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Icariin, a prenylated flavonol glycoside isolated from the herb
Epimedium, has been considered as a potential alternative ther-
apy for osteoporosis. Previous research has shown that, unlike
other flavonoids, icariin is unlikely to act via the estrogen recep-
tor, but its exact mechanism of action is unknown. In this study,
using rat calvarial osteoblast culture and rat bone growth mod-
els, we demonstrated that icariin promotes bone formation by
activating the cAMP/protein kinase A (PKA)/cAMP response
element–binding protein (CREB) pathway requiring functional
primary cilia of osteoblasts. We found that icariin increases the
peak bone mass attained by young rats and promotes the matu-
ration and mineralization of rat calvarial osteoblasts. Icariin
activated cAMP/PKA/CREB signaling of the osteoblasts by
increasing intracellular cAMP levels and facilitating phosphor-
ylation of both PKA and CREB. Blocking cAMP/PKA/CREB
signaling with inhibitors of the cAMP-synthesizing adenylyl
cyclase (AC) and PKA inhibitors significantly inhibited the
osteogenic effect of icariin in the osteoblasts. Icariin-activated
cAMP/PKA/CREB signaling was localized to primary cilia, as
indicated by localization of soluble AC and phosphorylated PKA.
Furthermore, blocking ciliogenesis via siRNA knockdown of a cil-
ium assembly protein, IFT88, inhibited icariin-induced PKA and
CREB phosphorylation and also abolished icariin’s osteogenic
effect. Finally, several of these outcomes were validated in icariin-
treated rats. Together, these results provide new insights into ica-
riin function and its mechanisms of action and strengthen existing
ties between cAMP-mediated signaling and osteogenesis.

Icariin is a prenylated flavonol glycoside isolated from a tra-
ditional Chinese medicinal herb Epimedium, which has long
been used to treat bone fractures and prevent osteoporosis (1).
We and others have previously reported that icariin can
increase osteogenic differentiation and mineralization of bone
marrow stromal cells (BMSCs)5 and osteoblasts, and inhibits
osteoclast formation and their bone resorption activity (2– 4).
Animal experiments indicate that icariin has an anabolic effect,
increases bone formation, and suppresses bone loss in ovariec-
tomized rats and osteoprotegerin-deficient mice (5, 6). In addi-
tion, a 24-month randomized, double-blind and placebo-con-
trolled trial found that Epimedium-derived flavonoids exerted
beneficial effects of preventing bone loss in elderly postmeno-
pausal women without any detectable effect of hyperplasia in
the endometrium (7).

The two most significant risk factors associated with the
development of osteoporosis are the peak bone mass achieved
and the rate of bone loss. Peak bone mass is believed to be
achieved before the end of the third decade in life and a low
peak bone mass has been considered as a risk factor for devel-
oping osteoporosis later in life (8). However, the role of icariin
on the augmentation of peak bone mass is still unknown. More
importantly, the action mechanism of icariin, especially the ini-
tial signaling events induced by icariin remains unclear.

Icariin and other flavonoids have been extensively studied as
phytoestrogens and their bone-protecting action is usually con-
sidered to result from the direct estrogen receptor (ER)-medi-
ated action on osteoblasts, because of the structure similarity
between flavonoids and �-estradiol (9, 10). However, a compet-
itive radioligand binding assay between icariin and ER indicated
that icariin had no binding affinity for ER� or ER�, and an
ER-mediated luciferase activity assay showed that icariin could
not activate estrogen response element–dependent transcrip-
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tion via ER� or ER� in a way similar to that of estradiol (11, 12).
Furthermore, we have previously shown that icariin is more
potent than genistein, a well known phytoestrogen, in promot-
ing osteoblastic differentiation and mineralization, whereas the
estrogenic activity of icariin is much weaker than that of genis-
tein (13, 14). Besides, compared with genistein, the molecular
structure of icariin was obviously different from �-estradiol
because of the existence of a prenyl group on C-8 (15). These
studies demonstrated that there may exist a non-phytoestro-
genic mechanism for the osteotropic function of icariin, and
that the estrogen-dependent mechanism may play a secondary
role. Thus searching for the fundamental mechanism for ica-
riin-induced osteogenesis is still ongoing.

Studies have suggested that the cAMP-protein kinase A
(PKA) signaling system is responsible for regulating osteogenic
differentiation and mineralization, and its activation is required
for osteogenic responses to bone formation promoters (16).
Indeed parathyroid hormone (PTH) with notable effects on the
treatment of osteoporosis was found to stimulate production of
cAMP, activation of cAMP-PKA signaling, and the down-
stream phosphorylation (p) of cAMP response element–
binding protein (CREB) to enhance the proliferation, osteo-
genic differentiation, and mineralization of BMSCs (16 –18). In
the current work, we hypothesized that icariin stimulates bone
formation by activating cAMP-PKA pathway.

Primary cilium is a microtubule structure protruding from
the cell surface like a cellular antenna on almost every mamma-
lian cell, and has been reported to be a mechanosensor and
chemosensor (19, 20). It was found that primary cilium was
essential for cAMP signaling transduction, and multiple com-
ponents of cAMP-PKA signaling such as G-protein–coupled
receptors (Gpr161) and adenylyl cyclase (AC) preferentially
localized to the cilium (21–22). It is now known that a variety of
receptors, ion channels, and transporter proteins, as well as
some of their downstream molecules have been localized to the
cilium, and that primary cilium is critical for osteogenic process
stimulated by bone formation promoters including fluid flow
and electromagnetic fields (23–26). Defects in primary cilium
structure or mutations disrupting ciliogenesis will lead to a
variety of developmental abnormalities and postnatal disorders
(27). Based on these reports, we further hypothesized that ica-
riin stimulated osteogenic differentiation of osteoblasts due to
the activation of the cAMP/PKA/CREB pathway, which was
mediated through the primary cilium. In the present study,
using osteoblast culture and rat bone growth models, we dem-
onstrated that, instead of the estrogen-dependent mechanism,
the primary cilium–mediated cAMP/PKA/CREB signaling
pathway plays a key role in the osteotropic function of icariin.

