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β-Receptor blocker enhances the anabolic effect of PTH after
osteoporotic fracture
Jie Huang1, Tong Wu1, Yi-Rong Jiang1, Xuan-Qi Zheng1, Huan Wang1, Hao Liu1, Hong Wang1,2,3, Hui-Jie Leng1,2,3, Dong-Wei Fan1,2,3,
Wan-Qiong Yuan1,2,3 and Chun-Li Song1,2,3✉

The autonomic nervous system plays a crucial role in regulating bone metabolism, with sympathetic activation stimulating bone
resorption and inhibiting bone formation. We found that fractures lead to increased sympathetic tone, enhanced osteoclast
resorption, decreased osteoblast formation, and thus hastened systemic bone loss in ovariectomized (OVX) mice. However, the
combined administration of parathyroid hormone (PTH) and the β-receptor blocker propranolol dramatically promoted systemic
bone formation and osteoporotic fracture healing in OVX mice. The effect of this treatment is superior to that of treatment with PTH
or propranolol alone. In vitro, the sympathetic neurotransmitter norepinephrine (NE) suppressed PTH-induced osteoblast
differentiation and mineralization, which was rescued by propranolol. Moreover, NE decreased the PTH-induced expression of
Runx2 but enhanced the expression of Rankl and the effect of PTH-stimulated osteoblasts on osteoclastic differentiation, whereas
these effects were reversed by propranolol. Furthermore, PTH increased the expression of the circadian clock gene Bmal1, which
was inhibited by NE-βAR signaling. Bmal1 knockdown blocked the rescue effect of propranolol on the NE-induced decrease in PTH-
stimulated osteoblast differentiation. Taken together, these results suggest that propranolol enhances the anabolic effect of PTH in
preventing systemic bone loss following osteoporotic fracture by blocking the negative effects of sympathetic signaling on PTH
anabolism.
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INTRODUCTION
Osteoporotic fractures are becoming more prevalent as the
population ages.1 Patients with osteoporosis-related fractures
not only encounter difficulties in fracture healing but also have an
elevated risk of subsequent fractures, which is a challenging issue
in clinical practice.2,3 Previous studies have indicated that fracture
induces acute systemic bone loss, increasing the risk of
subsequent fractures.4–6 However, the underlying mechanism
remains unclear, and few studies have investigated therapeutic
strategies for preventing systemic bone loss and fracture
recurrence following fractures.
The use of anti-osteoporosis drugs after fractures is controver-

sial due to their impact on bone remodeling, which is essential for
fracture healing.7 Teriparatide, recombinant human parathyroid
hormone (rhPTH1-34), is the most commonly used anabolic agent
in the clinic. Intermittent PTH administration strongly promotes
bone formation and reduces the risk of fractures.2 Despite not
being approved for fracture treatment, preclinical and clinical
studies have shown promising therapeutic effects of PTH on
fracture healing.8,9

Bone metabolism is regulated by a complex interplay of various
signaling pathways and cellular processes. One of the major
regulators of bone metabolism is the sympathetic nervous system,
which suppresses bone formation via osteoblast β-adrenergic
receptor (βAR) signaling.10,11 Propranolol, a nonselective βAR

antagonist, ameliorated hypertension-induced or depression-
induced bone loss.12,13 Interestingly, there is a functional interaction
between parathyroid hormone 1 receptor (PTH1R) and β2AR
signaling, with β2AR deficiency hindering both PTH-induced
increases in bone formation and resorption.14 These findings indicate
that the two signaling pathways are connected and may interact in
the maintenance of bone metabolism. Given the sympathetic stress
induced after fracture, we propose that combination of PTH and
propranolol may contribute to a better therapeutic effect on systemic
bone loss after osteoporotic fracture.
Bone metabolism exhibits circadian rhythms, represented by

the diurnal fluctuation of bone turnover markers and bone
metabolism-regulating factors, including PTH.15 It is well-
established that circadian clock genes play an important role in
regulating bone metabolism, and knockout of these genes results
in significant changes in the bone mass phenotype.15,16 Teripara-
tide administration at different times of day (morning or evening)
results in significant changes in the 24-h variation in bone
turnover markers in postmenopausal osteoporotic women.17

Additionally, βAR signaling in osteoblasts promotes osteoclasto-
genesis but also restrains bone formation by inhibiting osteoblast
proliferation via a Clock-dependent mechanism.10,18 These find-
ings motivated us to investigate whether circadian clock genes are
involved in bone remodeling stimulated by the combination
therapy comprising PTH and propranolol.
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In this study, we report that propranolol augments the positive
effect of PTH on systemic bone formation and fracture healing in
mice with osteoporotic fractures. Furthermore, we demonstrated
that the activation of βAR signaling by NE represses PTH-induced
osteogenesis and augments the effect of PTH-induced osteoblasts
on osteoclast formation, which is reversed by propranolol.
Mechanistically, NE-βAR signaling inhibits PTH-induced RUNX2
expression and osteoblast differentiation by regulating BMAL1. In
summary, our study elucidates the ability of propranolol to
enhance the anabolic effect of PTH on systemic bone loss after
osteoporotic fracture and the underlying mechanism, which may
provide a novel therapeutic strategy for the treatment of systemic
bone loss after osteoporotic fracture.

RESULTS
Propranolol improves the bone anabolic effect of PTH after
osteoporotic fracture
To examine the effects of PTH and propranolol on systemic bone
loss after osteoporotic fracture, we generated tibia fracture
models in mice with ovariectomy (OVX)-induced postmenopausal
osteoporosis. The mice were administered PTH, propranolol, PTH
+ propranolol or vehicle for 4 weeks after fracture. μCT analysis of
femurs revealed that fracture resulted in significantly decreased
trabecular bone mass in OVX mice, which was determined by
quantitative analyses of trabecular bone volume fraction (Tb. BV/
TV), trabecular thickness (Tb. Th), number (Tb. N) and separation
(Tb. Sp) (Fig. 1a–f). Propranolol administration mildly but
significantly increased the trabecular bone volume fraction and
trabecular thickness (Fig. 1a, c, d). Moreover, compared with
vehicle-treated mice, PTH-treated mice had dramatically increased
cortical bone and trabecular bone volumes (Fig. 1a–f). Importantly,
the combined treatment with PTH and propranolol increased
cortical bone and trabecular bone mass to a greater extent than
treatment with either agent alone (Fig. 1a–f). Specifically,
compared to the vehicle group, the trabecular bone volume
fraction was 54% greater in mice treated with PTH alone, and was
93% greater in mice treated with the combination of PTH and
propranolol. Similar results were observed in the μCT analysis of
the fifth lumbar vertebra (L5). Fracture also led to a significant
decrease in the bone volume at L5 (Fig. 1g–k). However, the mice
treated with PTH showed a 26% increase in the trabecular bone
volume fraction of L5, and the mice treated with both PTH and
propranolol exhibited a 47% greater trabecular bone volume
fraction than did the vehicle group (Fig. 1g–k), indicating that
propranolol increased the osteogenic effect of PTH by approxi-
mately 80% in mice with osteoporotic fractures.
We further evaluated the combined effects of PTH and

