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Rhizoma drynariae total flavonoids i

combined with calcium carbonate ameliorates
bone loss in experimentally induced
Osteoporosis in rats via the regulation of Wnt3a/
B-catenin pathway
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Abstract

Background: Rhizoma drynariae, a traditional Chinese herb, is commonly used in treatment of bone healing in
osteoporotic fractures. However, whether the Rhizoma drynariae total flavonoids (RDTF) can promote the absorption
of calcium and enhance the bone formation is unclear. The aim of the present study was to investigate the preventive
effects of RDTF combined with calcium carbonate (CaCOs) on estrogen deficiency-induced bone loss.

Methods: Three-month-old Sprague-Dawley rats were ovariectomized (OVX) and then treated with CaCO3 RDTF,
and their admixtures for ten weeks, respectively. The bone trabecular microstructure, bone histopathological examina-
tion, and serum biomarkers of bone formation and resorption were determined in the rat femur tissue. The contents
of osteoprotegerin (OPG), receptor activator of the NF-kB (RANK), and its ligand (RANKL) in marrow were analyzed by
ELISA, and the protein expressions of Wnt3a, 3-catenin, and phosphorylated 3-catenin (p-3-catenin) were analyzed by
Western blot. Statistical analysis was conducted by using one-way analysis of variance (ANOVA) followed by LSD post
hoc analysis or independent samples t test using the scientific statistic software SPSS version 20.0

Results: RDTF combined with CaCO; could promote osteosis and ameliorate bone loss to improve the repair of
cracked bone trabeculae of OVX rats. Furthermore, RDTF combined with CaCOj; also could prevent OVX-induced
decrease in collagen fibers in the femoral tissue of ovariectomized rats and promote the regeneration of new bone or
cartilage tissue, while CaCO; supplementation promoted the increase in bone mineral content. Nevertheless, there
was no difference in the expression of Wnt3a, 3-catenin and p-3-catenin between osteopenic rats and RDTF treated
rats, but RDTF combined with CaCOj; could activate the Wnt3a/{-catenin pathway.

Conclusions: RDTF combined with CaCO; could ameliorate estrogen deficiency-induced bone loss via the regula-
tion of Wnt3a/f-catenin pathway.
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Introduction

Osteoporosis (OP) is a systemic skeletal disease charac-
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which increase bone fragility and susceptibility [1].
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Estrogen deficiency in postmenopausal women results
in excessive bone resorption without adequate new bone
formation, followed by bone loss and osteoporosis [2].
Menopausal hormone therapy, as the major therapy for
the prevention and treatment of postmenopausal osteo-
porosis [3, 4], has been introduced in clinical treatments
of OP, but it only alleviates a small part of the symptoms
of OP and related fractures, even it was associated with
an increased risk of breast cancer, ovarian cancer, and
endometrial cancer development in postmenopausal
women [5-7].

Calcium is an essential element in bone formation and
the key component of hydroxyapatite, which can play a
single therapeutic role in osteoporosis [8, 9]. Also, recent
studies on no hormone replacement therapy have shown
that calcium is the simplest and cheapest strategies to
treat and prevent osteoporosis [10]. Among the women
with low risk of fracture, optimizing calcium intake is the
best way to prevent osteoporotic fracture in postmeno-
pausal women [11]. Therefore, calcium supplementation
may be an effective way to treat OP. However, calcium
supplementation alone has no effect on the prevention of
OP and even aggravates the risk of fracture ®.

In recent years, dietary phytoestrogens have been
proved to be identified as a safe and effective candidate
drug with estrogenic properties in the treatment of post-
menopausal osteoporosis [12]. Previous studies have
shown that phytoestrogens, such as soy isoflavones [13,
14], lignans [15], and flavonoids [16, 17], can reduce bone
loss associated with estrogen deficiency in both animal
and human studies. Rhizoma drynariae is a kind of tra-
ditional Chinese medicine commonly used in orthope-
dics [18]. Its main bioactive constituents of is flavonoids,
which is commonly used in the treatment of fractures.
Because of its potential roles in preventing osteoporo-
sis and promoting the differentiation of osteoblasts [19],
it has attracted much attention. Thereinto, naringin and
neoeriocitrin are the two major flavonoid compounds
with the highest concentrations in Rhizoma drynariae
[20].

Although previous studies have confirmed the efficacy
of rhizoma drynariae total flavonoids (RDTF) in treat-
ing OP [21, 22], its mechanism is still difficult to be fully
elucidated due to its complex components and numerous
targets. Recent studies have corroborated that rhizoma
drynariae could improve the level of calcium and phos-
phorus in blood, activate the osteoblast, and increase the
bone mineral density of thighbone [16, 17]. The previous
study showed that RDTF combined with calcium could
improve OP through relieving oxidative stress [23]. How-
ever, it is not clear whether the rhizoma drynariae total
flavonoids (RDTF) combined with calcium can promote
the bone formation. Therefore, it is necessary to study the
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effects of RDTF combined with calcium on bone loss in
osteopenic rats and reveal the molecular mechanisms of
RDTE

Material and methods

RDTF and calcium carbonate

RDTF were purchased from Beijing Qihuang Pharmaceu-
tical Manufacturing Co., Ltd. (National Medicine Permit
No. Z20030007, number of production: 04,080,081, the
content of RDTF >80%). Calcium supplement: it is rec-
ommended that women take 1500 mg of CaCOj; [10]. The
recommended dose calculated in rats was 20 mg daily
given as CaCOj;. 20 g CaCOg was dissolved in 1000 ml
water, and each rat received 1 ml suspension every day
by oral.

