Tb.N, Tb.Sp and SMI). Moreover, its effects on the lumbar vertebra in OVX 438 

rats appeared to be dose-dependent with the optimal effect at 500 ppm. Ex vivo studies using 439 

BMSCs isolated from OVX rats fed with icariin-containing diet further indicated that the effects 440 

of icariin on osteoblastogenesis in BMSCs was dose-dependent with stronger effects on 441 

osteoblast differentiation (ALP activity) and osteoblast mineralization (Alizarin red and Von 442 

Kossa staining) at 50 and 500 ppm while its effects on osteoclastogenesis in BMSCs was dose-443 

independent. These findings were in line with the level of circulating bone marker, with the 444 

optimal effects on bone formation marker (PINP) at 500 ppm and with similar effects on bone 445 

resorption marker (DPD) at all tested dosages. 446 

Previous studies have indicated that the bone anabolic effects of icariin are ER-dependent (Mok 447 

et al., 2010; Song et al., 2013; Wu et al., 2017), and our recent study has shown that icariin is not 448 

a ligand of either ERα or ERβand it activates ERα ligand-independently by phosphorylation via 449 

MAPK/ERK and PI3K/Akt dependent pathways in osteoblastic cells (Ho et al., 2018). However, 450 

the mechanism by which icariin exerts bone protective effects in vivo is far from clear. GO 451 

enrichment and KEGG pathway analysis of RNA-Seq data comparing samples from icariin 452 

treated rats (500 ppm versus OVX), shows that icariin significantly alters the gene expression 453 

involved in cell adhesion, focal adhesion as well as actin cytoskeleton in BMSCs. The actions of 454 

icariin in bone cells appear to be similar to those activated by mechanical loading and ligand-455 

independent activation of ERα (Jessop et al., 2001; Windahl et al., 2013) as well as the activation 456 

of cell adhesion, focal adhesion and actin cytoskeleton (Jansen et al., 2017) have been reported 457 

previously.  458 

Both IGF-IR (Tian et al., 2018) and ER (Jessop et al., 2001; Windahl et al., 2013), as well as 459 

their cross-talk (Sunters et al., 2010) are reported to play an important role in 460 
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mechanotransduction. Thus, it is of interest to determine if icariin also mimics the effects of 461 

mechanical loading in altering IGF-IR and downstream PI3K-Akt signaling pathways in bone 462 

tissues. Our RNA-Seq results clearly indicate that icariin alters IGF-1 signaling pathways by 463 

inducing IGF-1 mRNA and suppressing IGF-IR and IRS-1 mRNA expression in BMSCs.  464 

Moreover, icariin at 500 ppm significantly alters the mRNA expression of subunits of PI3K, 465 

nitric oxide synthase 3 (NOS3) and Bcl-2 in BMSCs, indicating that PI3K signaling, the 466 

downstream of IGF-1 signaling, are also altered in OVX rats. Using BMSCs and MC3T3-E1 467 

cells, we further show that icariin could rapidly induce physical interactions between IGF-IR and 468 

ERα. Subsequent studies on MC3T3-E1 cells show that icariin can rapidly increase IRS-1 469 

expression and IGF-IR phosphorylation within 10 minutes of incubation. Most importantly, 470 

blocking IGF-IR with the specific IGF-IR kinase blocker PPP completely abolishes the effect of 471 

icariin on the phosphorylations of IGF-IR, ERα at Ser 167 and Akt in MC3T3-E1 cells, 472 

confirming the role of IGF-IR-ERα crosstalk and the direct interaction of IGF-IR and Akt 473 

activation in mediating the effects of icariin in cells of osteoblastic lineage. Most importantly, 474 