propranolol on normal mice after fracture. Tibial fractures resulted
in significant systemic bone loss in mice, as evidenced by the
significantly decreased trabecular bone volume in femurs and L5
(Fig. S1a–k). However, propranolol treatment reduced systemic
bone loss after fracture and PTH administration dramatically
improved the bone mass and microstructure in the femur and L5
following fracture (Fig. S1a–k). Notably, the combined use of
propranolol further augmented the anabolic effect of PTH.
These findings confirm the occurrence of fracture-induced

systemic bone loss in mice with or without OVX and the greater
efficacy of the combination of PTH and propranolol than of PTH or
propranolol alone in treating systemic bone loss after fracture.

Propranolol enhances osteoblastic bone formation and suppresses
osteoclastic bone resorption in PTH-treated mice with
osteoporotic fractures
TRAP (tartrate-resistant acid phosphatase) staining revealed that
fractures induced markedly more osteoclast formation on the
bone surface of femurs in the OVX mice than in the control mice
(Fig. 2a, b). However, both PTH and propranolol treatment

reduced osteoclast formation in the femurs of OVX mice after
fracture, and the combination of PTH and propranolol inhibited
osteoclast formation to a greater extent than did PTH alone (Fig.
2a, b). Immunohistochemical staining for osteocalcin (OCN)
showed that the number of OCN+ osteoblast on the trabecular
bone surface was significantly reduced in OVX mice after fracture
but increased when the mice were treated with PTH (Fig. 2c, d).
Compared to that of PTH or propranolol alone, the cotreatment of
PTH and propranolol resulted in significantly increased osteoblast
formation in OVX mice after fracture (Fig. 2c, d). Calcine double
labeling further confirmed the fracture-induced decrease in the
mineral apposition rate (MAR) in OVX mice, which was signifi-
cantly improved by both propranolol and PTH treatment and
peaked under PTH + propranolol intervention (Fig. 2e, f). An
increase in the serum OCN concentration and a decrease in the
serum levels of the resorption marker C-terminal telopeptide of
type I collagen (CTX-I) were detected via enzyme-linked immu-
nosorbent assay (ELISA) in the mice cotreated with PTH and
propranolol relative to the mice treated with PTH alone (Fig. 2g, h).
Sympathetic tone, determined by the serum norepinephrine (NE)
concentration, was significantly increased 2 weeks after fracture
and returned to normal by 4 weeks after fracture (Fig. 2i). These
findings suggest that propranolol enhances the anabolic effect
and suppresses the catabolic effect of PTH, which may be
attributed to propranolol’s competitive inhibition of the βAR
agonist NE.

Propranolol facilitates the effect of PTH on osteoporotic fracture
healing
We further assessed the impact of PTH and propranolol on
fracture healing in OVX mice via μCT scanning 28 days after
fracture. As shown in Fig. 3a, OVX mice exhibited impaired fracture
healing, characterized by little callus formation and a lack of
bridging callus (Fig. 3a–c). No significant differences were
observed in the bone volume (BV) or BV fraction (BV/TV) of the
calluses between the propranolol and vehicle groups (Fig. 3a–c).
However, mice administered PTH showed significantly increased
BV and BV/TV in calluses compared to the vehicle group, whereas
higher BV and BV/TV in calluses were observed in mice treated
with PTH + propranolol than in those treated with propranolol or
PTH alone (Fig. 3a–c). Similar fracture healing results were
observed in fractured mice without OVX administrated with PTH
and propranolol (Fig. S2a–c). We also detected the NE levels in the
fracture sites and serum of the sham and OVX mice, and there was
no significant difference in both the fracture sites and serum
between the two groups (Fig. S3a–d).
Safranin-O/fast green staining was further performed to examine

hard callus formation in the fracture site. Consistent with the results
of the μCT analyses, mice treated with PTH had markedly greater
hard callus formation than that of the vehicle group, and the
combination of PTH and propranolol induced a significantly greater
hard callus fraction compared to mice treated with propranolol or
PTH alone (Fig. 3d, e). The hard callus fraction was not significantly
different between the propranolol and vehicle treatment groups (Fig.
3d, e). A three-point bending test was performed to evaluate the
biomechanical properties of the fractured tibia. The bone strength of
the fractured tibia in mice treated with propranolol was similar to
that in the vehicle group, but PTH treatment resulted in a marked
increase in the maximum loading force relative to that in the vehicle
group (Fig. 3f). However, the mice administered PTH+ propranolol
had the highest maximum loading force among all the groups.
Considering the adverse effects of propranolol, such as fatigue and

insomnia,19,20 we monitored the body weight of the mice in each
group, detected liver and kidney function, and examined fatigue
levels using rotarod tests. No significant differences were found in the
body weight (Fig. S4a); liver and kidney function markers levels,
including aspartate transaminase (AST), alanine transaminase (ALP),
creatinine (Cr), and blood urea nitrogen (BUN), among the groups
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Fig. 1 Propranolol increases PTH-induced bone formation in femurs and L5 in OVX mice after fracture. a Representative μCT images of femurs
from OVX, OVX+ Fx (fracture), and OVX+ Fx mice treated with Pro (propranolol), PTH or PTH+ Pro. Quantitative μCT analysis of the cortical
bone area (b), trabecular bone volume fraction (Tb. BV/TV; c), trabecular bone thickness (Tb. Th; d), trabecular bone number (Tb. N; e)
trabecular bone separation (Tb. Sp; f); n= 8. g Representative μCT images of L5. h–k Quantitative μCT analysis of trabecular bone
microarchitecture of L5; n= 8. The data are presented as the mean ± SD. An unpaired, two-tailed Student’s t test was used to test the
differences between the OVX and OVX+ Fx groups; two-way ANOVA combined with Tukey’s post hoc test was used to test the differences
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(Fig. S4c–f). On day 28 post-fracture, the fractures led to a notable
decrease in latency time in the rotarod tests. However, no statistically
significant differences were observed among the fractured mice
treated with propranolol, PTH, PTH+ propranolol, or vehicle treat-
ment (Fig. S4g). These findings suggest that the administration of PTH
and propranolol for a duration of 4 weeks does not induce evident
adverse effects in mice with fractures.
Taken together, these findings suggest that PTH facilitates

fracture healing and that propranolol enhances the effect of PTH
on promoting fracture healing.