Animals and treatments

Three-month-old Sprague—Dawley specific pathogen-
free female rats (250420 g) purchased from Chengdu
DOSSY Experimental Animals Co., Ltd (Chengdu, China)
were subjected to adaptive feeding for 7 days under
standard housing conditions prior to the animal experi-
ments. The acclimatized rats underwent either bilateral
laparotomy (Sham, n==6) or bilateral ovariectomy (OVX,
n=24), according to the method described by Elkomy
[24]. Four week after recovering from surgery, the ova-
riectomized rats were randomly divided into five groups:
OVX with vehicle (OVX, n=6); OVX with CaCO; (n=6,
20 mg/kg/day); OVX with RDTF (n=6, 50 mg/kg/day);
OVX with RDTF and CaCO; (n=6, RDTF: 50 mg/kg/d,
CaCOg: 20 mg/kg/d). Vehicle, CaCO; and RDTF were
all administered orally through a custom-made stom-
ach tube, which lasted for 10 weeks. The bone mineral
content (BMC) and bone mineral density (BMD) were
measured by dual-energy X-ray absorptiometry (DEXA)
two days before the animals were euthanized. After the
rats were anesthetized with pentobarbital sodium, a lapa-
rotomy was performed and blood samples were collected
by abdominal aorta puncture from each anesthetized rat.
Serum was then prepared by centrifugation (3000 g for
10 min at 4 °C) for biochemical determinations.

All surgical interventions and postoperative animal
care were approved by the ethics committee of West
China Hospital, Sichuan University, with an associated
permit numbers (20211152A).

DEXA and micro-computerized tomography analysis

Methods for measuring trabecular microstructure
parameters are as previously described [25]. Brief, femurs
were cleaned of soft tissue and fixed in 4% paraformal-
dehyde. Samples were imaged on Inveon micro-CT (Sie-
mens, Germany) with parameters of 9-pm voxel size, 50
kVp, 200 pA, using a 0.5-mm aluminum filter. Mineral
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density was determined by calibration of images against
2-mm-diameter hydroxyapatite rods (0.25 and 0.75
gHA/cm?). A beam-hardening correction algorithm was
applied prior to image reconstruction. Trabecular bone
analysis was performed at the distal femoral metaphysis.
The region of interest was selected 360 pm proximally to
the distal growth plate and extended proximally 1.8 mm.
The trabecular region was selected by contouring. An
adaptive threshold (using the mean maximum and mini-
mum pixel intensity values of the surrounding ten pixels)
was used to identify trabecular bone, and an erosion of 1
pixel was performed to eliminate partial volume effects.
This region of trabecular bone was used to determine
bone mineral content (BMC), bone mineral density
(BMD), tissue volume (TV), bone volume (BV), bone
volume fraction (BV/TV), trabecular thickness (Tb.Th),
and trabecular separation (Tb.Sp) with purpose-designed
software (enCORE"™ 2006, GE Healthcare, Madison, W1,
USA).

Histopathological examination

Femur bones were dissected and fixed in 4% paraformal-
dehyde after the removal of soft tissue. After decalcified
in formic acid for 3 weeks, the femurs were paraffin-
embedded, sectioned, and were kept for histopathologi-
cal examination using hematoxylin and eosin (H&E)
stain to observe the bone microstructure of the femur.
Meanwhile, the femurs were also stained with Mas-
son’s trichrome staining kit (Solarbio, Beijing, China) in
accordance with the manufacturer’s protocol to detect
collagen fibers and new bone in the femur. The area of
collagen fibers was assessed with the Image ] analysis
software system following Masson staining.

Assay for serum chemistry

Serum calcium (S-Ca), serum phosphorus (S-P), and
alkaline phosphatase (ALP) concentrations were meas-
ured by standard colorimetric methods using commer-
cial kits (Nanjing Jiancheng Bioengineering Ltd., China)
and analyzed with a multi-functional microplate spec-
trophotometer (SpectraMax M4, Molecular Devices,
USA). Serum C-terminal telopeptide of type I collagen
(S-CTX), osteocalcin (BGP), and tartrate-resistant acid
phosphatase (TRAP) levels in serum and the receptor
activator of the NF-«B ligand (RANKL), osteoprotegerin
(OPG), and RANK levels in marrow were determined
using rat ELISA kits (Biocalvin, Suzhou, China).

Western blotting

Bone marrow were flush out by a small amount of
PBS fluid. After bone marrow collection, the marrow
homogenate of rat was prepared and then lysed with
RIPA buffer in the presence of 1% protease inhibitor
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cocktail (Roche, Basel, Switzerland). Protein from bone
marrow homogenate was also extracted using RIPA
buffer. The supernatant was collected after centrifuga-
tion at 12,000 g and 4 °C for 30 min. Protein concen-
tration was quantified with a BCA Protein Assay Kit
(Generay, Shanghai, China). After denatured in boiling
for 5 min in SDS sample buffer, 40 pg of total protein was
separated by 6%—-15% SDS-PAGE, blotted onto PVDF
membranes, and then probed with the following anti-
bodies (Cell Signaling Technology, Danvers, MA, USA):
monoclonal anti-Wnt3a antibody (1:1000), monoclonal
anti-pB-catenin antibody (1:1000), monoclonal anti-phos-
phorylated [-catenin (p-B-catenin) antibody (1:1000),
and mouse anti-B-actin antibody (1:1000), conjugated to
horseradish peroxidase, were used as secondary antibod-
ies (1:5000). Protein bands were visualized by incubation
with BeyoECL Plus (P0018, Beyotime, China) for 1 min
and imaged by a Gel Image System (Tanon, 5200, China).
Densitometry was performed by using Image J software.

