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Rehmanniae Radix Preparata suppresses bone loss and increases bone
strength through interfering with canonical Wnt/B-catenin signaling
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Abstract

Summary Rehmanniae Radix Preparata (RRP) improves bone quality in OVX rats through the regulation of bone homeostasis
via increasing osteoblastogenesis and decreasing osteoclastogenesis, suggesting it has a potential for the development of new
anti-osteoporotic drugs.

Introduction Determine the anti-osteoporotic effect of RRP in ovariectomized (OVX) rats and identify the signaling pathway
involved in this process.

Methods OVX rats were treated with RRP aqueous extract for 14 weeks. The serum levels of tartrate-resistant acid phosphatase
(TRAP), receptor activator of nuclear factor kappa-B ligand (RANKL), alkaline phosphatase (ALP), and osteoprotegerin (OPG)
were determined by ELISA. Bone histopathological alterations were evaluated by H&E, Alizarin red S, and Safranin O staining.
Bone mineral density (BMD) and bone microstructure in rat femurs and lumbar bones were determined by dual-energy X-ray
absorptiometry and micro-computed tomography. Femoral bone strength was detected by a three-point bending assay. The
expression of Phospho-glycogen synthase kinase 3 beta (p-GSK-3(3), GSK-33, Dickkopf-related protein 1 (DKK1), cathepsin
K, OPG, RANKL, IGF-1, Runx2, 3-catenin, and p-{3-catenin was determined by western blot and/or immunohistochemical
staining.

Results Treatment of OVX rats with RRP aqueous extract rebuilt bone homeostasis demonstrated by increasing the levels of
OPG as well as decreasing the levels of TRAP, RANKL, and ALP in serum. Furthermore, RRP treatment preserved BMD and
mechanical strength by increasing cortical bone thickness and epiphyseal thickness as well as improving trabecular distribution in
the femurs of OVX rats. In addition, RRP downregulated the expression of DKK1, sclerostin, RANKL, cathepsin K, and the ratio
of p-[3-catenin to (3-catenin, along with upregulating the expression of IGF-1, 3-catenin, and Runx2 and the ratio of p-GSK-3f3 to
GSK-3f3 in the tibias and femurs of OVX rats. Echinacoside, jionoside A1/A2, acetoside, isoacetoside, jionoside B1, and
jionoside B2 were identified in the RRP aqueous extract.
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Conclusion RRP attenuates bone loss and improves bone quality in OVX rats partly through its regulation of the canonical Wnt/
[3-catenin signaling pathway, suggesting that RRP has the potential to provide a new source of anti-osteoporotic drugs.

Keywords Bonequality - CathepsinK - OPG/RANKL - Ovariectomized (OVX)rats - Rehmanniae Radix Preparata (RRP) - Wnt/

[3-catenin

Abbreviations

ALP Alkaline phosphatase
ANOVA One-way analysis of variance
BMD Bone mineral density