Results

Icariin augmented peak bone mass of growing rats

To investigate the effects of icariin on the attainment of peak
bone mass in growing rats, the animals were euthanized (at 3
months of age) after 2 months of icariin administration, and the
bone mineral density (BMD) (by dual-energy X-ray absorptio-
meter, DEXA) and bone strength (by biomechanics tests) of
isolated femurs and vertebrae were determined, and the bone

structure and volume of the tibias and femurs were examined
(by bone histomorphometric and microcomputer tomography,
micro-CT). The levels of bone formation marker osteocalcin
and the activity of bone resorption marker TRACP 5b in the
serum were also analyzed. As shown in Fig. 1, A and B, icariin
significantly improved the BMD of femurs (p � 0.05) and ver-
tebrae (p � 0.001) when compared with the control. Results of
biomechanical analyses showed that the icariin group exhibited
significantly higher ultimate loads of femurs (p � 0.001) and
vertebrae (p � 0.05) than the control (Fig. 1, C and D). Bio-
chemical analyses of bone turnover markers showed that icariin
dramatically increased the levels of serum osteocalcin (p �
0.05) and decreased the activity of TRACP 5b (p � 0.01) when
compared with the control (Fig. 1, E and F). Micro-CT analyses
of the cancellous bone of distal femur showed that the trabec-
ular BMD (tBMD), trabecular bone volume (BV/TV), trabecu-
lar thickness (Tb.Th), and trabecular number (Tb.N) were
increased by 15.70 (p � 0.05, Fig. 1G), 24.96 (p � 0.05, Fig. 1H),
34.07 (p � 0.01, Fig. 1I), and 24.51% (p � 0.05, Fig. 1J), respec-
tively, whereas the trabecular separation (Tb.Sp) was reduced
by 42.5% (p � 0.05, Fig. 1K) in the icariin group when compared
with the control. No significant differences were observed for
the mid-shaft femur cortical bone between the icariin group
and the control (supplemental Fig. S1). Bone histomorphomet-
ric analyses for the microarchitecture of tibial metaphysis
revealed the same tendency with micro-CT analyses on distal
femora (Fig. 1M). These results confirmed that icariin treat-
ment promotes attainment of peak bone mass of growing
rats. Furthermore, pathological observation of the main organs
including liver, kidney, spleen, and uterus found no harmful
changes in the icariin-treated group (supplemental Fig. S2).

Osteoblasts responded to icariin with cAMP/PKA/CREB
signaling activation

To investigate whether the cAMP/PKA/CREB pathway was
involved in the icariin-induced osteoblastic differentiation and
maturation, we first screened the optimal concentration of ica-
riin for its osteogenic activity. As shown in Fig. 2, icariin at 10�7,
10�6, and 10�5 M significantly promoted the alkaline phospha-
tase (ALP) activity of rat calvarial osteoblasts after 3 and 6 days
(Fig. 2A) and increased the number and the areas of mineralized
nodules after 12 days (Fig. 2, B and C). In particular, 10�6 M was
found to be the optimal concentration that promoted the ALP
activity (p � 0.001) and augmented the calcified nodule forma-
tion at the highest level (p � 0.001).

Then we analyzed the changes of the intracellular cAMP
level after the osteoblasts were exposed to 10�6 M icariin for
different time periods. As shown in Fig. 3A, the cAMP content
increased rapidly and persistently. It began to increase after 5
min, reaching a level significantly higher than the starting point
after 10 min (p � 0.001), and showing persistently higher levels
afterward until 120 min (p � 0.001). To examine the possibility
that the higher cAMP response would be obtained by different
concentrations of icariin, the osteoblasts were treated by icariin
from 10�4 to 10�8 M, respectively. The cAMP level was
increased in a dose-dependent manner, and the highest level
was obtained at 10�4 M (supplemental Fig. S3). Because 10�6

M icariin was the optimal concentration for the osteogenic
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activity, and cAMP content was increased significantly at
this concentration, 10�6 M icariin was used in the subse-
quent experiments.

It was found that icariin treatment induced phosphorylation
of PKA (p-PKA) and CREB (p-CREB) after 10 min, and became
more obvious with the treatment time, whereas the total PKA
and CREB levels remained unchanged (Fig. 3B). To further
identify the pathway activation, the localization of p-PKA was
examined by immunofluorescence staining. p-PKA was posi-
tively localized in the nucleus of osteoblasts after 120 min in the
icariin group, whereas no nuclear translocation of p-PKA was
found in the control (Fig. 3C).

Icariin-induced osteogenesis was inhibited after cAMP/PKA/
CREB signaling was blocked

To investigate whether icariin stimulates osteogenic differ-
entiation via activating the cAMP/PKA/CREB signaling path-
way, the osteoblasts were pretreated with 2�,3�-dideoxyadenos-
ine (DDA) (the specific inhibitor for AC, an enzyme responsible
for catalyzing the conversion of cAMP from ATP) or with the
PKA inhibitor KT5720 12 h prior to the addition of icariin, and
then various osteogenic differentiation markers were analyzed.
As shown in Fig. 4A, icariin-prompted phosphorylation of PKA
and CREB was significantly decreased by DDA, whereas the
expression levels of total PKA and CREB were not changed,