Statistical analysis

All data are summarized as mean=standard deviation
(SD) with at least three independent replicates. Statisti-
cal analysis was conducted by using one-way analysis of
variance (ANOVA) followed by LSD post hoc analysis or
independent samples t-test using the scientific statistic
software SPSS version 20.0 (SPSS Inc., Chicago, IL, USA).
P<0.05 was considered statistically significant.

Results

Effect of RDTF and CaCO; on the trabecular microstructure
in OVX rats

To investigate the effect of RDTF and CaCO; on the
trabecular bone microstructure of OVX rats, CaCO;
(20 mg/kg/d), RDTF (50 mg/kg/d), and their mixed
preparations were administered to each OVX rat every
day beginning at 5th weeks after surgery. The anes-
thetized rats were sacrificed after 10 weeks treatment,
respectively.

DEXA scans analysis of the distal femur trabecular
bone showed that the bone microstructure of the OVX
group deteriorated, as evaluated by decreasing in BMD,
BMC, BV/TV, Tb.Th parameters and increasing in Tb.Sp
parameters compared with the sham operation group
(Table 1 and Figure S1). Compared with the OVX group,
RDTE, CaCOs, and their combined treatment nota-
bly promoted the increase in bone density (BMD) and
bone volume fraction (BV/TV). There was no difference
in bone mineral content (BMC) between OVX group
and RDTF group, but CaCO; and the combined treat-
ment with RDTF and CaCOj significantly promoted the
increase of BMC. Furthermore, the effect of increasing
BMC of their mixed preparations was better than RDTF
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Table 1 Effect of RDTF and CaCOj; on the trabecular microstructure of OVX rats

Parameters Sham ovX CaCoO, RDTF RDTF + CaCO,

BMD (g/cm?) 0.258 £0.004 0.189 £ 0.005%** 0.236 £0.009*## 0.233£0.014*### 0.248 40003

BMC (g/cm?) 0.08740.001 0.07040.002%** 0.074 £0.003**** 0.073+£0.001***& 0.077 £0.001**x###

BV/TV (%) 0.502+£0.019 0.287 £0.026*** 0.399 4 0,021 **x###& 0415 £ 0.009%*### 0.445 £0.007*##

Tb.Th (mm) 0.1224£0.025 0.072£0.015%** 0.085 £0.009** 0.120+£0.014" 0.12240.010"*

Th.Sp (mm) 0.141£0.012 0.173 £0.008** 0.17040.011**& 0.1524£0.003 0.145 £0.008*

BMD: bone mineral density; BMC: bone mineral content; BV/TV: bone volume/tissue volume; Tb.Th: trabecular thickness; Tb.Sp: trabecular separation
*P<0.05,**P<0.01, **P<0.001 vs. Sham. *P<0.05, #P < 0.01, ¥ P <0.001 vs. OVX. #P < 0.05 vs RDTF + CaCO,

(P<0.05). Importantly, we found that treated with CaCO,
alone could not improve the bone trabecular thickness
(Tb.Th) and trabecular separation (Tb.Sp) of OVX rats,
but treated with RDTF alone or combination of RDTF
and CaCOyj significantly increased Tb.Th and decreased
Tb.Sp of ovariectomized rats. These results suggest that
RDTE, CaCOs, and their mixed preparations could signif-
icantly improve the trabecular microstructure of ovariec-
tomized rats. Moreover, the effect of combined treatment
with RDTF and CaCO; on bone microstructure was bet-
ter than exclusive treatment with CaCO; or RDTE.

Anti-osteoporosis effects of RDTF and CaCO;
on ovariectomized rats
To evaluate the effects of RDTF and CaCOj, on the tra-
becular microstructure of OVX rats, the H&E staining
was investigated (Fig. 1a). Compared with the sham oper-
ation group, the trabecular structure of femur in OVX
rats was sparse, fractured, spacing-enlarged, and area-
diminished trabecular. After 10-week treatment of OVX
rats, the CaCO; treatment group exhibited the same
osteoporosis as OVX group, with a sparse and fractured
trabecular structure of femur. However, the RDTF treat-
ment group exhibited partial trabecular restoration, and
the combined treatment with RDTF and CaCO; group
showed almost complete recovery of normal structure
after 10 weeks treatment. These data consisted of the
DEXA scan, which indicated that RDTF and combined
with CaCO; promoted the repair of cracked bone trabec-
ulae of ovariectomized rats, and RDTF combined with
CaCOg showed a better effect on fracture repair.
Masson’s staining indicated that the contents of colla-
gen fibers and the levels of new bone or cartilage in femo-
ral tissue of ovariectomized rats were decreased (Fig. 1b).
There was no significant improvement in the content of
collagen fibers and the content of new bone or cartilage
induced by OVX after treatment with CaCO3. However,
RDTF and RDTF combined with CaCO; for 10 weeks
could restore the level of collagen fibers in the femoral
tissue of ovariectomized rats and promote the regenera-
tion of new bone or cartilage tissue.