PPP can completely abolish the effect of icariin on ALP activity in osteoblasts differentiated 475 

from BMSCs, which further confirms the direct effect of IGF-IR activation on mediating the 476 

osteogenic effects of icariin. 477 

The present study confirms that icariin could exert tissue-selective estrogen-like effects on bone 478 

without inducing any undesirable effects on the uterus. Its bone protective actions appear to be 479 

similar to those of raloxifene, a clinically prescribed SERM for treatment of osteoporosis. The 480 

dosage of raloxifene (1 mg/kg/day) applied in this study is the effective dosage in a previous 481 

animal study (Iwamoto et al., 2005). Both icariin and raloxifene suppressed estrogen deficiency-482 

induced bone turnover and exerted estrogen-like bone protective effects at all tested sites. RNA-483 

seq analysis of BMSCs derived from treated rats revealed that icariin at 500 ppm and raloxifene 484 

exert very similar effects on the mRNA expression of IGF-I as well as genes involved in bone 485 

formation and PI3K-Akt signaling pathways. A previous in vitro study has demonstrated that 486 

raloxifene stimulates endothelial nitric oxide synthase (eNOS) via PI3K-Akt signaling pathway 487 

in human umbilical vein endothelial cells (Simoncini et al., 2002). Moreover, icariin could 488 

improve cortical porosity at the distal femur, suggesting that it might have similar osteogenic 489 

effects as E2 in improving overall bone strength in OVX rats. Ex vivo studies using BMSCs from 490 
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these animals show that icariin appears to exert similar effects as raloxifene on 491 

osteoclastogenesis and osteoblastogenesis, but less effect on cortical porosity. 492 

Our previous study (Ho et al., 2018) has indicated that icariin behaves as pathway-selective 493 

SERMs to activate ERs by rapid signaling without inducing any classical genomic events. These 494 

actions can account for the potent osteogenic effects of icariin and its ability to rapidly activate 495 

ERα in a ligand-independent manner. In conclusion, the in vivo study characterized the dose-496 

specific osteogenic effects of icariin on bone and the in vitro study further increased our 497 

understanding of the potential actions of icariin in enhancing IGF-1 signaling pathways in bone 498 

tissues, possibly by increasing 1) the expression and phosphorylation of IGF-IR, IRS-1 and the 499 

downstream effector Akt in osteoblastic cells and 2) the physical interactions and cross-talk 500 

between IGF-IR and ERα. As impairment in IGF-1 signaling is believed to contribute to the age-501 

related loss of osteogenic potential in BMSCs (Chen et al., 2017), the ability of icariin to 502 

enhance IGF-1 signaling in osteoblasts would make it a good candidate for managing not only 503 

postmenopausal, but also the age-related osteoporosis. A limitation of the present study is the 504 

secretion of IGF-1 not been detected. Future study will be needed to demonstrate if icariin can 505 

promote new bone growth in OVX model by applying calcein and alizarin red for double 506 

labeling new bone formation, evaluate the expression and serum level of IGF-1 and its binding 507 

protein IGFBP3 and also characterize the mechanism by which icariin activate IGF-IR as well as 508 

to elucidate its effects on cell adhesion and regulation of actin cytoskeleton in osteoblastic cells.  509 
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Figure legends 649 

Fig. 1. The osteogenic effects of icariin on bone turnover markers (serum PINP and urinary 650 

DPD), BMD and cortical bone porosity in OVX rats. Serum level of PINP (A) and urinary level 651 

DPD (B) were measured by ELISA kits. BMD analysis by μ-CT (C) on the trabecular bone of 652 

the distal femur, proximal tibia and lumbar vertebra at L4 and cortical bone porosity analysis by 653 

μ-CT (D) on the cortical bone of femur and tibia in OVX rats with long-term treatments with 654 

icariin for 3 months were evaluated. The values represent the means ± SEM determined by using 655 

(A-C) one-way ANOVA followed by Tukey’s post hoc test, 
***

p<0.001 versus sham; 
^
p<0.05,656 

^^
p<0.01 and 

^^^
p<0.001 versus OVX (n=6 – 10/group); (D) one-way ANOVA followed by657 

Tukey’s post hoc test, 
**

p<0.01 and 
***

p<0.001 versus sham and 
^
p<0.05, 

^^
p<0.01 and 658 

^^^
p<0.001 versus OVX (n=10-12/group). 659 

Fig. 2. The osteogenic effects of icariin on osteogenic differentiation (ALP activity) and 660 

mineralization (formation of calcium deposits and phosphate mineralized nodules) in BMSCs 661 

isolated from OVX rats. Representative images of ALP staining (A)(i) in BMSCs cultured in 662 

osteogenic medium of each group on day 10 and the quantification (A)(ii) of the number of red 663 

colonies of osteoblasts reflecting the ALP activity. Representative images of Alizarin red 664 

staining (B)(i) and Von Kossa staining (C) in BMSCs cultured in osteogenic medium of each 665 