Figure 1. Icariin augmented attainment of peak bone mass in rats. A and B, BMD of the femurs (A) and the vertebrae (B) after 2 months of icariin
administration. C and D, biomechanical property analyses results: ultimate load of the femurs obtained by three-point bending tests (C), ultimate load of the
vertebrae by compression tests (D). E and F, the serum biochemical marker analysis results: the bone formation marker osteocalcin (E) and the bone resorption
marker TRACP 5b (F). G–K, the microcomputer tomography (�CT) analyses results for femurs: BMD (mg/cm3) (G), bone volume fraction (BV/TV) (H), trabecular
thickness (Tb.Th) (I), trabecular number (Tb.N) (J), and trabecular spacing (Tb.Sp) (K). L, representative �CT images showing the microarchitectural structure of
the trabecular bone of distal femur. M, representative images of bone histomorphometric analyses showing the microarchitectural structure of the trabecular
bone of proximal tibias. Each experiment was conducted at least three times independently. Data are represented as mean � S.D. (n � 8); *, p � 0.05; **, p �
0.01; ***, p � 0.001 when compared with control (Ctrl).
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Figure 2. Icariin increased the ALP activities and calcified nodule formation in a dose-dependent manner. A, ALP activities of rat calvarial osteoblasts
after 3 and 6 days of icariin treatment. B, images of calcified nodules stained by alizarin red after 12 days of osteogenic induction culture with icariin. C, the areas
and numbers of calcified nodules were quantified by Image-Pro Plus 6.0. Each experiment was conducted at least three times independently. Data are
represented as mean � S.D. (n � 3); *, p � 0.05; **, p � 0.01; ***, p � 0.001 when compared with control (Ctrl).

Figure 3. Icariin treatment activated cAMP/PKA/CREB signaling. A, the intracellular cAMP contents after exposure to icariin for different time periods.
B, protein abundance of phosphorylated PKA (p-PKA), phosphorylated CREB (p-CREB), total PKA and CREB was detected by immunoblotting after
different time periods. C, the nuclear translocation of p-PKA after 120 min of icariin treatment. p-PKA is stained red, and nuclei are stained blue (with
DAPI). Bar � 20 �m. Each experiment was conducted at least three times independently. Data are represented as mean � S.D. (n � 3); ***, p � 0.001
when compared with 0 min.
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indicating that DDA efficiently blocked icariin-induced activa-
tion of the cAMP/PKA/CREB pathway.

The ALP activity was an early marker for osteogenic differ-
entiation. As shown in Fig. 4B, ALP activity of the icariin group
was significantly higher than that of the control after 3 (p �
0.01) and 6 days (p � 0.05), and the control group was not
significantly different with the DDA alone groups. However,
the ALP activity in the icariin � DDA group was dramatically
lower than that of the icariin group (p � 0.01), demonstrating
that the stimulatory effect of icariin on ALP activity was abol-
ished by the AC inhibitor DDA.

Consistently, the mRNA expression levels of ALP (p � 0.01),
collagen 1�2 (COL1�2) (p � 0.001), and runt-related transcrip-
tion factor 2 (RUNX2) (p � 0.01) after 24 h (Fig. 4C) and the
protein expression levels of COL-1 and RUNX2 after 36 h (Fig.
4A) were significantly higher in the icariin group than in the
control and DDA group. However, these increases were abol-
ished in the icariin � DDA group. The calcified nodules formed
after 12 days showed a similar tendency with the above osteo-
genic differentiation markers (Fig. 4, D–F). The icariin group
had the highest number and the largest area of calcified nodules
(p � 0.001), confirming the stimulatory effect of icariin in the
osteogenic differentiation/maturation. However, the effect dis-
appeared in the icariin � DDA group.

When the osteoblasts were pretreated by the PKA inhibitor
KT5720, the ALP activity, levels of mRNA expression of ALP,
COL1�2, and RUNX2, the protein expression of COL-1 and
RUNX2, the number and area of CFU-FALP colonies, and calci-
fied nodules (supplemental Fig. S4) were all changed in similar
tendencies with those of cells pretreated by DDA. These results
indicate that the cAMP/PKA/CREB signal pathway was indis-
pensable for the stimulating effect of icariin on osteogenic dif-
ferentiation and maturation of osteoblasts.

Icariin treatment increased the expression levels of AC2, AC9,
and sAC

AC is a GTP-dependent enzyme responsible for catalyzing
the conversion of cAMP from ATP, and nine membrane-bound
isoforms and a soluble AC (sAC) have been identified. To find
the AC isoform(s) responsible for icariin-activated cAMP/
PKA/CREB signaling, we first examined the AC isoforms that
are expressed in rat calvarial osteoblasts and identified the iso-
form(s) whose expression was changed after icariin treatment.
As shown in Fig. 5A, agarose gel electrophoresis of real time
RT-PCR products displayed the bands corresponding to AC1-
AC6, AC8, AC9, and sAC, respectively; however, no band cor-
responding to AC7 was found. Quantitative RT-PCR indicated
that icariin treatment significantly increased the mRNA

Figure 4. Icariin-induced osteogenesis was inhibited after cAMP/PKA/CREB signaling was blocked. A, the protein expression levels of phosphorylated
PKA (p-PKA), phosphorylated CREB (p-CREB), COL-1, and RUNX2 in the cells pretreated by 2�,3�-dideoxyadenosine (DDA) (an adenylyl cyclase inhibitor) and
treated with/without icariin. B, ALP activities after 3 and 6 days. C, the relative mRNA expression levels of ALP, COL1�2, and RUNX2. D, representative images of
calcified nodules formed after 12 days. E and F, the numbers and areas of calcified nodules. Each experiment was conducted at least three times independently.
Data are represented as mean � S.D. (n � 3); *, p � 0.05; **, p � 0.01; ***, p � 0.001, when compared with control (Ctrl) or icariin group.
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expression levels of AC2 (p � 0.05), AC9 (p � 0.01), and sAC
(p � 0.01), and AC7 was still not detected (Fig. 5B). Western
blotting analyses of AC1-AC6, AC8, AC9, and sAC showed
similar tendencies as those for mRNA expression, and the pro-
tein expression levels of AC2, AC9, and sAC were significantly
higher in the icariin group than in the control after 12, 24, and
48 h (Fig. 5C). These results suggested that AC2, AC9, and sAC
may be responsible for the icariin-induced activation of cAMP/
PKA/CREB signaling.

Moreover, we examined the effect of icariin on the activity of
phosphodiesterase 4 (PDE4), which hydrolyzes cAMP and reg-
ulates cAMP concentration. The results showed PDE4 activity
was markedly decreased after 15 min of icariin treatment (sup-
plemental Fig. S3B), indicating that the increased cAMP level
may partly result from the inhibition of PDE4 activity by icariin.