Effect of RDTF and CaCO; on bone formation

and resorption biomarkers

In ovariectomized female rats, the decrease in estrogen
promotes the increase in osteoblast and osteoclast activ-
ity and induces the increase in bone turnover rate, with
the abnormal increase in bone formation and resorp-
tion biomarkers ALP, TRACP, BGP, and S-CTX in blood
[21]. The biochemical serum parameters from all groups
are shown in Table 2. The OVX treatment did not alter
the serum levels of Ca, P, and BGP between all groups
(P>0.05). Nevertheless, the levels of ALP, TRACP, and
S-CTX in the OVX group were significantly increased
compared with the Sham group (P<0.001). Treatment
with CaCO;, RDTEF, or RDTF combined with CaCO; all
significantly prevented the OVX-induced increase in ALP
level (P<0.001), and the effect of RDTF combined with
CaCO; on decreasing ALP level was significantly better
than RDTF alone. Although treatment with CaCO; and
RDTF decreased the level of TRACP and S-CTX, but
there was no significant difference in the level of TRACP
and S-CTX between OVX group and either treatment
with CaCO;3 or RDTF alone (P>0.05). However, RDTF
combined with CaCOyj significantly prevented the OVX-
induced increase in TRACP (P<0.05) and S-CTX levels
(P<0.01). These results indicated that RDTF combined
with CaCO; could prevent the OVX-induced increase in
the bone turnover rate in rats.

Effect of RDTF and CaCO; on osteogenesis-related protein
expressions

The receptor activator of the NF-kB ligand (RANKL)
and its decoy receptor osteoprotegerin (OPG) represent
osteoblast-derived paracrine cytokines that are essential
for osteoclast functions [26, 27]. Monocytic cells differ-
entiate into osteoclasts under the control of macrophage
colony-stimulating factor and RANKL, while the mono-
cytic cells differentiation was regulated by OPG via com-
petitively binding to the RANK on the cell surface [28].
There was no significant difference in the level of RANKL
and OPG in femoral marrow between Sham group and
OVX group, as well as in all the groups (Fig. 2a, b). How-
ever, the level of RANK in OVX group was significantly
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Fig. 1 Effect of RDTF and calcium on bone histopathological examination of OVX-induced osteoporotic rats. a H&E staining for femur. Bone
tissue of sham rats showed normal epiphyseal structure with normal bone trabeculae; OVX rats showed apparent crack and thinning of bone
trabeculae with the presence of multi-nucleated osteoclasts on the surface of the trabeculae (black arrows); CaCOs-treated rats showed crack and
thinning of bone trabeculae same as OVX rats; RDTF-treated rats showed increased thickness of the trabeculae with activation and proliferation of
osteoblasts which appeared plump with abundant basophilic cytoplasm (blue arrows); RDTF combined with CaCOs-treated rats showed compact
bone trabeculae with remarkable activation and proliferation of osteoblasts. b Masson’s trichrome staining. Sham rats showed abundant collagen
fibers and new bone or cartilage in femoral tissue; OVX rats and CaCO; treated rats both showed apparent absence of collagen fibers and cartilage
in femoral tissue; RDTF and RDTF combined with CaCO3 treated rats both showed apparent increase of collagen fibers and cartilage in femoral
tissue. Black arrow: less cartilage (or collagen fibers); green arrow: fat droplets in the marrow cavity. Quantification of collagen fiber density was
analyzed by optical density. *P<0.05, P < 0.01, **P< 0,001 vs. Sham. *P < 0.05, ¥P<0.01, ¥ P < 0.001 vs. OVX. 8P < 0.05, 4P < 0,01, %84P < 0,001 vs
RDTF + CaCO,

Table 2 Effect of RDTF and calcium on biochemical parameters in serum of rats

Parameters Sham ovX CaCO, RDTF RDTF + CaCO;
S-Ca (mmol/I) 2534004 2594004 2574004 2564007 2534008

S-P (mmol/l) 1644005 1704002 1634009 1694007 1664012

ALP (U/100 ml) 89694342 201.3147.82%* 163.59 4 6.83%*xH# 161.17 4 10,09%**###& 143,63 £ 7.20% x4
TRACP (ng/mL) 3.75+£004 4100.13%* 395+£007* 4027 £0.05%* 3940.11"

BGP (ng/mL) 2224025 2274005 2.2540.09 2304014 22640.10
S-CTX (ng/mL) 1.6840.06 1.8840.04%** 1.8340.02%* 1.804£0.08** 1744003

S-Ca: serum calcium; S-P: serum phosphorus; ALP: alkaline phosphatase; TRACP: tartrate-resistant acid phosphatase; BGP: osteocalcin; S-CTX: C-terminal telopeptide of

type | collagen

" P<0.05,*P<0.01, ***P<0.001 vs. Sham. *P<0.05, #P<0.01, #*P<0.001 vs. OVX. &P < 0.05 vs RDTF + CaCO,
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Fig. 2 Effect of RDTF and CaCO; on osteogenesis-related protein expressions. a Analysis of OPG content in marrow by ELISA. b Analysis of RANKL
content in marrow by ELISA. ¢ Analysis of RANK content in marrow by ELISA. d Western blot analysis of Wnt3a, B-catenin, and phosphorylated
B-catenin (p-B-catenin) expression in marrow. Error bars indicate SD. *P<0.05, **P < 0.01, ***P < 0.001 vs. Sham. *P < 0.05, #P < 0.01, *P<0.001 vs.