group on day 25. The osteoblasts with calcium phosphate mineralized nodules were stained in 666 

brownish black . The graph (B)(ii) shows quantification of calcium deposits in osteoblasts using 667 

colorimetric methods. Representative images of TRAP staining (D)(i) in osteoclasts cultured in 668 

osteoclastogenic medium of each group on day 13 (scale bar: 50 μm). TRAPase-positive (shown 669 

as purple) with multinucleated osteoclasts and the quantification (D)(ii) of the number of 670 

multinucleated osteoclasts are shown. The values represent the means ± SEM determined by 671 

using one-way ANOVA followed by Tukey’s post hoc test, 
*
p<0.05 and 

***
p<0.001 versus sham;672 

^
p<0.05, 

^^
p<0.01 and 

^^^
p<0.001 versus OVX (n=6/group). 673 

Fig. 3. RNA sequencing analysis of the long-term icariin treatment of BMSCs isolated from 674 

OVX rats. The mRNA heatmap (A) displaying hierarchical cluster of the expression levels of 675 

differentially expressed genes (DEGs) between sham vs. OVX, OVX vs. E2, OVX vs. 676 

Raloxifene, OVX vs. icariin at 50 ppm (ICA50), 500 ppm (ICA500) or 3000 ppm (ICA3000). 677 
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Hierarchical cluster analysis was conducted for DEGs using log2 ratio and p<0.05. The scatter 678 

plot (B, Left panel) and the volcano plot (B, Right panel) of significantly differentially expressed 679 

genes (DEGs) between OVX vs. icariin at 500 ppm. Dots in red mean significant DEGs which 680 

passed screening threshold and black dots are non-significant DEGs. Gene ontology (GO) 681 

functional analysis (C) of DEGs in the comparison between OVX and icariin at 500 ppm. The 682 

GO enrichment analysis grouped these DEGs into functional groups. The Y axis represents GO 683 

terms. All GO terms are grouped into 3 ontologies: blue is for biological process, green is for 684 

cellular component and red is for molecular function. Statistics of KEGG (Kyoto Encyclopedia 685 

of Genes and Genomes) pathway enrichment of DEGs (D) in the comparison between OVX and 686 

icariin at 500 ppm. KEGG pathway analysis of the top 20 KEGG enriched gene pathway-related 687 

diseases. These differentially expressed genes were grouped into gene pathways using the 688 

pathway enrichment analysis with the KEGG database and KOBAS software. Q-value is 689 

corrected p-value ranging from 0-1 and smaller Q-value means greater intensiveness. Fragments 690 

per kilobase of transcript per million mapped reads (FPKM) values were used to calculate gene 691 

expression in RNA-seq and to normalize the expression level as fold change compared with 692 

sham group. 693 

Fig. 4. The acute effect of icariin on ERα and IGF-IR cross-talk in rat BMSCs and osteoblastic 694 

cells. Representative confocal microscopic images (A)(a-d) displaying icariin-induced 695 

colocalization of IGF-IR and ERα in response to the treatments of IGF-I (100 ng/ml), E2 (10 nM) 696 

or icariin (0.1 μM) for 10 min in rat BMSCs. The representative images were captured at mid-697 

plane of cells and visualized using a confocal laser scanning microscope (magnification: 600x 698 

and scale bar: 10 μm). Representative 3-D fluorescence images (A)(e-h) of icariin-induced 699 

colocalization of IGF-IR and ERα in response to the treatments (scale bar: 10 μm). Hoechst 700 

counter-staining (blue) was applied for determination of single cell. The quantification (B) of 701 

total fluorescent intensities of Alexa488-IGF-IR positive cells (shown in green) and Alexa594-702 

ERα positive cells (shown in red) and the quantification (C) of co-localization of IGF-IR and 703 

ERα. The representative blots of co-immunoprecipitation (D) of IRS1, IGF-IR and ERα in rat 704 

BMSCs in response to the treatments of Des1,3-IGF-1 (100 ng/ml), IGF-1 (100 ng/ml) or icariin 705 

(0.1 μM) for 10 min. The values represent the means ± SEM determined by using one-way 706 
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ANOVA followed by Tukey’s post hoc test, 
*
p<0.05, 