Activation of βAR signaling suppresses PTH-induced osteoblast
differentiation
To investigate the potential mechanism by which the combination
of PTH and propranolol induces a stronger osteogenic effect in
mice after osteoporotic fractures, bone marrow stem cells (BMSCs)
were cultured with intermittent PTH (iPTH), iPTH+ norepinephrine

(NE), iPTH+ NE+ propranolol or vehicle under osteogenic induc-
tion in vitro. Alkaline phosphatase (ALP) and Alizarin Red staining
(ARS) revealed that, compared with of the control group, iPTH
administration significantly enhanced osteoblast differentiation
and calcium nodule formation (Fig. 4a–d). However, NE inhibited
the osteogenic effect of iPTH, which was reversed by propranolol
intervention (Fig. 4a–d). Similar results were also observed in the
mRNA levels of Alpl and Bglap (osteocalcin), genes expressed
during osteogenic differentiation, in BMSCs treated with iPTH,
iPTH+ NE or iPTH+ NE+ propranolol (Fig. 4e, f). Runx2, an
essential transcription factor for osteoblast differentiation, was
also enhanced by iPTH treatment, whereas this increase was
reversed by combination with NE, which was further reversed by
propranolol administration (Fig. 4g). These results suggest that NE
inhibits the effect of iPTH on bone differentiation through the βAR
signaling pathway, which can be rescued by the β-blocker
propranolol.
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Fig. 2 Propranolol increases osteoblast bone formation and suppresses osteoclast resorption in PTH-treated OVX mice after fracture. a TRAP
staining of femurs from the different groups as indicated. Scale bar: 250 μm. b Quantification of the TRAP+ osteoclast surface (OCs. S) per bone
surface (BS) in the different treatment groups. n= 6 per group. c Representative images of OCN immunostaining in distal femurs from
different groups as indicated. Scale bar: 50 μm. d Quantification of the number of OCN-stained osteoblasts (No. OBs) on trabecular BS in distal
femurs. n= 6 per group. Representative calcein double labeling of distal femurs from different groups (e) and quantification of the mineral
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two-way ANOVA combined with Tukey’s post hoc test was used to test the differences between OVX+ Fx, OVX+ Fx mice treated with Pro,
PTH or PTH+ Pro groups. For panel i: two-way ANOVA combined with the Bonferroni post hoc correction was used to test the differences
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Activation of βAR signaling enhances the osteoclastogenesis
ability of PTH-stimulated osteoblasts
Osteoblasts govern osteoclast differentiation by secreting receptor
activator for nuclear factor-κB ligand (RANKL) and osteoprotegerin
(OPG).21 Quantitative real-time PCR (qRT‒PCR) analyses determined

significantly higher Tnfsf11 (Rankl) but lower Tnfsf11b (OPG) mRNA
levels in BMSCs treated with iPTH than in the control, and NE further
enhanced the effect of iPTH on Tnfsf11 expression, which was
attenuated by propranolol administration (Fig. 4h, i). To test the
effects of iPTH, NE and propranolol on osteoblast-induced osteoclast
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formation, bone marrow macrophages (BMMs) were isolated and
incubated with conditioned media (CM) from BMSCs stimulated
with iPTH, iPTH+NE or iPTH+NE+ propranolol under osteoclasto-
genic induction. As shown in Fig. 4j, BMMs treated with CM from
iPTH-stimulated BMSCs formed more TRAP+ osteoclasts than those
treated with CM from control cells, and these effects were further
augmented in the group treated with CM from iPTH+NE-treated
BMSCs. However, once the iPTH+NE-stimulated cells were
additionally treated with propranolol, the pro-osteoclastogenesis

effect was inhibited (Fig. 4j, k). We also assessed the direct effects of
iPTH, iPTH+NE and iPTH+NE+ propranolol on osteoclastogenesis
to exclude the possible impact of residual PTH, NE and propranolol
in CM on osteoclast differentiation. TRAP+ osteoclast quantification
showed no obvious differences among the groups directly treated
with iPTH, iPTH+NE, iPTH+NE+ propranolol or vehicle (Fig. 4l, m),
suggesting that the positive effects of iPTH and iPTH+NE on
osteoclastogenesis are mediated by osteoblasts. These findings
suggest that NE-activated βAR signaling enhances the ability of PTH-
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under osteogenic induction for 3 days. n= 3 per group. TRAP staining images (j) and quantification of TRAP+ osteoclasts areas (k) in of BMMs
treated with CM from different groups under osteoclastogenic induction. Scale bar: 50 μm. n= 4 per group. TRAP staining images (l) and
quantification of TRAP+ osteoclast areas (m) of BMMs treated with vehicle, iPTH, iPTH+NE or iPTH+NE+ propranolol under osteoclastogenic
induction. Scale bar: 50 μm. n= 4 per group. The data are presented as the mean ± SD. Two-way ANOVA combined with Tukey’s post hoc test
was used to test the differences among all groups. *P < 0.05, **P < 0.01, ***P < 0.001
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stimulated osteoblasts to stimulate osteoclastic differentiation, while
propranolol blocks these effects.