CT Computed micro-tomography

DKK1 Dickkopf-related protein 1

ELISA Enzyme-linked immunosorbent assay

EV Estradiol valerate

GAGs Glycosaminoglycans

GSK-3f3 Glycogen synthase kinase 3 beta

H&E Hematoxylin/eosin

IGF-1 Insulin-like growth factor 1

10D Integrated optical density

OPG Osteoprotegerin

OovVX Ovariectomized

p-GSK-3(3 Phospho-glycogen synthase kinase
3 beta

RANK Receptor activator of nuclear factor
kappa-B

RANKL Receptor activator of nuclear factor
kappa-B ligand

RRP Rehmanniae Radix Preparata

Runx2 Runt-related transcription factor 2

TCM Traditional Chinese medicine

TRAP Tartrate-resistant acid phosphatase

Introduction

Rehmanniae Radix Preparata (RRP) is derived from the root
of the perennial plant Rehmannia glutinosa (Gaertn.) DC., a
well-known herb recorded in pharmacopeia of the People’s
Republic of China (2015). In combination with other herbs,
it has been used in the treatment of osteoporosis for more than
2000 years in China and other Asian countries [1]. RRP has
been demonstrated to reduce lower back pain as well as in-
crease bone mineral density (BMD) in osteoporotic patients
[1]. Its efficacy is supported by in vivo and in vitro studies
demonstrating the ability of attenuate BMD loss in the prox-
imal tibial metaphysis and increase of the cortical bone thick-
ness in ovariectomized (OVX) rats as well as promoting oste-
oblast formation and inhibiting osteoclast activity [2, 3]. In
addition, a number of studies have revealed that prescriptions
containing RRP, such as Liuwei Dihuang pills, have therapeu-
tic effects on osteoporosis [4—6] through activation of the ca-
nonical Wnt/3-catenin signaling pathway in osteoblasts [7].
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Osteoporosis, a progressive and silent bone disease, is char-
acterized by reduction of bone mass and density, the deterio-
ration of bone microstructures leading to enhanced skeletal
fragility, and a consequent increased risk for hip and vertebral
fractures [8]. Osteoporosis has become a major public health
concern due to increased ageing of populations worldwide.
This correlates with enormous health care costs [9].
Therefore, research efforts and novel treatment strategies with
fewer side effects remain an unmet medical need [10].
Traditional Chinese herbs may fill this need because of their
relative cost-effectiveness, low risk of adverse events, and
potential combination therapy effects [11]. Among them,
RRP has gained due to its bone-preserving properties and as
an edible herb [1].

Previous studies have suggested that activation of the ca-
nonical Wnt/[3-catenin signaling pathway contributes to oste-
oblast activation and bone formation. This occurs partly
through the inhibition of GSK-3f3, which then results in the
nuclear translocation of (3-catenin and in a change of the ex-
pression of the osteoblast differentiation transcription factor,
Runx2 [12, 13]. Dickkopf-related protein 1 (DKK1) and
sclerostin, mainly secreted by osteocytes, are the endogenous
inhibitors of the Wnt/3-catenin signaling pathway with a con-
sequence of reduced osteoblastogenesis and bone formation
[14, 15]. The Wnt/p-catenin signaling pathway also sup-
presses osteoclast differentiation by stimulating osteoproteg-
erin (OPQ) production and secretion, which then favors bone
formation [16]. OPG could competitively bind to the receptor
activator of nuclear factor kappa-B ligand (RANKL), a cyto-
kine required for osteoclastogenesis. This leads to the suppres-
sion of osteoclast formation including decreased expression of
the collagenase, cathepsin K, and thus to reduced bone resorp-
tion [17, 18]. Although RRP was reported to exhibit an anti-
osteoporotic capacity, the underlying mechanism remains un-
known. In the current study, we hypothesized that RRP may
attenuate bone loss and increase bone strength through the
regulation of Wnt/{3-catenin signaling in OVX rats.

Materials and methods
Chemicals and antibodies
Alizarin red S, Safranin O, and Fast Green were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Antibodies
against insulin-like growth factor (IGF)-1 (sc-9013) were
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obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibodies against 3-catenin (9562S), phospho (p)-3-catenin
(Ser33/37/Thr41) (9561), phospho-glycogen synthase kinase
3 beta (p-GSK-33) (Ser9) (5B3) (9323S), and GSK-3f3
(D5C5Z) XP (12456S) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). The DKK1 antibody
(21112-1-AP) was purchased from Proteintech Group, Inc.
(Rosemont, USA). Antibodies against OPG (ab73400),
sclerostin (ab63097), cathepsin K (ab19027), RANKL
(ab62516), and Runx2 (ab76956) were obtained from
Abcam (Cambridge, UK). All chemicals, except those specif-
ically identified, were from Beijing Sino-pharm Chemical
Reagents Co. Ltd. (Beijing, China).

Preparation of RRP aqueous extract

RRP was purchased from Beijing TongRenTang pharmacy
(Beijing, China) and authenticated by Professor Zexin Ma
(TCM museum at Beijing University of Traditional Chinese
Medicine). For RRP aqueous extraction, 1200 g of raw RRP
was ground into powder under liquid nitrogen and divided
into four parts. Each part (300 g) was dissolved in distilled
water (3 L) by continuous stirring for 72 h at 4 °C. Then, the
aqueous extracts were collected by spinning (4000 rpm at 4 °C
for 10 min). The supernatants were harvested and concentrat-
ed to an extractum by evaporating under reduced pressure (at
60 °C). Finally, the four parts of the extractums (561.6 g, 1 g
contains 2.14 g of raw RRP) were combined and stored at 4 °C
until use.

The RRP aqueous extract was analyzed by HPLC-DAD-
ESI-MS" (SHIMADZU, Japan), equipped with a DAD detec-
tor (SPD-M10AVP, SHIMADZU) and IT-TOF-MS as previ-
ously described [19].