**
p<0.01 and 

***
p<0.001 versus control707 

(n=5/group). 708 

Fig. 5. The dose- and time-dependent effects of icariin on the protein expressions of IRS1 and 709 

IRS2 and phosphorylation of IGF-IR in MC3T3-E1 cells. Representative immunoblots (A) show 710 

the protein expressions of IRS1, IRS2, phosphorylated IGF-IR and total IGF-IR and the 711 

quantification of relative ratio of expressions of IRS1 (B), IRS2 (C) and phosphorylated IGF-IR 712 

(D) in response to the treatments of IGF-I (100 ng/ml), E2 (10 nM), icariin (10 nM, 0.1 μM and713 

1 μM) or vehicle (control) in MC3T3-E1 cells for 10 min. Representative immunoblots (E) show 714 

the protein expressions of phosphorylated IRS1 at tyrosine 612 and total IRS1 and the 715 

quantification (F) of relative ratio of the expressions in MC3T3-E1 cells for 0-30 min in response 716 

to the treatments of IGF-I (100 ng/ml), E2 (10 nM) or icariin (0.1 μM). The values represent the 717 

means ± SEM determined by using one-way ANOVA followed by Tukey’s post hoc test, 718 

*
P<0.05, 

**
P<0.01 and 

***
P<0.001 versus control (n=5). 719 

Fig. 6. Blocking of IGF-IR with IGF-IR kinase inhibitor picropodophyllin (PPP) completely 720 

abolished the stimulatory effects of icariin on phosphorylation of both IGF-IR and ERα in 721 

MC3T3-E1 cells, but not with IGF-1 antagonist JB-1. Representative immunoblots for the 722 

inhibitory effects of JB-1 (A) on the phosphorylation of IGF-IR and ERα at serine 167 and the 723 

quantification of relative ratio of expressions of phosphorylated IGF-IR (B) and phosphorylated 724 

ERα at serine 167 (C) in the presence of JB-1. Representative immunoblots for the inhibitory 725 

effects of PPP on the phosphorylation of IGF-IR and ERα at serine 167 (D) and on the 726 

phosphorylation of Akt (G) the quantification of relative ratio of expressions of phosphorylated 727 

IGF-IR (E), phosphorylated ERα at serine 167 (F) and phosphorylated Akt (H) in the presence of 728 

PPP. PPP completely abolished the stimulatory effects of IGF-1 and icariin on alkaline 729 

phosphatase (ALP) activities in BMSCs (J), but not with IGF-1 antagonist JB-1 (I). The values 730 

represent the means ± SEM determined by using one-way ANOVA followed by Tukey’s post 731 

hoc test,
 *
P<0.05 and 

***
P<0.001; 

#
P<0.05, 

##
P<0.01 and 

###
P<0.001 versus control (n=5).732 

Table 1. The long-term effects of icariin on body weight, uterus index and biochemical 733 

parameters of OVX rats. The values represent the means ± SEM determined by using one-way 734 
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ANOVA followed by Tukey’s post hoc test, 
**

p<0.05 and 
***

p<0.001 versus sham; 
^^

p<0.01 and 735 

^^^
p<0.001 versus OVX (n=10-12/group). 736 

Table 2. List of differential expressed genes (DEGs) in treatment groups of rat BMSCs related to 737 

osteogenesis. 738 

Supplementary Figure 1. The osteogenic effects of icariin on the micro-structure of trabecular 739 

bone at the distal femur, proximal tibia and lumbar vertebra in OVX rats. Representative micro-740 

computed tomography (μ-CT) images of the trabecular bone of the distal femur (A), proximal 741 

tibia (B) and lumbar vertebra (C) in OVX rats treated with diets containing icariin at 50, 500, 742 

3000 ppm or positive control (E2, 1 mg/kg; raloxifene, 1 mg/kg) or the control diet for 3 months. 743 

Supplementary Figure 2. The osteogenic effects of icariin on osteogenic differentiation (ALP 744 

activity) and mineralization (formation of calcium deposits and phosphate mineralized nodules) 745 

in BMSCs isolated from OVX rats. Representative images of ALP staining A(i) in BMSCs 746 

cultured in osteogenic medium of each group on day 25 (Magnification: 400x). Representative 747 

images of Alizarin red staining B(i) in BMSCs cultured in osteogenic medium of each group on 748 

day 10 (Magnification: 400x). Representative images of Von Kossa staining (C) in BMSCs 749 

cultured in osteogenic medium of each group on day 10 (Magnification: 400x). 750 

Supplementary Figure 3. Verification of DEGs (IGF-IR (A), IRS1 (B) and IRS2 (C)) via 751 

quantitative real-time polymerase chain reaction (qPCR). In qPCR, GAPDH was used as a 752 

housekeeping gene. The values represent the means ± SEM determined by using one-way 753 