Phosphorylated PKA (p-PKA) and sAC were localized to the
primary cilia

Because primary cilia play a role in dynamic flow-induced
cAMP pathway in osteocytes (22), we wondered if there is any
connection between primary cilia and cAMP/PKA/CREB sig-
naling in icariin-induced osteogenic differentiation of osteo-
blasts. We first sought to determine which signaling molecules
were localized to primary cilia. The distributions of AC1-AC6,
AC8, AC9, and sAC, PKA, and p-PKA were investigated by
immunofluorescence staining in primary cilia of the osteo-
blasts. Surprisingly, as shown in Fig. 5D, we did not find any of

the AC isoforms being localized to primary cilia except for sAC,
which was always localized at the base of primary cilia. We also
found that p-PKA was localized in primary cilia, which was
preferentially localized to the entire cilia, but sometimes to the
ciliary base and/or tip in unstimulated cells (Fig. 6). These
results indicate that the activation of cAMP/PKA/CREB signal-
ing may occur at the primary cilia of osteoblasts.

Icariin-activated cAMP/PKA/CREB signaling pathway required
the existence of primary cilia

To examine whether primary cilium is needed in icariin-ac-
tivated cAMP/PKA/CREB signaling, we blocked ciliogenesis
using small interfering RNA sequence (siRNA) targeting intra-
flagellar transport 88 homolog (IFT88), an essential component
for the assembly and maintenance of primary cilia. As a result,
the mRNA and the protein expression levels of IFT88 were
significantly decreased after 24 h compared with the scramble
siRNA control (NC) (p � 0.001, Fig. 7A). Meanwhile, primary
cilia became dotted and the number of osteoblasts with primary
cilia was significantly reduced (p � 0.001, Fig. 7B).

Then we quantified the intracellular levels of cAMP, the pro-
tein expression levels of AC2, AC9, and sAC, and the phosphor-
ylation levels of PKA and CREB after icariin stimulation. As
shown in Fig. 7D, the cAMP content of the NC � icariin group
was significantly higher than that of the NC group (p � 0.01),
but had no significant differences with that of the siRNA �
icariin group, indicating that primary cilium abrogation had no

Figure 5. mRNA expression of nine AC isoforms and their immunostaining localization in primary cilia of rat calvarial osteoblasts. A, images of agarose
gel electrophoresis of real time RT-PCR products of AC1–AC9 and sAC. B, mRNA expression of AC1–AC9 and sAC in cells after icariin treatment for 24 h. C, protein
levels of AC1–AC6, AC8, AC9, and sAC in cells after icariin treatment for 6, 12, 24, and 48 h. D, immunostaining localization of nine AC isoforms in primary cilia.
Primary cilia are stained green (with acetylated �-tubulin), ACs stained red, and nuclei stained blue (with DAPI). Each experiment was conducted at least three
times independently. Scale bar � 10 �m. Data are represented as mean � S.D. (n � 3); *, p � 0.05; **, p � 0.01 when compared with control (Ctrl).
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effects on icariin-induced increase in cAMP levels. We also
found that there were no significant differences for the expres-
sion levels of AC2, AC9, and sAC between NC � icariin group
and siRNA � icariin group (Fig. 7E). However, the phosphory-
lation levels of PKA and CREB in the siRNA � icariin group
were significantly lower than those of the NC � icariin group,
indicating that icariin-promoted phosphorylation of PKA and
CREB was blocked in the cells with abrogated primary cilia (Fig.
7E). Meanwhile, nuclear translocation of p-PKA that happened
in the NC � icariin group was obviously suppressed in the
siRNA � icariin group (Fig. 7F). These results suggested that
icariin-activated cAMP/PKA/CREB signaling needs the exist-
ence of primary cilia.

Icariin-induced osteogenesis needed the existence of primary
cilia

To investigate whether primary cilia play a role in icariin-
induced osteogenic differentiation, we blocked ciliogenesis
using the same interfering RNA sequence, and then examined
the changes in ALP activity and mRNA and protein expression
levels related to osteogenesis. As shown in Fig. 7G, the promot-
ing effect of icariin on ALP activities disappeared in the cells
treated with IFT88 siRNA. The levels of mRNA expression of
ALP, COL1�2, and RUNX2 and protein expression of COL-1
and RUNX2 displayed the same tendency with that of ALP
activity (Fig. 7, H and I). To avoid the off-target effects of IFT88
siRNA and to verify that the effect of the siRNA on osteogenic
differentiation was due to the abrogation of primary cilia, we
also inhibited ciliogenesis using 4 mM aqueous chloral hydrate
and then examined activation of the cAMP/PKA/CREB path-
way and osteogenic differentiation of osteoblasts. It was found
that the primary cilia were removed by the pretreatment with
aqueous chloral hydrate, and icariin-promoted phosphoryla-
tion of PKA and CREB as well as osteogenic differentiation were

significantly blocked (supplemental Fig. S5). However, overex-
pression or knockdown of IFT88 itself had no significant effects
on the osteoblastic differentiation (supplemental Fig. S6).
These results suggest that icariin-induced osteoblastic differen-
tiation needs the existence of primary cilia.

Icariin administration activated cAMP/PKA/CREB signaling
pathway of rats in vivo

To obtain more evidence that icariin promotes bone forma-
tion by activating cAMP/PKA/CREB signaling, we examined
the expression levels of the signal proteins in tibias of the rats
after 2 months of icariin administration. As shown in Fig. 8, the
expression levels of p-PKA and p-CREB in the icariin group
were obviously higher than those of the control group, whereas
the total PKA and CREB were the same between the two
groups. Although the expression levels of AC2 and AC9 were
not significantly different between the two groups, the sAC
expression level in the icariin group was much higher than that
of the control. These results provide further support that icariin
promotes bone formation by activating the cAMP/PKA/CREB
pathway, and that sAC plays an important role in this process.