)
& & o & o
e O & S F
X

S

EA Sham
[ ¥ &8 OVX
= CaCO;
o RDTF
RDTF+CaCOj3

NN

I
p-B-catenin

B-catenin

increased compared with Sham group, and only the
combined treatment with RDTF and CaCO; could sig-
nificantly reduce the level of RANK in femoral marrow
of OVX rats (Fig. 2c). These data suggested that the anti-
osteoporosis effect of the combine treatment with RDTF
and CaCO; might be related to the inhibition of RANK
expression.

The activation of Wnt3a/B-catenin signal pathway
can promote the differentiation of the osteoblast and
inhibit the differentiation of osteoclasts by inhibiting the
[B-catenin phosphorylation-degradation to maintain the
transcriptional regulatory activity of B-catenin [29]. As
Fig. 2d shows, the OVX treatment significantly down-
regulated Wnt3a expression and up-regulated phospho-
rylated P-catenin (p-P-catenin) expression compared
with Sham group, suggesting that the regulating effect of
Wnt3a/p-catenin signal pathway on the differentiation of
osteoblast and osteoclasts was attenuated, namely OVX-
promoted osteoclastic differentiation and the ability of
bone resorption by inhibiting Wnt3a/B-catenin signal

pathway. However, the activity of Wnt3a/p-catenin signal
pathways was improved after these treatments, especially
the Wnt3a expression was significantly increased in the
RDTF group and the combined treatment with RDTF
and CaCOj group, while the p-p-catenin was significantly
decreased in the combined treatment with RDTF and
CaCO, group. These data indicated that RDTF combina-
tion of CaCOj; could inhibit osteoclasts differentiation
though inhibiting RANK or increasing activity of Wnt3a/
[-catenin signal pathway to enhance the anti-osteoporo-
sis effect.

Discussion

Ovariectomy has shown an increased risk of osteoporo-
sis as occurs with postmenopausal women. In the present
study, ovariectomized rats developed bone changes simi-
lar to those seen in osteoporotic women as indicated by
a decrease in BMD and the fracture of bone trabeculae
in femur, a finding that matches with that of Riggs et al.,
[30], who found that menopause results in elevated bone
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turnover, an imbalance between bone formation and
bone resorption and net bone loss, and this is attribut-
able to the cessation of ovarian function and tapering off
estrogen secretion.

Trabecular bone microstructure is considered to be
an appropriate predictor of OVX-induced bone loss and
bone structural deterioration. We found that RDTF had
a positive effect on prevention of OVX-induced fracture
of trabecular bone, which was in agreement with the
findings of Song et al, [21] who found that bone mass
decrease and deterioration of trabecular microarchitec-
ture in ovariectomized rats were improved by high dose
of RDTF (>75 mg/kg/d). In the present study, feed-
ing supplemented with CaCOj; (20 mg/kg/d) and RDTF
(50 mg/kg/d) for 10 weeks exhibited a better and posi-
tive effect on prevention of OVX-induced osteoporosis
than CaCO; or RDTF alone. CaCO; supplementation
increased the parameters of BMD, BMC and BV/TYV, but
did not improve the fracture of trabecular bone induced
by the lack of estrogen. RDTF increased the parameters
of BMD, BV/TV, Tb.Th and decreased Tb.Sp parameters,
but had no effective effect on BMC parameters. In his-
topathological examination of femur, the CaCOj;-treated
rats exhibited the same osteoporosis as OVX rats with a
sparse and fractured trabecular structure of femur, while
RDTF-treated rats exhibited partial trabecular resto-
ration. Notably, RDTF combined with CaCO; showed
almost complete recovery of normal structure, with a
more effective improvement in the parameters of BMD,
BMC, BV/TV, Tb.Th and Tb.Sp than RDTF or CaCO;.
Therefore, our study indicated that RDTF combined with
CaCO; could enhance the anti-osteoporosis effects of
RDTF and CaCO; on ovariectomized rats.

Preservation of the trabecular bone architecture signif-
icantly promotes bone strength and may be more impor-
tant in decreasing fracture risk than improving BMD
[31]. Although the deterioration of the microstructural
geometry of the trabecular bone was largely prevented,
the OVX-induced decrease in collagen fibers in femur
was not prevented by RDTE as well as CaCO; supple-
mentation. The inorganic phase of the bone provides the
stiffness and the ability to resist compression, whereas the
organic phase, mainly constituted of type I collagen, pro-
vides bone its flexibility, i.e., the ability to absorb energy
and undergo deformation [32, 33]. However, we found
that treatment with CaCOj; increased the bone mineral
content (BMC) in inorganic phase of femur, but could
not prevent OVX-induced collagen fibers loss in organic
phase, which suggested that calcium supplementations
applied to estrogen deficiency-related osteoporosis will
increase the risk of fragility fractures for lack of collagen
fibers to enhance bone elasticity. Interestingly, Masson’s
staining showed no obvious difference in collagen fibers
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level of femur between OVX rats and CaCOj treated rats,
but RDTF and RDTF combined with CaCOyj significantly
improved the OVX-induced collagen fibers loss. Differ-
ent treatments caused diverse profiles in bone collagen
degradation products, which may have implications for
bone quality. How biochemical changes in the bone colla-
gen are associated with fracture and bone quality remains
to be investigated and understood.