NE inhibits iPTH-induced Bmal1 expression in osteoblasts via βAR
signaling
Both plasma PTH and NE levels exhibit diurnal rhythms.22,23 It has
been reported that βAR signals in osteoblasts regulate bone
anabolic metabolism via circadian clock genes.18 Therefore, we
further examined the expression of core clock genes (Bmal1, Clock,
Per1, Per2, Cry1 and Cry2) (Fig. 5a–f) and found that NE significantly
inhibited iPTH-induced Bmal1 expression, which was further
reversed by propranolol intervention (Fig. 5a). Consistently,
Western blot analyses further confirmed the inhibitory effect of
NE on iPTH-induced Bmal1 and RUNX2 expression, which was
reversed by propranolol intervention (Fig. 5g–i). Moreover,
double-label immunofluorescence staining revealed that the
expression of Bmal1 was significantly increased in OCN+

osteoblasts from osteoporotic fracture mice treated with PTH,
and this effect was further augmented by the combination of
propranolol, as evidenced by significantly increased number of
BMAL1+ osteoblasts (Fig. 5j, k) as well as the higher proportion of
BMAL1+ osteoblasts to total osteoblasts in the mice treated with
PTH and propranolol (Fig. 5l). These findings suggest that NE
inhibits iPTH-induced Bmal1 expression in osteoblast cell line via
βAR signaling in vivo and in vitro.

βAR signaling inhibits iPTH-induced osteoblast differentiation
via Bmal1
To further investigate whether propranolol enhances the osteo-
genic effect of PTH by regulating Bmal1, we downregulated Bmal1
in BMSCs using specific siRNAs, and the inhibitory efficiency of
these siRNAs was confirmed by qRT‒PCR and Western blotting
(Fig. S5). As shown by ALP staining (Fig. 6a, b), Bmal1 knockdown
partly but significantly inhibited the iPTH-induced osteoblast
differentiation, suggesting that Bmal1 is involved in iPTH-induced
osteogenic differentiation. Importantly, Bmal1 knockdown blocked
the rescue effect of propranolol on osteoblast differentiation in
cells treated with iPTH+ NE (Fig. 6a, b). qRT‒PCR and Western blot
analyses further confirmed that Bmal1 knockdown suppressed
iPTH− and iPTH+ NE+ Pro-induced Runx2 and Bglap expression
(Fig. 6c, d) as well as RUNX2 protein expression (Fig. 6g, h).
However, Bmal1 knockdown by siRNA had no notable effect on
Rankl and Opg expression (Fig. 6e, f). Moreover, there was no
obvious difference in osteoclastogenesis between BMMs treated
with CM from BMSCs treated with NC-siRNA or Bmal1-siRNA in any
of the groups (Fig. 6i, j), indicating that Bmal1 has no significant
effect on osteoblast-mediated osteoclast differentiation. These
results suggest that βAR signaling inhibits iPTH-induced osteo-
blast differentiation through Bmal1 and that propranolol blocks
βAR signaling and increases Bmal1 expression, thereby promoting
iPTH-induced osteoblast differentiation (Fig. 7).

DISCUSSION
Fractures are the most common and most serious complication of
osteoporosis and can result in increased mortality and disability.1

The cumulative mortality rate for 12 months following an
osteoporotic hip fracture was 33%.24 Recent fractures are
considered one of the most reliable predictors of the risk of
future fractures, with a higher risk within 2 years after fracture,
which highlights the importance of timely treatment for systemic
bone loss after fracture. This study revealed that fractures further
accelerated bone loss in mice with OVX-induced osteoporosis.
Consistent with our results, clinical research has shown that
incident fractures are associated with an accelerated decrease in
hip bone mineral density (BMD) in elderly women.25 Furthermore,
our results showed that mice with fracture exhibit higher
sympathetic tone, increased osteoclast formation and decreased

osteoblast numbers. The β-receptor blocker propranolol signifi-
cantly increased the trabecular bone mass in OVX mice after
fracture, suggesting an important role for sympathetic tone in
fracture-induced systemic bone loss.
PTH stimulates osteoblast differentiation and proliferation26 and

indirectly activates osteoclasts by regulating RANKL and OPG in
osteoblast cell lines.27 Differing from the efficacy of PTH observed in
the treatment of postmenopausal osteoporosis, clinical studies
involving the use of PTH after fracture have shown mixed results,
ranging from positive effects to no effects on fracture healing.28–30

These findings suggest that fracture-induced changes in the internal
environment may affect the effect of PTH on bone metabolism.
Interestingly, we found that propranolol augmented the anabolic
effects of PTH on systemic bone formation and fracture healing in
mice with osteoporotic fractures. Importantly, we found that the
activation of βAR signaling by NE blunted iPTH-induced osteoblast
differentiation but enhanced RANKL expression in osteoblast lineage
cells. Given the elevated sympathetic stress following fracture, the
anabolic effect of PTH may be impaired in fracture subjects, which
explains the potentiating effect of propranolol on PTH anabolism in
mice with osteoporotic fractures. Consistent with our findings, Obri
et al. provided evidence that sympathetic signaling favors PTH-
stimulated Rankl expression in osteoblasts by increasing HDAC4
accumulation.31 These findings suggest that the combination of PTH
and propranolol may be a better option for treating systemic bone
loss after osteoporotic fractures and preventing recurrent fractures,
which requires further clinical studies.
However, Hanyu et al. 14 reported that PTH showed no bone

anabolic activity in global β2AR-deficient mice, demonstrating
that β2AR signaling was indispensable for the anabolic action of
PTH. These data seem to contrast with our results. However,
propranolol works as a reversible antagonist that inhibits both
β1AR and β2AR. Propranolol-mediated βAR inhibition differs from
the permanent, irreversible and complete loss of function caused
by β2AR gene knockout.
However, PTH exerts its anabolic effects through a variety of cell

types. In addition to osteoblasts, osteocytes are crucial target cells
for the anabolic action of PTH in bone.32 PTH regulates the
expression of several osteocytic genes, including RANKL, scler-
ostin, DKK1 (Dickkopf Wnt Signaling Pathway Inhibitor 1), and
MMP14 (matrix metalloproteinase), thereby controlling both bone
formation and resorption.32 Additionally, periosteal stem cells,
which significantly contribute to bone formation and fracture
repair,33 are also responsive to PTH and play a role in the
generation of fracture calluses.34,35 Therefore, it’s important to
note that there may be other cell types that also contribute to the
effects of PTH and propranolol on bone metabolism, and further
research is needed to fully understand the complex interplay of
these cellular mechanisms.
The circadian rhythm plays a crucial role in regulating various

physiological processes, including hormone production, autonomic
nervous system activity, cardiovascular rhythm and bone metabo-
lism.36–39 Previous studies have shown that delayed bedtime and
abnormal sleep duration are linked to low bone mineral density
(BMD).40 Swanson CM et al. reported that three weeks of circadian
disruption and sleep restriction resulted in a significant decrease in
bone formation markers and an increase in sclerostin levels among
adult men.41 Here, we found that PTH affects the expression of
circadian clock genes in vivo and in vitro, and that knockdown of the
circadian clock gene Bmal1 impairs the positive effect of iPTH on
osteoblast differentiation. Interestingly, a clinical study of patients with
postmenopausal osteoporosis reported that 12-month morning
administration of teriparatide resulted in a greater increase in the
lumbar spine BMD than evening administration.42 These findings
suggest that circadian clock genes are involved in the regulation of
osteogenic metabolism by PTH.
Circadian rhythms are driven by internal biological clock genes.