Discussion

Icariin is a promising candidate as a natural, alternative way
of preventing bone loss due to its potency and low toxicity/side
effect profiles in comparison to the potential and in some cases
serious adverse effects of existing drugs for treating osteoporo-
sis (2, 7, 28). Here, we found that icariin augmented the attain-
ment of peak bone mass, and therefore might be one of the
effective interventions to reduce the risk of developing osteo-
porosis later in life. However, despite its strong osteogenic
activity and safety profiles, the potential of icariin as a clinical
drug has been questioned because of its unclear action mecha-
nism. In the current study, icariin was found to exert osteogenic
effect by activating the cAMP/PKA/CREB pathway and needs
the existence of functional primary cilia on osteoblasts. More
remarkably, it was found that icariin-induced activation of
cAMP/PKA/CREB signaling was mediated by primary cilia
through sAC located at the base of cilia and p-PKA located on
the whole cilium body.

Many studies have attempted to explain the signaling path-
way(s) underlying the osteogenic effect of icariin, for example,
the BMP-2/Smad4 signaling, Wnt/�-catenin pathway, and
PI3K/AKT/eNOS dependent manner (29 –31). As a derivative
of flavonoids, icariin was usually thought to be a phytoestrogen
and estrogen receptor was its direct molecular target (32).
However, because icariin had no binding affinity for the ER
receptor (11), we and others tend to think that the estrogen-de-
pendent mechanism may play a secondary role in the osteotro-
pic function of icariin (12–15). There are complex cross-talks
among different signaling pathways and many of them play sig-
nificant roles in icariin-induced osteogenesis. However, the
early events, especially the initial signaling events induced by
icariin remain unclear. A number of studies indicated that the
cAMP pathway is an upstream signaling event. Garcia-Morales
et al. (33) found that the cAMP effector PKA was responsible
for activation of the PI3K/AKT pathway and NO synthase.
Suzuki et al. (34) reported that cAMP/PKA signaling could

Figure 6. Immunostaining localization of p-PKA in primary cilia of rat
calvarial osteoblasts. Primary cilium are stained green (with acetylated �-tu-
bulin), p-PKA stained red, and nuclei stained blue (with DAPI). Scale bar � 10
�m. Each experiment was conducted at least three times independently.
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facilitate canonical Wnt signaling. More importantly, intermit-
tent PTH administration regulates cAMP/PKA signaling to
enhance the proliferation, osteogenic differentiation, and min-
eralization of BMSCs and osteoblasts. PTH binding to PTH
receptor 1 (PTHR1) stimulates the activation of AC mediated
by the G protein subunit G�s, thereby stimulating cAMP pro-
duction and the subsequent activation of PKA (16 –18). There-
fore, based on our findings and on these previous studies, we
hypothesized that activation of the cAMP-PKA pathway was an
initial signaling event in icariin-promoted bone formation.

As a result, we found that icariin treatment activated the
cAMP/PKA/CREB signaling pathway, and blocking the path-
way by inhibitors of ACs and PKA inhibited icariin-induced
osteogenic differentiation and mineralization of osteoblasts.
Accompanying activation of the cAMP/PKA/CREB pathway,
the levels of mRNA and protein expression of AC2, AC9,
and sAC were dramatically increased, whereas no significant
changes were found for the expression of other AC isoforms.
Western blotting analyses on the protein expression of femurs
isolated from the rats administered with icariin for 2 months
revealed that among three AC isoforms (AC2, AC9, and sAC),
only sAC was increased significantly. Meanwhile, the phosphor-
ylation levels of PKA and CREB were greatly promoted, indi-
cating activation of the sAC/cAMP/PKA/CREB signaling path-
way in vivo. More importantly, we found that sAC and p-PKA
were localized at primary cilia, and when primary cilia of osteo-
blasts were abrogated, cAMP/PKA/CREB signaling would no
longer be activated and the osteogenic differentiation induced

by icariin would be inhibited. These results demonstrated that
icariin stimulates osteogenic differentiation by activating the
cAMP signaling pathway that was localized at primary cilia.

Primary cilia, extending from the cell surface like an antenna,
act as a sensor to receive the mechanical and chemical stimuli
from the extracellular environment (20). As a tiny organelle of
200 –300 nm in diameter and a few micrometers long, the pri-
mary cilium has a much higher surface–volume ratio than the
cell body, and therefore accommodates more receptors, ion
channels, and signal molecules in the membrane or cavity,
which make the signaling cross-talk more effective or efficiently
activated by extracellular stimuli (19 –21). The primary cilium
is essential for chemical stimulus-induced bone formation.
Labor et al. (35) found that the recruitment of mesenchymal
stem cells in bone relies on proper formation of the cilium, and
the canonical TGF-� signaling was associated with activation of
SMAD3 at the ciliary base. Bodle et al. (36) reported that the
primary cilium acted as a chemical antenna to regulate osteo-
genesis from human adipose–derived stem cells. We recently
reported that the primary cilium is required for the stimulating
effect of icaritin, a metabolite of icariin, on osteogenic differen-
tiation and mineralization of osteoblasts (37).

In the present study, the primary cilium was found associated
with the cAMP/PKA/CREB signaling pathway through p-PKA
localized at the whole ciliary body and sAC localized at the
ciliary base. Previous studies have shown that PKA activation
could mediate the length of primary cilia and play a significant
role in ciliogenesis (38). Besschetnova et al. (38) reported that a
decreased intracellular Ca2� or an increased cyclic AMP con-
tent would activate PKA, and then increase the anterograde
IFT88 particle transport velocities to elongate the primary cil-
ium. We found that p-PKA was localized to the entire cilia and
sometimes to the ciliary base and/or tip in cultured osteoblasts.
Furthermore, abrogating of primary cilia using IFT88 knock-
out significantly inhibited icariin-induced phosphorylation of
PKA and activation of CREB. These findings indicate that PKA
plays a key role in primary cilium–dependent bone formation
induced by icariin.