ANOVA followed by Tukey’s post hoc test, 
*
p<0.05, 

**
p<0.01 and 

***
p<0.001 versus sham;

 754 

^^
p<0.05, 

^^
p<0.01 and 

^^^
p<0.001 versus OVX (n=6-8/group). 755 

Supplementary Table 1. The osteogenic effects of icariin on (A) the trabecular bone and (B) 756 

cortical bone properties at the distal femur, proximal tibia and lumbar vertebra in OVX rats. 757 

Trabecular bone properties including bone volume fraction (BV/TV), trabecular bone number 758 

(Tb.N, mm
-1

), trabecular bone thickness (Tb.Th, mm), trabecular bone separation (Tb.Sp, mm), 759 

connective density (Conn.D, 1/mm
3
), structure model index (SMI) and cortical bone properties 760 

including bone volume fraction (BV/TV) and bone mineral density (BMD; mg/cm
3
) were 761 

evaluated by μ-CT. The values represent the means ± SEM determined by using one-way 762 
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ANOVA P<0.0001 followed by Tukey’s post hoc test, 
**

p<0.01 and 
***

p<0.001 versus sham and763 

^
p<0.05, 

^^
p<0.01 and 

^^^
p<0.001 versus OVX (n=10-12/group). 764 

Supplementary Table 2. Summary of statistics and quality control information of RNA 765 

sequencing data for each sample of BMSCs isolated from OVX rats after treatments. 766 



Table 1. The long-term effects of icariin on body weight, uterus index and biochemical parameters in OVX rats. 

Sham OVX E2 Raloxifene ICA-50 ICA-500 ICA-3000 

Change of body weight  

(percentage to the baseline) 

36.9±3.9 54.2±4.1
**

 4.3±1.9
^^^

 14.1±2.8
^^^

 32.1±2.7
^^^

 29.7±3.4
^^^

 30.0±2.5
^^^

 

Uterus index (mg/g) 1.68±0.08 0.28±0.03
***

 1.24±0.05
^^^

 0.48±0.03
^^

 0.28±0.02 0.27±0.02 0.25±0.01 

Serum Ca (mg/L) 103.6±1.7 99.1±0.8 100.3±0.8 96.8±0.4 96.5±1.0 96.3±0.8 98.6±1.7 

Serum P (mg/L) 47.3±1.9 49.7±1.3 50.4±1.6 47.9±1.4 51.9±2.7 51.1±1.6 51.7±2.6 

Urinary Ca/Cr (mg/mg) 0.11±0.007 0.10±0.01 0.11±0.007 0.11±0.01 0.12±0.006 0.11±0.01 0.12±0.003 

Urinary P/Cr (mg/mg) 0.41±0.04 0.41±0.02 0.42±0.03 0.42±0.04 0.39±0.06 0.40±0.03 0.41±0.04 

Tables



Table 2. List of differential genes in treatment groups of rat BMSCs related to osteogenesis. 

Related 

pathway 
Gene ID 

Gene name 

(gene symbol) 

Fold change 

OVX vs. Sham OVX vs. E2 
OVX vs. 

Raloxifene 

OVX vs. 

ICA-50 ppm 

OVX vs. 

ICA-500 ppm 

OVX vs.   