BMAL1 is a core component of the circadian clock loop and
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participates in multiple biological processes during the development
and remodeling of bone.43 Bmal1-deficient mice exhibit a low bone
mass phenotype and a reduced number of osteoblasts.44 Further-
more, clock genes mediate the sympathetic regulation of osteoblastic
bone formation.45 In this study, we demonstrated that NE-activated
βAR signaling suppressed the PTH-induced increase in the expression
of Bmal1 and Runx2, which was alleviated by propranolol; moreover,
Bmal1 knockdown blocked the positive effects of PTH and
propranolol on the differentiation of BMSCs into osteoblasts,
indicating that NE interferes with the effect of PTH on osteogenesis
by regulating Bmal1. These findings reveal a novel mechanism by

which sympathetic stress modulates PTH-induced osteogenic differ-
entiation and provide a potential pharmacological target for systemic
bone loss after fracture.
In summary, we demonstrated that propranolol enhanced the

anabolic effect of PTH in mice with osteoporotic fractures by
increasing osteoblastic bone formation and reducing osteoclastic
resorption. Mechanistically, NE impaired PTH-induced bone anabolism
by inhibiting PTH-induced Bmal1 and Runx2 expression and
promoting PTH-induced RANKL expression in osteoblast lineage cells,
which was prevented by propranolol. Our study suggested that the
combination of PTH and propranolol may offer new possibilities for
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effectively treating systemic bone loss and reducing the risk of
subsequent fractures in patients with osteoporosis.

MATERIALS AND METHODS
Animals and treatments
All the experiments were approved by the Ethics Committee of
Biomedical Science of Peking University (approval no.
LA20210509). Twelve-week-old female C57BL/6 mice were
used in this study. The mice were anesthetized and subjected
to bilateral ovariectomy (OVX) as described previously.46 Two
months later, the mice were further subjected to tibia fracture
or sham operation as previous description with modification.47

Briefly, the mice were anesthetized with 2%-4% isoflurane gas
and a syringe needle was inserted into the tibia canal for
fixation. Fractures were created at the mid-diaphysis using
scissors. X-ray confirmed the position of the intramedullary pin
and fracture. OVX mice with fractures were further randomly
assigned to four treatment groups: iPTH (rhPTH1-34; Shenzhen
Salubris Pharmaceuticals Co, China), propranolol (MedChemEx-
press, New Jersey, USA), iPTH+ propranolol, or vehicle. PTH
was intermittently administrated by subcutaneous injection at
80 μg/kg once a day at approximately 10 am. Propranolol
hydrochloride was dissolved in drinking water (0.5 g/L) and was
delivered daily (changed once per 3 days). Mice were
euthanized after 4 weeks of treatment. Tissues, including
tibias, femurs, lumbar vertebrae and serum, were collected for
further analyses.

μCT
The bone samples were fixed in 4% paraformaldehyde for 24 h
prior to scanning using a micro-CT scanner (Siemens, Erlangen,
Germany). The scanner was set at a voltage of 80 kV, a current of
500 μA, a resolution of 8.82 μm per pixel, and an exposure time of
1 500 ms. To determine the bone mass and microstructure, the
trabecular bone in the L5 vertebra beginning from the cranial
growth plate and extending to the caudal growth plate was
analyzed. For the femur analysis, the region of interest started
from 0.15 mm proximal to the distal epiphyseal growth plate and
was extended by 0.5 mm. To analyze callus formation, 100
continuous slices (50 slices up and 50 slices down from the
fracture line) covering the middle of the newly formed callus were

selected as the region of interest (ROI). Micro-CT software was
used to calculate the bone volume (BV) and bone volume fraction
(BV/TV) of the callus, excluding the native cortical bone.

Biomechanics
A three-point bending test was performed to determine the
mechanical properties of the fractured tibiae using a mechanical
testing system (Landmark, MTS, Inc., Eden Prairie, MN, USA). The
loading point is located in the middle of the tibiae, with two pivots
spaced 8mm apart. Each sample is loaded at 6 mm/min until the
breaking point was reached. The ultimate strength was calculated
from the load-deformation curve.

Calcein double labeling
To assess dynamic bone formation, mice in different groups received
intraperitoneal injections of 0.1% calcein solution (10mg/kg body
weight; Sigma) in PBS at 10 and 3 days before euthanasia. After
euthanasia, the femurs were collected and fixed with 4% parafor-
maldehyde for 24 h, dehydrated in graded ethanol and embedded in
methyl methacrylate. Using a hard sectioning microtome (EXAKT
Cutting & Grinding System; EXAKT Advanced Technologies, Norder-
stedt, Germany), 50-μm-thick bone slices were obtained. Calcein
double labeling was examined under a fluorescence microscope
(Nikon). ImageJ v1.52 software was used to quantify the mineral
apposition rate (MAR) of the trabecular bone.

Histological and immunohistochemical analyses
The femora were decalcified using a 10% EDTA solution with
constant shaking for a period of 21 days. The samples were
subsequently dehydrated using graded ethanol, embedded in
paraffin and cut into 5-μm-thick sections. Immunostaining was
conducted using a standard protocol, in which the sections
were incubated overnight at 4 °C with an anti-osteocalcin
(OCN) antibody (1:100; Abcam; Britain). The primary antibody
was detected using a Rabbit-specific HRP/DAB Detection IHC
Kit (Abcam; UK), followed by counterstaining with hematoxylin.
TRAP staining was performed using a commercial kit (Sigma-
Aldrich; USA) in accordance with the manufacturer’s recom-
mendations. The nuclei were stained using methyl green, and
TRAP+ cells (red) were identified as osteoclasts. The OCN+ and
TRAP+ areas on the trabecular bone surface were calculated in
three sections per mouse using ImageJ v1.52 software.