There have been several adenylyl cyclases reported to be
localized to the primary cilium. For example, AC3 localizes to
primary cilia of mouse brain cells and AC5/6 to primary cilia of
the renal epithelial cells, and the functional cAMP-signaling
pathway is involved in controlling the ciliary channel function
and the sensory function of the primary cilium (22, 39). In par-
ticular, Kwon et al. (22) found that AC6, instead of other iso-
forms, localizes to the primary cilium and mediates flow-in-
duced decreases in cAMP in osteocytes. Besides, AC6 was
found to mediate loading-induced bone adaptation in vivo (22).

Figure 7. Icariin-induced activation of cAMP/PKA/CREB signaling and osteogenesis in rat calvarial osteoblasts require the existence of primary cilia.
A, the mRNA and the protein expression levels of IFT88 in cells transfected by negative control siRNA (NC group) or IFT88 siRNA (siRNA group). B, the percentage
of cells with primary cilia after the transfection. C, primary cilia of the transfected osteoblasts. The primary cilium was stained with acetylated �-tubulin (green),
and DNA stained with DAPI (blue). Bar � 20 �m. D, the intracellular cAMP contents in the transfected osteoblasts after icariin treatment for 120 min. E, protein
abundance of AC2, AC9, and sAC, p-PKA, p-CREB, total PKA, and CREB in the transfected osteoblasts after icariin treatment. F, the nuclear translocation of p-PKA
in the transfected osteoblasts after exposure to icariin. G, ALP activity in the transfected osteoblasts after 3 and 6 days of icariin supplement. H and I, the relative
mRNA expression levels of ALP, COL1�2, and RUNX2 (H) and protein expression levels of COL1 and RUNX2 (I) in transfected osteoblasts after 3 and 6 days of
icariin supplement. Each experiment was conducted at least three times independently. Data are represented as mean � S.D. (n � 3); *, p � 0.05; **, p � 0.01;
***, p � 0.001 when compared with NC or NC � icariin group.

Figure 8. The sAC/cAMP/PKA/CREB signaling pathway was activated in
the femurs of rats administrated with icariin or control for 2 months.
Shown is the protein abundance of p-PKA, p-CREB, total PKA, and CREB, AC2,
AC9, and sAC as detected by immunoblotting in the femurs. Each experiment
was conducted at least three times independently. Data are represented as
mean � S.D. (n � 6).
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However, we did not find AC6 and any of other isoforms in the
primary cilia of rat calvarial osteoblasts except for sAC.

The sAC was recently identified as a widely expressed intra-
cellular source of cAMP in mammalian cells, and is evolution-
arily, structurally, and biochemically distinct from the trans-
membranous adenylyl cyclases (tmAC) (40, 41). Although
G-protein–coupled receptors and heterotrimeric G proteins
regulate tmAC, the regulation of sAC is completely different.
sAC is directly activated by HCO3

� and Ca2�. Ca2� and bicar-
bonate synergistically activate sAC and lead to significant
changes in cellular cAMP levels (42). Furthermore, whereas
tmACs are restricted to membranes, sAC can be localized
throughout the cell and is found in mitochondria, nuclei, cen-
trioles, and mitotic spindle (41, 43). At these locations, sAC was
anchored together with PKA by scaffold proteins, such as pro-
tein kinase A anchoring proteins (AKAP), allowing local utili-
zation (44). The current work represents the first time study
where both PKA and sAC were found localized in primary cilia
of osteoblasts, and therefore PKA and sAC may be anchored
together to play a role in icariin-induced bone formation
process.

sAC has been reported to be involved in bone metabolism.
Geng et al. (45) found that the differentiation of multinucleated
osteoclasts was decreased by HCO3

� in a dose-dependent man-
ner, and it was blocked by either an inhibitor of sAC or sAC
knockdown via a specific siRNA. The HCO3

� effect on bone
volume fraction of cultured mouse calvaria was blocked by the
sAC inhibitor. Reed et al. (46) reported sAC was associated with
low spinal BMD in hypercalciuric patients, and Ichikawa et al.
(47) found a modest association between sAC polymorphism
and spinal areal BMD in premenopausal white women. Our
findings are consistent with the above results, indicating that
sAC expression is essential for bone formation and should be
the early signaling event mediator in icariin-promoted bone
formation.

However, we do not know why the sAC expression level was
not affected by the abrogation of primary cilia, although the
level of PKA phosphorylation was markedly decreased. It must
also be emphasized that although the signaling protein expres-
sion levels of the cAMP/PKA/CREB pathway were found to be
significantly increased in femurs of the rats administered ica-
riin, we could not rule out the possibility that the increase was
due to the number of osteoblasts because the results could not
be corrected by the number of total osteoblasts. Finally, we still
do not know the direct molecular binding target for icariin. One
potential method we could use to fish out the binding target is
by employing biotin-labeled icariin, out of which the icariin-
receptor compound and the interacting proteins would be col-
lected by streptavidin Dynabeads, and the receptor may be rec-
ognized by mass spectrometry and related analysis.

In summary, the current study has elucidated a novel molec-
ular mechanism of icariin osteogenic action in which it stimu-
lates the bone formation through activating the cAMP/PKA/
CREB signaling pathway that is related to primary cilia due to
its localization of sAC and PKA. Further studies are required to
clarify the exact roles of sAC and other signal molecules in the
whole signaling process in primary cilia induced by icariin or
other bone formation promoters.

Experimental procedures

Animal experiments

Twenty 1-month old female S.D. rats were obtained from the
Animal Breeding Center, Gansu University of Traditional Chi-
nese Medicine (Lanzhou, China). Animal experiments were
approved by Animal Ethics Committee of Lanzhou General
Hospital and were conducted according to the NIH Guidelines
for the Care and Use of Laboratory Animals. Rats were housed
5 rats per cages (465 � 300 � 150 mm) with 12-h light/dark
illumination cycles at a constant temperature of 25 � 2 °C and
humidity 50 –70%. The rats were randomly divided into two
groups, the icariin group (n � 8), which was orally gavaged
with 25 mg/kg of icariin (National Institute for the Control of
Pharmaceuticals and Biological Products, Beijing, China,
purity	99%) every day except for Sunday, and the control
group (n � 8), which was gavaged with an equal volume of
ddH2O. After 2 months, the rats were anesthetized by intra-
peritoneal injection of 10% chloral hydrate (0.3 ml/kg), and the
blood samples were collected from the aorta and centrifuged to
obtain the serum. The dissected femurs and tibia were cleaned
of adhering soft tissues and used to perform biomechanical
tests, micro-CT scan, and bone histomorphometric analyses.
The organs including liver, kidney, spleen, and uterus were
weighted, fixed in 10% formalin, and used for pathological
examination.