Studies have found that estrogen plays a vital role in
modulating bone remodeling by inducing osteoblast dif-
ferentiation and reducing osteoclast activity [34, 35].
Attenuated bone formation is an important mechanism
in the pathogenesis of postmenopausal osteoporosis, and
the loss of ovarian sex steroids at menopause results in
accelerated bone turnover with a predominance of bone
resorption over bone formation [2, 36]. In our study,
OVX accelerated bone turnover and attenuated bone
formation with higher ALP and TRACP levels in serum
than Sham rats. ALP is regarded as an early marker of
osteogenic differentiation [37]. TRACP is an enzyme that
is expressed in high amounts by bone-resorbing osteo-
clasts, inflammatory macrophages, and dendritic cells
[38]. However, we did not observe the change of another
bone-forming marker BGP after OVX, as well as the
treatment of RDTF and CaCO;. Thus, OVX promoted
the activation of osteoclasts and resulted in accelerated
bone turnover with a predominance of bone resorption
over bone formation. Moreover, we found that RDTF
and CaCOj; could inhibit the increase of ALP but not
TRACP in serum, while combined treatment with RDTF
and CaCOyj significantly inhibited OVX-induced TRACP
augment. Therefore, our study indicated that RDTF com-
bined with CaCOj, could reduce the activity of osteoclasts
by inhibiting osteogenic differentiation.

Enhanced bone resorption may be due to accelerated
osteoclastogenesis from precursor cells, enhanced fusion
and activation of osteoclasts, and prolonged life span due
to an inhibition of osteoclast apoptosis [39, 40]. Phytoes-
trogens is able to enhance osteoblastic OPG production
through ER-a-dependent mechanisms and concurrently
suppress RANKL gene expression which is associated
with an inhibition of osteoclastogenesis [41], and thus
estrogen deficiency will induce osteoclastogenesis to
aggravate the development of osteoporosis. Furthermore,
monocytic cells differentiate into osteoclasts under the
control of macrophage colony-stimulating factor and
RANKL, while the monocytic cells differentiation was
regulated by OPG via competitively binding to the RANK
on the cell surface [28]. Song et al. [21] demonstrated
that RDTF inhibited osteoclastogenesis via up-regulating
OPG and down-regulating RANKL expression. In our
study, there was no difference in OPG and RANKL level
in femoral marrow between Sham rats and OVX rats, but
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the RANK level was increased after OVX. Thus, OPG/
RANKL unbalance was not the main cause of osteoclas-
togenesis in our study. Nevertheless, the combine treat-
ment with RDTF and CaCOj significantly reduced the
level of RANK in femoral marrow of OVX rats. There-
fore, anti-osteoporosis effect of the combine treatment
with RDTF and CaCOj; might be related to the inhibition
of RANK expression.

The activation of Wnt3a/p-catenin signal pathway can
promote osteogenic differentiation and inhibit osteoclas-
togenesis by inhibiting the B-catenin phosphorylation-
degradation to maintain the transcriptional regulatory
activity of B-catenin [29]. Estrogen deficiency reduces
the activation of Wnt3a/B-catenin signal pathway in
human osteoblasts (42). Consistent with this result, we
found that OVX significantly reduced Wnt3a expression
and promoted [-catenin phosphorylation-degradation
in the induced osteoblasts. In this study, we found that
RDTF attenuated the OVX-induced Wnt3a inhibition
and reduced B-catenin phosphorylation-degradation, but
the combine treatment with RDTF and CaCO; signifi-
cantly increased the activation of Wnt3a/[3-catenin signal
pathway by up-regulating Wnt3a expression and down-
regulating phosphorylated [-catenin expression. There-
fore, improving the activation of Wnt3a/pB-catenin was
an important target in anti-osteoporosis effect of RDTF
combined with CaCOj

Conclusion

In conclusion, the present data indicated that RDTF com-
bined with CaCO; could effective prevent osteoporosis
of ovariectomized rats though acting Wnt3a/B-catenin
signal pathway to promote osteogenesis and inhibit
osteoclastogenesis. Furthermore, RDTF combined with
CaCO3 could prevent OVX-induced decrease in collagen
fibers in the femoral tissue of ovariectomized rats and
promote the regeneration of new bone or cartilage tissue.
Therefore, RDTF combined with CaCOj, can be used as a
natural approach to help in preventing bone loss associ-
ate with states of estrogen deficiency.

Abbreviations

OP: Osteoporosis; RDTF: Rhizoma drynariae Total flavonoids; CaCO3: Calcium
carbonate; OVX: Ovariectomized; OPG: Osteoprotegerin; RANK: Receptor acti-
vator of the NF-kB; RANKL: Receptor activator ligand of the NF-kB; p-B-Catenin:
Phosphorylated 3-catenin.

Acknowledgements
Not applicable.

Authors’ contributions

YH, PM, and JF conceived and designed the experiments. YH and JS per-
formed the experiments. YH and ZZ analyzed the data. YH and LH contributed
to the reagents and materials. YH wrote the manuscript. All authors read and
approved the final manuscript.

Page 8 of 9

Funding

This research was supported by the National Natural Science Foundation of
China (Grant No. 82174262), the Sichuan Provincial Administration of Tradi-
tional Chinese Medicine Project (Grant No. 2021MS454).

Availability of data and materials
The initial data used to support the findings of this study are available from
the corresponding author upon request.

Declarations

Ethics approval and consent to participate
This study was approved by the ethics committee of West China Hospital,
Sichuan University (Approval number: 20211152A).

Consent for publication
Written informed consent for publication was obtained from all participants.

Competing interests
The authors have no conflicts of interest to disclose.