After fracture
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Fig. 7 Schematic diagram showing the cellular and molecular mechanism by which propranolol augments the anabolic effect of PTH on
systemic bone loss after fracture: The fracture triggers an increase in sympathetic tone. NE released by sympathetic nerves enhances
osteoblast-mediated osteoclastic differentiation by promoting the secretion of RANKL in osteoblast cell lines. Conversely, NE inhibited PTH-
induced osteoblast differentiation by inhibiting the expression of Bmal1 and Runx2. Propranolol enhances the osteogenic effect of PTH by
inhibiting βAR signaling activated by NE
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Immunofluorescence
OCN and Bmal1 double immunofluorescence staining was performed
to evaluate the expression of BMAL1 in osteoblasts. Briefly, decalcified
femora were dehydrated in 30% sucrose, embedded in OCT
compound and cut into 5-μm-thick sections. After blocking with 5%
donkey serum at room temperature for 30min, the samples were
incubated with an anti-BMAL1 antibody (1:100; Abcam; Britain) and an
anti-OCN antibody (1:100; Abcam; Britain) overnight at 4 °C. Double-
immunofluorescence staining was performed with a Treble-
Fluorescence Immunohistochemical Mouse/Rabbit kit (Immunoway,
USA) according to the manufacturer’s protocol. The number of
BMAL1+ osteoblasts on the trabecular bone surface was calculated in
three sections per mouse using ImageJ v1.52 software. The proportion
of BMAL+ osteoblasts to total osteoblasts was also calculated.

ELISA
We used commercial ELISA kits from Elabscience (Wuhan, China)
to measure the serum OCN, CTX-I and NE levels following the
manufacturer’s instructions. We read the optical density of each
well at 450 nm using a microplate reader (Bio-Rad 680, Hercules,
USA) and calculated the protein concentration for each sample
based on the standard curve.

BMSC culture
We isolated primary BMSCs from the femurs and tibias of C57BL/6
mice as described previously.48 Briefly, the femurs and tibias were
extracted under sterile conditions and immersed in α-MEM (HyClone,
Logan, USA) supplemented with 1% penicillin-streptomycin (PS;
Beyotime, Shanghai, China). The bone marrow was flushed with α-
MEM+ 1% PS. The cells were washed and cultured in α-MEM
supplemented with 10% fetal bovine serum (FBS) and 1% PS. Non-
adherent cells were removed after 24 h of culturing with fresh
complete α-MEM medium while the adherent cells were further
cultured until they reached 90% confluence and passaged as needed.

Osteogenic differentiation
BMSCs and BMSCs transfected with Bmal1-siRNA or NC-siRNA were
plated in 24-well plates until 80% confluence. The BMSCs were then
incubated with osteogenic differentiation medium, and treated under
the following conditions: intermittent PTH (iPTH;100 ng/mL), iPTH+
NE (10 μmol/L), iPTH (100 ng/mL)+NE (10 μmol/L)+ propranolol
(1 μmol/L) or vehicle (PBS). The iPTH treatment was conducted as
previously described.49 Briefly, during the 48-hour incubation cycle,
BMSCs were treated with PTH for the initial 6 hours, followed by 42 h
of culture without PTH. The osteogenic differentiation medium was
changed every 48 h. The conditioned media (CM) from the different
groups were harvested and centrifuged at 2 000 × g for 10min to
collect the supernatant, which was used for subsequent experiments.
After 7–14 days of differentiation culture, the cells were stained or
harvested for total RNA and protein extraction for further analysis.

ALP and ARS staining
After 7 days of osteogenic induction, the differentiated BMSCs
were washed with PBS, fixed with 4% paraformaldehyde for
10min, and stained for alkaline phosphatase (ALP) with a
commercially available ALP staining kit (Solarbio, Beijing, China).
Alizarin red S (ARS) staining was carried out after 14 days of
differentiation, after which the cells were washed with PBS, fixed
with 4% paraformaldehyde for 10min, and then incubated with
2% ARS solution (Solarbio, Beijing, China) according to the
manufacturer’s instructions. After washing with PBS, the stained
cells were examined using an inverted microscope (Leica
DMI6000B, Solms, Germany). The fractions of ALP+ and ARS+

areas were calculated using ImageJ v1.52 software.

qRT‒PCR
Total cellular RNA was extracted with TRIzol Reagent (Invitrogen, USA)
and cDNA was synthesized via reverse transcription of 1 μg of the

total RNA using a commercial kit (Qiagen, Dusseldorf, Germany). qRT‒
PCR (20 μL) was conducted on an ABI PRISM® 7900HT System
(Applied Biosystems, USA). Relative mRNA levels were calculated by
the comparative Ct (2–ΔΔCT) method using Gapdh for normalization.
The sequences of primers used are listed in Table S1.

Western blot
Total protein samples were separated via sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, USA). After
blocking with 5% nonfat milk for 1 h at room temperature, the
membranes were incubated overnight at 4 °C with the appropriate
primary antibodies, which included BMAL1 (1:1 000, Abcam,
Cambridge, Britain), RUNX2 (1:500; ProteinTech, Chicago, USA),
and tubulin (1:1 000; Affinity, Liyang, China). Then, the membranes
were incubated for 1 h at room temperature with the appropriate
secondary antibodies (1:5 000; Cell Signaling Technology, Danvers,
USA). The blots were then detected with an enhanced chemilu-
minescence kit (Thermo Fisher Scientific).

Transfection of siRNA
Four Bmal1 siRNAs (Bmal1-siRNA #1, 2, 3 and 4) were synthesized
by GenePharma (Shanghai, China). Cells transfected with negative
control siRNAs (NC-siRNAs) were used as controls. The siRNAs were
transfected into BMSCs using Lipofectamine® 3000 (Invitrogen,
USA) according to the manufacturer’s instructions. The transfec-
tion efficiency was determined by qRT‒PCR and Western blot
analysis. All siRNA sequences are listed in Table S2.

BMM culture
BMMs were isolated from the long bones of 6-week-old C57BL/6
mice as described previously.46 Briefly, the bone marrow cells
were flushed out using an injector and then cultured in α-MEM
supplemented with 10% fetal bovine serum (FBS) (Gibco, USA),
100 U/mL penicillin and 100 μg/mL streptomycin (Solarbio, China),
30 ng/mL recombinant murine macrophage colony stimulating
factor (M-CSF; PeproTech, USA). After 18 hours, we discarded the
adherent cells and collected the floating cells that were
subsequently cultured in a new flask to obtain the macrophages.