ICA-3000 ppm 

Bone formation 

markers 

367218 
Runt-related transcription factor 

2 (Runx2) 

2.14*** 

(p<0.001) 
1.87 

2.38*** 

(p<0.001) 

2.00*** 

(p<0.001) 

2.78*** 

(p<0.001) 
1.38 

25295 

Osteocalcin / bone 

gamma-carboxyglutamate 

protein (Bglap) 

1.07 4.31* (p<0.05) 
84.8*** 

(p<0.001) 

8.67*** 

(p<0.001) 

20.70*** 

(p<0.001) 

16.15*** 

(p<0.001) 

IGF-1 signaling 

pathway 

24482 
Insulin-like growth factor 1 

(Igf1) 
0.73 

3.26*** 

(p<0.001) 

4.59*** 

(p<0.001) 
1.63 

3.08*** 

(p<0.001) 

2.61*** 

(p<0.001) 

25718 
Insulin-like growth factor 1 

receptor (Igf1r) 
0.54 0.66 0.51 

0.47*** 

(p<0.001) 

0.45*** 

(p<0.001) 
0.58 

25467 
Insulin receptor substrate 1 (Irs1) 

0.79 
0.36*** 

(p<0.001) 
0.50 0.89 1.12 

0.46*** 

(p<0.001) 

PI3K-Akt 

signaling 

pathway 

116720 

Phosphatidylinositol-4-phosphate 

3-kinase, catalytic subunit type 2

gamma (Pik3c2g) 

1.00 0.50 3.50* (p<0.05) 0.50 2.00* (p<0.05) 0.50 

497931 
Phosphoinositide-3-kinase, 

regulatory subunit 5 (Pik3r5) 
0.71 0.53 

0.21*** 

(p<0.001) 
0.55 

0.33*** 

(p<0.001) 
0.80 

24600 
Nitric oxide synthase 3 (Nos3) 

0.95 1.51 
4.21*** 

(p<0.001) 

2.70*** 

(p<0.001) 
2.35** (p<0.01) 0.81 

24224 BCL2, apoptosis regulator (Bcl2) 2.79* (p<0.05) 0.97 1.49 1.46 2.43* (p<0.05) 1.82 

0.5< down-regulated; up-regulated >2 
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Supplementary Table 1A 

Dose-dependent effects of icariin on trabecular bone properties at femur, tibia and lumbar vertebra in OVX rats 

Sham OVX E2 Raloxifene ICA50 ICA500 ICA3000 

Distal femur BV/TV (%) 54.3±2.94 10.7±0.50
***

 34.0±1.07
^^^

 27.8±2.05
^^^

 22.6±1.62
^^

 23.6±1.30
^^^

 24.6±2.57
^^^

 

Tb.Th (mm) 0.15±0.001 0.09±0.009
**

 0.15±0.006
^^^

 0.13±0.005
^
 0.17±0.008

^^^
 0.16±0.009

^^^
 0.16±0.009

^^^
 

Tb.N (1/mm) 4.24±0.024 0.54±0.042
***

 3.35±0.014
^^^

 2.79±0.053
^^^

 1.15±0.047
^^^

 1.16±0.057
^^^

 1.17±0.066
^^^

 

Tb.Sp (mm) 0.12±0.005 1.95±0.142
***

 0.25±0.011
^^^

 0.26±0.007
^^^

 1.03±0.031
^^^

 0.96±0.037
^^^

 0.91±0.036
^^^

 

Conn.D (1/mm
3
) 27.4±2.85 3.14±0.937

***
 23.4±2.69

^^^
 18.0±2.28

^^^
 13.4±0.748

^^
 13.7±1.02

^^
 10.5±1.13 

SMI 1.67±0.116 2.78±0.148
**

 1.55±0.125
^^^

 1.91±0.283
^
 1.76±0.188

^^
 1.70±0.154

^^
 1.63±0.191

^^^
 

Proximal tibia BV/TV (%) 52.4±0.58 5.8±0.60
***

 32.6±1.72
^^^

 20.7±0.23
^^^

 11.3±0.84
^
 13.4±1.44

^^^
 16.8±2.44

^^^
 

Tb.Th (mm) 0.20±0.006 0.12±0.003
**

 0.24±0.017
^^^

 0.20±0.004
^^^

 0.14±0.009 0.13±0.005 0.13±0.007 

Tb.N (1/mm) 4.60±0.123 0.37±0.065
***

 3.08±0.135
^^^

 2.71±0.068
^^^

 0.83±0.048
^^

 0.81±0.052
^^

 0.92±0.068
^^^

 

Tb.Sp (mm) 0.05±0.011 1.22±0.082
***

 0.25±0.016
^^^

 0.28±0.003
^^^

 0.21±0.127
^^^

 0.24±0.073
^^^

 0.31±0.088
^^^

 