Measurement of BMD

The BMD of left femurs and vertebra were measured by a
DEXA (Prodigy, GE Healthcare, Madison, WI) equipped with
enCORE software (GE Healthcare) for bone assessment in
small animals. The scan resolution was 1.0 � 1.0 mm and scan
speed was 10 mm/s. The measurements with repositioning of
the bones were repeated three times to calculate the means.

Bone biomechanics test

The biomechanical properties of femurs and vertebrae were
analyzed by a three-point bending test and compression test,
respectively, in a material testing machine (AG-IS, Shimadzu,
Kyoto, Japan). The bone samples were cleaned of soft tissue and
kept wet by phosphate-buffered saline (PBS)-soaked gauze
before the testing. The femur was mounted on two inferior
supports and a load was applied to the mid-shaft on its anterior
surface until fractured. L5 vertebrae were trimmed of bony pro-
cesses and the vertebral body was placed between the compac-
tion discs. The compression was given along the cephalocaudal
axis. The parameters of ultimate load (N) were collected by a
computer connected to the machine.

Biochemical analyses

The bone formation marker osteocalcin in serum was mea-
sured with Rat-MIDTM Osteocalcin EIA kit, and the bone
resorption maker TRACP 5b was analyzed by a RatTRAPTM

(TRAcP 5b) ELISA kit. Both kits are the products of IDS
(Immunodiagnostic Systems, Tyne & Wear, UK).

Micro-computed tomography assessment

The freshly isolated right femurs were assessed using
micro-CT (Skyscan 1176, Bruker, Aarsellar, Belgium) at 18-�m
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resolution with 70 kV, 114 uA. The trabecular bone region of
distal femora was chosen for analysis of the micro-architectural
parameters, including Tb.Th, Tb.N, and Tb.Sp, BV/TV, and
BMD. NR Econ software version 1.6 was used for the 3D recon-
struction and viewing of images.

Bone histomorphometric analysis

The tibias were cleaned of adhering soft tissues and fixed in
4% paraformaldehyde for 24 h. They were then dehydrated
through a graded ethanol series and embedded un-decalcified
in methyl methacrylate. The embedded un-decalcified tibias
were cut at 10-�m thicknesses using a microtome (Leica SP
1600, Germany). The trabecular bone region of proximal tibia
was stained with picronitric acid and pinkish red for histomor-
phometric analyses. Images of the distracted zones were cap-
tured under �4 magnifications using a light microscope (BX51,
Olympus Co., Tokyo, Japan).

Osteoblast isolation and culture

The rat calvarial osteoblasts were isolated from neonatal S.D.
rats (within 48 h after birth, Animal Breeding Center, Gansu
University of Traditional Chinese Medicine, Lanzhou, China)
as previously described (48). Briefly, the calvarias were dis-
sected aseptically and minced to about 1-mm3 pieces, digested
at 37 °C with 0.25% trypsin twice, 15 min for each time, and
then with 1 mg/ml of collagenase II (Sigma) for six times, 20
min for each time. The released cells from the last three digests
were filtered through a 200-�m sieve to remove bone debris
and collected by centrifugation at 1000 rpm for 5 min. The
collected cells were cultured in DMEM (Gibco) supplemented
with 10% FBS (Gibco). The cultures were maintained in a 5%
humidified CO2 atmosphere and medium was changed every
2–3 days. When the cells reached 70 – 80% confluence, they
were subcultured at 2 � 104 cells/ml in 60-mm dishes and used
for various assays as described below. For immunostaining
experiments, cells were grown on 76 � 48 � 1-mm UV-trans-
parent quartz slides (Fisher Scientific, Waltham, MA).

Cell treatments

To determine the optimal concentration of icariin in enhanc-
ing osteogenesis, the osteoblasts were cultured in the osteo-
genic medium (containing 10�8 M dexamethasone, 10 mM

�-glycerophosphate, and 0.1 mM ascorbic acid-2-phosphate),
and icariin was supplemented at concentrations of 10�8, 10�7,
10�6, 10�5, and 10�4 M, respectively. ALP activity and number
and areas of calcified nodules of the cultures after different days
were determined.

To analyze functions of the cAMP/PKA/CREB signaling in
mediating icariin-induced osteogenic differentiation of osteo-
blasts, the cells were pretreated with 10�5 M of the AC inhibitor
DDA or PKA inhibitor KT5720 (Sigma) (49, 50). Briefly, after
subculturing for 12 h in the osteogenic medium, the osteoblasts
were treated with or without 10�6 M icariin and inhibitors (sol-
ubilized in DMSO, with the final concentration of DMSO being
less than 0.05%). Treatment effects on osteogenic differentia-
tion were examined at different time points by analyzing mark-
ers including ALP activity, COL1�2, and RUNX2 mRNA and
protein expression levels as well as the formation of calcified

nodules. To remove primary cilia by an alternative method, 4
mM aqueous chloral hydrate (Sigma) was added to the culture
media of osteoblasts for 48 h, the cells were washed three times
with PBS, and fresh medium was added for 24 h before icariin
treatment (25).