Osteoclastogenic induction
The BMMs were cultured in 48-well plates in α-MEM (HyClone, Logan,
USA) supplemented with 50 ng/mL of receptor activator for nuclear
factor κB ligand (RANKL; Novoprotein, Shanghai, China) in the
presence of vehicle (PBS), PTH (100 ng/mL), PTH+NE (10 μmol/L),
PTH (100 ng/mL)+NE (10 μmol/L)+ propranolol (1 μmol/L) or con-
ditioned media from BMSCs treated with vehicle iPTH, iPTH+NE or
iPTH+NE+ propranolol as described above. Osteoclast formation
was identified using a commercial TRAP kit (Sigma‒Aldrich, USA)
according to the manufacturer’s instructions. The areas of TRAP+ (red)
osteoclasts were measured by ImageJ 1.8.0 software.

Statistical analysis
The data are presented as the mean ± SD. The unpaired, two-tailed
Student’s t test was used for comparing mean differences
between two groups. Two-way ANOVA combined with Turkey’s
or Sidak post hoc test was used for multiple-group comparisons,
as detailed in each figure legend. A difference with P < 0.05 was
considered to indicate statistical significant. GraphPad Prism
9 software was used for statistical analyses.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China (Grant
Nos. 82330078, 81874010) and the National Key Research and Development Program
(Grant Nos. 2020YFC2009004, 2021YFC2501700).

Propranolol enhances the anabolic effect of PTH
J Huang et al.

11

Bone Research           (2024) 12:18 



AUTHOR CONTRIBUTIONS
C.L.S. and J.H. conceived the research. J.H., T.W., Y.R.J., X.Q.Z., H.W., H.L. H.W. and
W.Q.Y. performed the experiments. J.H., T.W., and Y.R.J. analyzed the data and
prepared the figures., H.J.L., D.W.F., and W.Q.Y. provided technical support. C.L.S and
J.H. wrote the manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41413-024-00321-z.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Compston, J. E., McClung, M. R. & Leslie, W. D. Osteoporosis. Lancet 393, 364–376

(2019).
2. Reid, I. R. & Billington, E. O. Drug therapy for osteoporosis in older adults. Lancet

399, 1080–1092 (2022).
3. Gorter, E. A., Reinders, C. R., Krijnen, P., Appelman-Dijkstra, N. M. & Schipper, I. B.

The effect of osteoporosis and its treatment on fracture healing a systematic
review of animal and clinical studies. Bone Rep. 15, 101117 (2021).

4. Emami, A. J. et al. Age dependence of systemic bone loss and recovery following
femur fracture in mice. J. Bone Miner. Res. 34, 157–170 (2019).

5. Zhang, C. et al. Effect of single versus multiple fractures on systemic bone loss in
mice. J. Bone Miner. Res. 36, 567–578 (2021).

6. Zheng, X. Q., Huang, J., Lin, J. L. & Song, C. L. Pathophysiological mechanism of
acute bone loss after fracture. J. Adv. Res. 49, 63–80 (2023).

7. Jorgensen, N. R. & Schwarz, P. Effects of anti-osteoporosis medications on fracture
healing. Curr. Osteoporos. Rep. 9, 149–155 (2011).

8. Peichl, P., Holzer, L. A., Maier, R. & Holzer, G. Parathyroid hormone 1-84 accel-
erates fracture-healing in pubic bones of elderly osteoporotic women. J. Bone
Joint. Surg. Am. 93, 1583–1587 (2011).

9. Zhang, W. et al. Comparison of the effects of once-weekly and once-daily rhPTH
(1-34) injections on promoting fracture healing in rodents. J. Orthop. Res. 36,
1145–1152 (2018).

10. Elefteriou, F. Impact of the autonomic nervous system on the skeleton. Physiol.
Rev. 98, 1083–1112 (2018).

11. Guan, Z. et al. Bone mass loss in chronic heart failure is associated with sym-
pathetic nerve activation. Bone 166, 116596 (2023).

12. Sato, T., Arai, M., Goto, S. & Togari, A. Effects of propranolol on bone metabolism
in spontaneously hypertensive rats. J. Pharmacol. Exp. Ther. 334, 99–105 (2010).

13. Yirmiya, R. et al. Depression induces bone loss through stimulation of the sym-
pathetic nervous system. Proc. Natl. Acad. Sci. USA 103, 16876–16881 (2006).

14. Hanyu, R. et al. Anabolic action of parathyroid hormone regulated by the beta2-
adrenergic receptor. Proc. Natl. Acad. Sci. USA 109, 7433–7438 (2012).

15. Luo, B. et al. Circadian rhythms affect bone reconstruction by regulating bone
energy metabolism. J. Transl. Med. 19, 410 (2021).

16. Song, C. et al. Insights into the role of circadian rhythms in bone metabolism: a
promising intervention target? Biomed. Res. Int. 2018, 9156478 (2018).

17. Luchavova, M. et al. The effect of timing of teriparatide treatment on the circa-
dian rhythm of bone turnover in postmenopausal osteoporosis. Eur. J. Endocrinol.
164, 643–648 (2011).

18. Kajimura, D. et al. Genetic determination of the cellular basis of the sympathetic
regulation of bone mass accrual. J. Exp. Med. 208, 841–851 (2011).

19. Ko, D. T. et al. Beta-blocker therapy and symptoms of depression, fatigue, and
sexual dysfunction. JAMA 288, 351–357 (2002).

20. Langley, A. & Pope, E. Propranolol and central nervous system function: potential
implications for paediatric patients with infantile haemangiomas. Br. J. Dermatol.
172, 13–23 (2015).

21. Lacey, D. L. et al. Bench to bedside: elucidation of the OPG-RANK-RANKL pathway
and the development of denosumab. Nat. Rev. Drug Discov. 11, 401–419 (2012).

22. Diemar, S. S. et al. A systematic review of the circadian rhythm of bone markers in
blood. Calcif. Tissue Int. 112, 126–147 (2023).

23. Leach, S. & Suzuki, K. Adrenergic signaling in circadian control of immunity. Front.
Immunol. 11, 1235 (2020).

24. Guzon-Illescas, O. et al. Mortality after osteoporotic hip fracture: incidence,
trends, and associated factors. J. Orthop. Surg. Res. 14, 203 (2019).