Author details

! Affiliated Hospital of Chengdu University of Traditional Chinese Medicine,
Chengdu 610075, Sichuan, China. 2Chengdu University of Traditional Chinese
Medicine, Chengdu 610075, Sichuan, China. 3Institute for Laboratory Animal
Research, Sichuan Academy of Medical Sciences & Sichuan Provincial People’s
Hospital, Chengdu, China. *Chengdu Lilai Biotechnology Co.,, LTD, Chengdu,
China.

Received: 27 May 2021 Accepted: 15 November 2021
Published online: 04 December 2021

References

1. Raisz LG. Pathogenesis of osteoporosis: concepts, conflicts, and pros-
pects. J Clin Investig. 2005;115:3318-25.

2. LiuW, Zhou L, Zhou C, Zhang S, Jing J, Xie L, Sun N, Duan X, Jing W, Liang
X, Zhao H, Ye L, Chen Q, Yuan Q. GDF11 decreases bone mass by stimulat-
ing osteoclastogenesis and inhibiting osteoblast differentiation. Nat
Commun. 2016;7:12794.

3. Randell KM, Honkanen RJ, Kroger H, Saarikoski S. Does hormone-replace-
ment therapy prevent fractures in early postmenopausal women? J Bone
Min Res. 2002;17:528-33.

4. deVilliers TJ. The role of menopausal hormone therapy in the manage-
ment of osteoporosis. Clim J Int Menopause Soc. 2015;18(Suppl 2):19-21.

5. Morch LS, Lokkegaard E, Andreasen AH, Kruger-Kjaer S, Lidegaard O.
Hormone therapy and ovarian cancer. JAMA. 2009;302:298-305.

6. Franceschini G, Lello S, Masetti R. Hormone replacement therapy: revisit-
ing the risk of breast cancer. Eur J Cancer Prev. 2019.

7. Burkman RT. Hormone replacement therapy. Curr Controversies Minerva
Ginecol. 2003;55:107-16.

8. Flynn A.The role of dietary calcium in bone health. Proc Nutr Soc.
2003;62:851-8.

9. Warensjo E, Byberg L, Melhus H, Gedeborg R, Mallmin H, Wolk A,
Michaelsson K. Dietary calcium intake and risk of fracture and osteoporo-
sis: prospective longitudinal cohort study. BMJ. 2011; 342:d1473.

10. Wallace L, Boxall M, Riddick N. Influencing exercise and diet to
prevent osteoporosis: lessons from three studies. Br J Commun Nurs.
2004;9:102-9.

11. Deprez X, Fardellone P.Nonpharmacological prevention of osteoporotic
fractures. Joint Bone Spine. 2003;70:448-57.

12. Cassidy A. Dietary phytoestrogens and bone health. J Br Menopause Soc.
2003;9:17-21.

13. Zhang, Li Q Wan HY, Helferich WG, Wong MS. Genistein and a soy
extract differentially affect three-dimensional bone parameters
and bone-specific gene expression in ovariectomized mice. J Nutr.
2009;139:2230-6.

14. ZhangY, Chen WF, Lai WP, Wong MS. Soy isoflavones and their bone
protective effects. Inflammopharmacology. 2008;16:213-5.



Hu et al. Journal of Orthopaedic Surgery and Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34
35.

36.

(2021) 16:702

Zhang R, Pan YL, Hu SJ, Kong XH, Juan W, Mei QB. Effects of total lignans
from Eucommia ulmoides barks prevent bone loss in vivo and in vitro. J
Ethnopharmacol. 2014;155:104-12.

Mok SK, Chen WF, Lai WP, Leung PC, Wang XL, Yao XS, Wong MS. Icariin
protects against bone loss induced by oestrogen deficiency and acti-
vates oestrogen receptor-dependent osteoblastic functions in UMR 106
cells. Br J Pharmacol. 2010;159:939-49.

Pang WY, Wang XL, Mok SK, Lai WP, Chow HK, Leung PC, Yao XS, Wong
MS. Naringin improves bone properties in ovariectomized mice and
exerts oestrogen-like activities in rat osteoblast-like (UMR-106) cells. Br J
Pharmacol. 2010;159:1693-703.

Gan D, Xu X, Chen D, Feng P, Xu Z. Network pharmacology-based
pharmacological mechanism of the chinese medicine rhizoma drynariae
against osteoporosis. Med Sci Monit. 2019;25:5700-16.

Wang XL, Wang NL, Zhang Y, Gao H, Pang WY, Wong MS, Zhang G, Qin L,
Yao XS. Effects of eleven flavonoids from the osteoprotective fraction of
Drynaria fortunei (KUNZE) J. SM. on osteoblastic proliferation using an
osteoblast-like cell line. Chem Pharm Bull (Tokyo). 2008; 56:46-51.
XuT,Wang L, TaoY, Ji Y, Deng F, Wu XH. The function of naringin in induc-
ing secretion of osteoprotegerin and inhibiting formation of osteoclasts.
Evid Based Complem Alternat Med. 2016;2016:8981650.

Song SH, Zhai YK, Li CQ,Yu Q, Lu Y, Zhang Y, Hua WP, Wang ZZ, Shang P.
Effects of total flavonoids from Drynariae Rhizoma prevent bone loss

in vivo and in vitro. Bone Rep. 2016;5:262-73.

Zhang, Jiang J, Shen H, Chai Y, Wei X, Xie Y. Total flavonoids from Rhi-
zoma Drynariae (Gusuibu) for treating osteoporotic fractures: implication
in clinical practice. Drug Des Devel Ther. 2017;11:1881-90.