ALP activity measurement and calcified nodule assay

After 3 and 6 days of icariin treatment, the cultures were
rinsed twice with sterile PBS and the ALP activities were mea-
sured biochemically with a modified method of King using a
commercial kit (Nanjing Jiancheng Bioengineering Ltd., Nan-
jing, China), with the results expressed as nanomole of phe-
nol/15 min/mg of protein. The calcified nodules formed by
osteoblasts were assessed after 12 days with or without icariin.
Briefly, the cells were fixed for 10 min by 4% paraformaldehyde
and stained by 0.1% alizarin red for 1 h at 37 °C, the numbers
and total areas of red-calcified nodules were measured by
Image-Pro Plus 6.0 software.

cAMP quantification

For measuring cAMP contents, cells seeded in 60-mm cul-
ture dishes were incubated for 20 min with 200 �l of ice-cold
0.1 M HCl with 0.5% Triton X-100 to inhibit phosphodiesterase
activity. Then the cells were scraped off and dissociated to a
homogenous suspension by pipetting, from which a superna-
tant was obtained after centrifugation at 12,000 rpm for 10 min,
and was used for measurement of cAMP content using a cAMP
enzyme immunoassay kit (Enzo Life Sciences, Farmingdale,
NY). All samples and standards were run in triplicate and
repeated 3 times.

Immunofluorescent staining and confocal imaging

Cells were fixed in 4% paraformaldehyde and permeabilized
with 0.2% Triton X-100 (PBST) for 10 min and blocked with 5%
bovine serum albumin in PBST for 30 min. Immunostaining
was carried out using primary antibodies targeted against
acetylated�-tubulin(1:500,Abcam,Cambridge,UK),phosphor-
ylated PKA catalytic subunits (1:200, Abcam), or AC1-AC6,
AC8, AC9, and sAC (AC6: 1:200, Santa Cruz Biotechnology,
Dallas, TX; all others: 1:200, Abcam). Secondary antibodies
were FITC-labeled goat anti-mouse IgG and rhodamine-la-
beled goat anti-rabbit IgG (1:500, KPL, Gaithersburg, MD). Cel-
lular nuclear DNA was stained with DAPI (1:100,000, Sigma).
Images were acquired using a Zeiss LSM 700 Meta laser scan-
ning confocal microscope with a �40 1.4-NA Plan-Apochro-
mat oil immersion objective. To avoid bleed-through effects in
double/triple-staining experiments, each dye was scanned inde-
pendently in a multitracking mode.

Real-time quantitative PCR analysis

Total cellular RNA was extracted using TRIzol reagent
(Takara Biotechnology, Dalian, China). To remove any DNA
contamination, RNA samples were treated with DNase I
(Takara). Single-stranded cDNA was synthesized from total
RNA with the PrimescripTM RT reagent kit (Takara). The
mRNA expression levels of the following osteogenesis-related
genes and internal control GAPDH were analyzed by real-time
PCR performed on an ABI Biosystems 7300 (Applied Biosys-
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tems, Singapore). All reactions were carried out in triplicate
and expression data (after being calibrated with GAPDH levels)
were analyzed using the 2�‚‚CT method. Optimal oligonucle-
otide primers used in the above PCR assays were designed and
synthesized by Takara Biotechnology based on published rat
cDNA sequences (Table 1).

Western blotting

Cells were harvested and homogenized in RIPA lysis buffer
(Solarbio, Beijing, China), and supernatant was obtained after
centrifugation at 4 °C for 15 min at 12,000 rpm. Total cellular
protein was isolated and protein content was quantified by a
BCA kit (Solarbio). Samples were separated by SDS-PAGE
(Solarbio) and transferred onto PVDF membranes. Membranes
were blocked in 5% nonfat milk and probed overnight at 4 °C
with rabbit anti-phosphorylated PKA catalytic subunit (1:1,000,
Abcam), rabbit anti-PKA (1:1,000, Abcam), mouse anti-CREB
(1:1,000, Abcam), mouse anti-phosphorylated CREB (1:1,000,
Abcam), rabbit anti-COL1 (1:1,000, Abcam), rabbit anti-
RUNX2 (1:1,000, Abcam), rabbit anti-AC1-AC6 and AC8,
AC9, and sAC (AC6: 1:500, Santa Cruz, CA; all others: 1:1,000,
Abcam), or rabbit anti-IFT88 (1:500, Santa Cruz Biotechnol-
ogy). Bound primary antibodies were detected by chemilumi-
nescent detection of HRP-conjugated goat anti-rabbit antibod-
ies (1:10,000, Bioworld, Nanjing, China).

For measuring the levels of protein expression in rat femurs,
freshly isolated femurs were cleaned of soft tissue, rinsed of
bone marrow, and ground into powders in liquid nitrogen.
Total protein was extracted using RIPA lysis buffer and the
expression of p-PKA, PKA, p-CREB, CREB, AC2, AC9, and
AC10 (Abcam) were examined using Western blotting as
above.

RNA interference of IFT88

To prevent cilium formation by knockdown of IFT88 (51,
52), a protein required for formation and assembly of cilia, oligo-
nucleotides of siRNA targeting IFT88 (siRNA, 5�-GGAUAUG-
GGUCCAAGACAUCC-3�; siRNA2, 5�-GGACCUAACCU-
ACUCCGUUCU-3�) and a corresponding negative control
siRNA (Invitrogen, Shanghai, China) were synthesized and
cloned into the pENTRTM/U6 vectors (Invitrogen) and trans-
fected into osteoblasts using Lipofectamine 2000 (Invitrogen).
Assays for evaluating gene silencing efficiency were performed

24 h after transfection by RT-PCR and Western blotting. The
green fluorescent protein (GFP) was also used as an indicator
for success of transfection.

Statistical analyses

Statistical analyses were performed using SPSS 20.0 (SPSS
Inc., Chicago, IL). Data were expressed as mean � S.D. Statis-
tical differences of data were analyzed using Bonferroni modi-
fication of Student’s t test for two groups and one-way analysis
of variance followed by a Dunnett’s or LSD post hoc test for
multiple groups. Differences between means were considered
statistically significant when p � 0.05, 0.01, or 0.001.

Author contributions—K. C., J. W., and W. S. designed the experi-
ments, analyzed data, and wrote the paper. W. S., Y. W., Y. G., J. Z.,
and Z. W. performed the experiments. H. M. and X. M. interpreted
the data. C. J. X. interpreted the data and reviewed the manuscript.
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