25. Christiansen, B. A., Harrison, S. L., Fink, H. A. & Lane, N. E. Incident fracture is
associated with a period of accelerated loss of hip BMD: the study of osteoporotic
fractures. Osteoporos. Int. 29, 2201–2209 (2018).

26. Balani, D. H., Ono, N. & Kronenberg, H. M. Parathyroid hormone regulates fates of
murine osteoblast precursors in vivo. J. Clin. Invest. 127, 3327–3338 (2017).

27. Martin, T. J., Sims, N. A. & Seeman, E. Physiological and pharmacological roles of
PTH and PTHrP in bone using their shared receptor, PTH1R. Endocr. Rev. 42,
383–406 (2021).

28. Yamashita, J. & McCauley, L. K. Effects of intermittent administration of
parathyroid hormone and parathyroid hormone-related protein on fracture
healing: a narrative review of animal and human studies. JBMR Plus. 3, e10250
(2019).

29. Johansson, T. PTH 1-34 (teriparatide) may not improve healing in proximal
humerus fractures. A randomized, controlled study of 40 patients. Acta Orthop.
87, 79–82 (2016).

30. Bhandari, M. et al. Does Teriparatide improve femoral neck fracture healing:
results from a randomized placebo-controlled trial. Clin. Orthop. Relat. Res. 474,
1234–1244 (2016).

31. Obri, A., Makinistoglu, M. P., Zhang, H. & Karsenty, G. HDAC4 integrates PTH and
sympathetic signaling in osteoblasts. J. Cell Biol. 205, 771–780 (2014).

32. Delgado-Calle, J. & Bellido, T. The osteocyte as a signaling cell. Physiol. Rev. 102,
379–410 (2022).

33. Debnath, S. et al. Discovery of a periosteal stem cell mediating intramembranous
bone formation. Nature 562, 133–139 (2018).

34. Chen, R. et al. Sfrp4 is required to maintain Ctsk-lineage periosteal stem cell niche
function. Proc. Natl. Acad. Sci. USA 120, e2312677120 (2023).

35. Yukata, K. et al. Teriparatide (human PTH(1-34)) compensates for impaired frac-
ture healing in COX-2 deficient mice. Bone 110, 150–159 (2018).

36. Gamble, K. L., Berry, R., Frank, S. J. & Young, M. E. Circadian clock control of
endocrine factors. Nat. Rev. Endocrinol. 10, 466–475 (2014).

37. El Jamal, N., Lordan, R., Teegarden, S. L., Grosser, T. & FitzGerald, G. The circadian
biology of heart failure. Circ. Res. 132, 223–237 (2023).

38. Riganello, F., Prada, V., Soddu, A., di Perri, C. & Sannita, W. G. Circadian rhythms
and measures of CNS/autonomic interaction. Int. J. Environ. Res. Public Health 16,
2336 (2019).

39. Qin, Y. et al. Circadian clock genes as promising therapeutic targets for bone loss.
Biomed. Pharmacother. 157, 114019 (2023).

40. Wang, K. et al. The associations of bedtime, nocturnal, and daytime sleep dura-
tion with bone mineral density in pre- and post-menopausal women. Endocrine
49, 538–548 (2015).

41. Swanson, C. M. et al. Bone turnover markers after sleep restriction and circadian
disruption: a mechanism for sleep-related bone loss in humans. J. Clin. Endocrinol.
Metab. 102, 3722–3730 (2017).

42. Michalska, D. et al. Effects of morning vs. evening teriparatide injection on bone
mineral density and bone turnover markers in postmenopausal osteoporosis.
Osteoporos. Int. 23, 2885–2891 (2012).

43. Chen, G. et al. The biological function of BMAL1 in skeleton development and
disorders. Life Sci. 253, 117636 (2020).

44. Samsa, W. E., Vasanji, A., Midura, R. J. & Kondratov, R. V. Deficiency of circadian
clock protein BMAL1 in mice results in a low bone mass phenotype. Bone 84,
194–203 (2016).

45. Fu, L., Patel, M. S., Bradley, A., Wagner, E. F. & Karsenty, G. The molecular clock
mediates leptin-regulated bone formation. Cell 122, 803–815 (2005).

46. Xie, H. et al. PDGF-BB secreted by preosteoclasts induces angiogenesis during
coupling with osteogenesis. Nat. Med. 20, 1270–1278 (2014).

47. Jin, Z. et al. Role of skeletal muscle satellite cells in the repair of osteoporotic
fractures mediated by beta-catenin. J. Cachexia Sarcopenia Muscle 13, 1403–1417
(2022).

48. Soleimani, M. & Nadri, S. A protocol for isolation and culture of mesenchymal
stem cells from mouse bone marrow. Nat. Protoc. 4, 102–106 (2009).

49. Sato, M. et al. Effects of intermittent treatment with parathyroid hormone (PTH)
on osteoblastic differentiation and mineralization of mouse induced pluripotent
stem cells in a 3D culture model. J. Periodontal. Res. 55, 734–743 (2020).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Propranolol enhances the anabolic effect of PTH
J Huang et al.

12

Bone Research           (2024) 12:18 

https://doi.org/10.1038/s41413-024-00321-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	β-Receptor blocker enhances the anabolic effect of PTH after osteoporotic fracture
	Introduction
	Results
	Propranolol improves the bone anabolic effect of PTH after osteoporotic fracture
	Propranolol enhances osteoblastic bone formation and suppresses osteoclastic bone resorption in PTH-treated mice with osteoporotic fractures
	Propranolol facilitates the effect of PTH on osteoporotic fracture healing
	Activation of βAR signaling suppresses PTH-induced osteoblast differentiation
	Activation of βAR signaling enhances the osteoclastogenesis ability of PTH-stimulated osteoblasts
	NE inhibits iPTH-induced Bmal1 expression in osteoblasts via βAR signaling
	βAR signaling inhibits iPTH-induced osteoblast differentiation via�Bmal1

	Discussion
	Materials and methods
	Animals and treatments
	&#x003BC;CT
	Biomechanics
	Calcein double labeling
	Histological and immunohistochemical analyses
	Immunofluorescence
	ELISA
	BMSC culture
	Osteogenic differentiation
	ALP and ARS staining
	qRT&#x02012;PCR
	Western�blot
	Transfection of�siRNA
	BMM culture
	Osteoclastogenic induction
	Statistical analysis

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