Conn.D (1/mm
3
) 25.5±0.084 4.67±0.574

***
 17.2±0.764

^^^
 16.0±1.74

^^^
 11.8±1.17

^^^
 12.2±1.04

^^^
 12.0±0.792

^^^
 

SMI 1.47±0.111 2.20±0.244 1.31±0.196
^
 1.25±0.33

^
 1.60±0.113 1.49±0.058 1.54±0.080 

Lumbar vertebra BV/TV (%) 43.2±0.38 8.5±0.31
***

 32.2±1.16
^^^

 33.5±1.66
^^^

 13.8±1.09 20.0±3.87
^^^

 15.1±0.01 

Tb.Th (mm) 0.16±0.001 0.11±0.002
**

 0.26±0.010
^^^

 0.19±0.002
^^

 0.16±0.015 0.17±0.011
^
 0.16±0.012

^
 

Tb.N (1/mm) 4.11±0.005 0.61±0.004
***

 3.62±0.035
^^^

 3.54±0.056
^^^

 0.96±0.036
^^

 1.07±0.089
^^^

 1.15±0.115
^^^

 

Tb.Sp (mm) 0.14±0.002 1.64±0.065
***

 0.17±0.006
^^^

 0.18±0.002
^^^

 0.99±0.036
^^^

 0.89±0.063
^^^

 0.93±0.065
^^^

 

Conn.D (1/mm
3
) 20.6±0.869 4.27±0.303

***
 14.0±1.18

^^^
 13.8±1.12

^^^
 11.2±0.656

^^^
 12.8±0.498

^^^
 12.6±0.609

^^^
 

SMI 1.59±0.079 2.45±0.194 1.39±0.327
^^

 1.33±0.313
^^

 1.88±0.082 1.57±0.092
^
 1.74±0.119 

Supplementary Tables



Supplementary Table 1B 

Dose-dependent effects of icariin on cortical bone properties at femur, tibia and lumbar vertebra in OVX rats 

Sham OVX E2 Raloxifene ICA50 ICA500 ICA3000 

Distal femur BV/TV (%) 20.3±2.6 13.1±1.3
* 

21.9±1.5
^ 

21.2±0.7
^ 

23.2±0.5
^^ 

22.7±1.6
^^ 

21.1±1.3
^ 

BMD (mg/cm
3
) 533.4±18.8 464.3±18.6 528.8±18.8 488.1±39.9 566.3±7.43 614.5±37.3

^
 587.4±25.0 

Proximal tibia BV/TV (%) 20.6±2.1 18.5±4.4 18.6±1.3 18.7±1.8 27.9±1.0 24.4±0.7 22.7±1.5 

BMD (mg/cm
3
) 511.1±31.7 471.2±29.3 482.0±38.3 437.9±28.7 575.9±6.4 560.7±27.3 577.5±18.7 

Lumbar vertebra BV/TV (%) 10.3±0.6 5.33±0.3
**

 9.7±1.4
^ 

8.8±0.1 8.9±1.1 8.6±0.8 7.8±0.6 

BMD (mg/cm
3
) 438.4±27.8 345.0±15.7 419.6±36.5 393.3±36.6 414.6±37.7 378.3±12.9 343.0±23.2 



Supplementary Table 2 

Summary of RNA sequencing data for each sample. 

Samples Clean reads Clean bases GC content %≥Q20

Sham 23,905,643 1,195,282,150 58.81% 92.9%

OVX 23,833,306 1,191,665,300 63.05% 93.4%

EST 24,010,919 1,200,545,950 58.38% 93.6%

RAL 23,723,047 1,186,152,350 58.00% 94.1%

ICA50 24,006,109 1,200,305,450 58.10% 94.1%

ICA500 22,810,239 1,140,511,950 60.77% 93.6%

ICA3000 23,903,758 1,195,187,900 64.37% 93.4%



Author statement: 

Man-Sau Wong and Yan Zhang: Conceptualization, Methodology. Liping Zhou, 

Christina C.W. Poon, Ka Ying Wong and Sisi Cao: Investigation, Validation. 

Liping Zhou and Christina C.W. Poon: Formal analysis, Visualization and 

Writing – Original draft preparation. Xiaoli Dong, Yan Zhang and Man-Sau Wong: 

Writing – Review & Editing. Man-Sau Wong and Yan Zhang: Supervision and 

Funding acquisition.  

Credit Author statement