Mu P, Hu'Y, Ma X, Shi J, Zhong Z, Huang L. Total flavonoids of Rhizoma
Drynariae combined with calcium attenuate osteoporosis by reducing
reactive oxygen species generation. Exp Ther Med. 2021;21:618.

Elkomy MM, Elsaid FG. Anti-osteoporotic effect of medical herbs and
calcium supplementation on ovariectomized rats. J Basic Appl Zool.
2015;72:81-8.

Foster BL, Sheen CR, Hatch NE, Liu J, Cory E, Narisawa S, Kiffer-Moreira T,
Sah RL, Whyte MP, Somerman MJ, Millan JL. Periodontal defects in the
A116T knock-in murine model of odontohypophosphatasia. J Dent Res.
2015;94:706-14.

Zhang Z, Song C, Fu X, Liu M, LiY, Pan J, Liu H, Wang S, Xiang L, Xiao GG,
Ju D. High-dose diosgenin reduces bone loss in ovariectomized rats via
attenuation of the RANKL/OPG ratio. Int J Mol Sci. 2014;15:17130-47.
Bord S, Ireland DC, Beavan SR, Compston JE. The effects of estrogen on
osteoprotegerin, RANKL, and estrogen receptor expression in human
osteoblasts. Bone. 2003;32:136-41.

Grimaud E, Soubigou L, Couillaud S, Coipeau P, Moreau A, Passuti N,
Gouin F, Redini F, Heymann D. Receptor activator of nuclear factor kap-
paB ligand (RANKL)/osteoprotegerin (OPG) ratio is increased in severe
osteolysis. Am J Pathol. 2003;163:2021-31.

Gao J, Liu Q, Liu X, Ji C,Qu S,Wang S, Luo Y. Cyclin G2 suppresses
estrogen-mediated osteogenesis through inhibition of Wnt/beta-catenin
signaling. PloS one. 2014; 9:e89884.

Riggs BL, Khosla S, Atkinson EJ, Dunstan CR, Melton LJ 3rd. Evidence that
type | osteoporosis results from enhanced responsiveness of bone to
estrogen deficiency. Osteoporosis Int. 2003;14:728-33.

Bouxsein ML. Mechanisms of osteoporosis therapy: a bone strength
perspective. Clin Cornerstone. 2003; Suppl 2:513-21.

Odvina CV, Zerwekh JE, Rao DS, Maalouf N, Gottschalk FA, Pak CY.
Severely suppressed bone turnover: a potential complication of alen-
dronate therapy. J Clin Endocrinol Metab. 2005;90:1294-301.

Byrjalsen I, Leeming DJ, Qvist P, Christiansen C, Karsdal MA. Bone turnover
and bone collagen maturation in osteoporosis: effects of antiresorptive
therapies. Osteoporosis Int. 2008;19:339-48.

Harris SE. Role of estrogen and bone morphogentic protein signaling in
osteoblast differentiation. New York: Springer; 2001.

Krassas GE, Papadopoulou P. Oestrogen action on bone cells. J Musculo-
skelet Neuronal Interact. 2001;2:143-51.

Wu XB, LiY, Schneider A, Yu W, Rajendren G, Igbal J, Yamamoto M, Alam
M, Brunet LJ, Blair HC, Zaidi M, Abe E. Impaired osteoblastic differentia-
tion, reduced bone formation, and severe osteoporosis in noggin-overex-
pressing mice. J Clin Investig. 2003;112:924-34.

37.

38.

39.

40.
41.

42.

Page 9 of 9

Charles-Harris M, Koch MA, Navarro M, Lacroix D, Engel E, Planell JA. A
PLA/calcium phosphate degradable composite material for bone tissue
engineering: an in vitro study. J Mater Sci Mater Med. 2008;19:1503-13.
Halleen JM, Tiitinen SL, Ylipahkala H, Fagerlund KM, Vaananen HK.
Tartrate-resistant acid phosphatase 5b (TRACP 5b) as a marker of bone
resorption. Clin Lab. 2006;52:499-509.

Manolagas SC. Birth and death of bone cells: basic regulatory mecha-
nisms and implications for the pathogenesis and treatment of osteopo-
rosis. Endocr Rev. 2000;21:115-37.

Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000,289:1504-8.
Chen XW, Garner SC, Anderson JJ. Isoflavones regulate interleukin-6 and
osteoprotegerin synthesis during osteoblast cell differentiation via an
estrogen-receptor-dependent pathway. Biochem Biophys Res Commun.
2002;295:417-22.

Gao Y, Huang E, Zhang H, et al. Crosstalk between Wnt/beta-catenin and
estrogen receptor signaling synergistically promotes osteogenic differen-
tiation of mesenchymal progenitor cells. PloS one. 2013; 8:282436.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Rhizoma drynariae total flavonoids combined with calcium carbonate ameliorates bone loss in experimentally induced Osteoporosis in rats via the regulation of Wnt3aβ-catenin pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	RDTF and calcium carbonate
	Animals and treatments
	DEXA and micro-computerized tomography analysis
	Histopathological examination
	Assay for serum chemistry
	Western blotting
	Statistical analysis

	Results
	Effect of RDTF and CaCO3 on the trabecular microstructure in OVX rats
	Anti-osteoporosis effects of RDTF and CaCO3 on ovariectomized rats
	Effect of RDTF and CaCO3 on bone formation and resorption biomarkers
	Effect of RDTF and CaCO3 on osteogenesis-related protein expressions

	Discussion
	Conclusion
	Acknowledgements
	References