Determination of total polysaccharide content in RRP
aqueous extract

The total polysaccharide content was determined using the
phenol-sulfuric acid method according to previously pub-
lished protocols with some modifications [20, 21]. Initially,
RRP aqueous extract (0.1 mL, 0.00625 g raw RRP/mL) was
pipetted into a test tube and then mixed with 5% phenol
(1 mL). Subsequently, sulfuric acid (98%, 5 mL) was rapidly
and evenly administrated into the test tube followed by
heating in a boiling water bath for 20 min and then cooling
in a cold water bath for 5 min. The absorbance of the solution
was measured at 488 nm in a plate reader (FLUO star Omega,
BMG LABTECH). The relative content of the total polysac-
charide in RRP aqueous extract was determined using glucose
concentration standard. The following glucose amounts were
used: 0, 12.02, 24.04, 72.12, 96.16, and 120.02 pg/mL.

OVX rats model and RRP intervention

The protocol of the study was approved by the Ethics
Committee of Beijing University of Chinese Medicine
(BUCM). Forty female Sprague—Dawley rats (200 +20 g,
10 weeks of age) were purchased from SPF Laboratory
Animal Technology Co. Ltd. [certification number SCXK
(Jing) 2016-0002] and housed in an environmentally con-
trolled room at a constant temperature (22 = 1 °C) and humid-
ity (55+5%) on a 12-h light/dark cycle according to the na-
tional standard GB 14925-2010 (China) at BUCM [certifica-
tion number SYXK (Jing) 2016-0038]. Animals were allowed
free access to a standard diet and water.

After 1 week of acclimation, the rats were anesthetized (1%
sodium pentobarbital, 0.4 mL/100 g, i.p.) and ovariectomized
by removing the bilateral ovaries to establish osteoporotic
models. Sham-operated rats were subjected to surgery expo-
sure by removing the same volume of fat surrounding the
ovaries. One week after surgery, ovariectomized rats were
randomly divided into three groups with nine animals in each,
namely in OVX, EV (estradiol valerate), and RRP groups.
The rats in the EV and RRP group were treated daily, by
gavage, with estradiol valerate (0.1 mg/1 mL/100 g) or the
aqueous extract of Rehmanniae Radix Preparata (RRP,
2.5 g/1 mL/100 g), respectively. The rats in OVX group and
sham-operated (Sham) group were treated daily, by gavage,
with the same volume of distilled water. Body weight was
measured every 2 weeks. After 14 weeks of treatment, rats
were anesthetized (1% sodium pentobarbital, 0.4 mL/100 g,
i.p.) and terminated by cervical dislocation. Serum was col-
lected from abdominal aortic blood by centrifugation at
3500 rpm for 10 min, and the right femurs and tibias were
dissected. All samples were stored either in 10% neutral buft-
ered formalin at room temperature or at — 80 °C for further
analyses.

ELISA

The serum levels of alkaline phosphatase (ALP), tartrate-
resistant acid phosphatase (TRAP), RANKL, and OPG were
determined by corresponding ELISA kits according to the
manufacture’s instruction, which were purchased from
Beijing Fangcheng Co. Ltd. (Beijing, China).

DXA and pCT scanning

The right femurs of the rats were cleaned of adhering soft
tissues and analyzed with dual-energy X-ray absorptiometry
(Discovery Wi; Hologic, Bedford, MA, USA) using a small
animal protocol software program. BMD in the femur head
and lumbar bone was determined. Briefly, the right femurs
were further placed in the 48-mm specimen holder, and then
subjected to X-ray micro-tomography using a micro-
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computed tomography (LWCT) apparatus for small experimen-
tal animals (Model LaTheta LCT-200; Hitachi-Aloka, Tokyo,
Japan), which was operated at 50 kV and 0.5 mA (radiation
exposure remained below 40 mSv) for measurements [22].
First, an overview scan of the whole bone was performed
allowing the selection of regions of interest for subsequent
scans. Then, the areas between the proximal and distal end
of femur were scanned to quantify cortical and spongy bones.
For all scans, the same number of views was used, which
correlates the number of data points collected during a single
360° rotation around the object. The parameters, including
cancellous BMD, cortical bone thickness, cortical bone area
ratio, and trabecular bone area ratio, were calculated automat-
ically by the LaTheta software (version 3.20).

Bone biomechanics strength assay

After scanning, right femurs were submitted to three-point
bending examination using an Electronic Universal Testing
machine (Shenzhen Reger Instrument Co. Ltd., Model
RGWF4005, China). The test was conducted according to
the protocol previously described [23]. The load—displace-
ment curves were obtained and used for the evaluation of
the structural and material properties, including ultimate load,
bending strength, and elastic modulus.

The hematoxylin/eosin (H&E), Alizarin red S,
and Safranin O/Fast Green staining

The left femurs and uteri were immersed (10% neutral forma-
lin for 72 h), decalcified (femurs only, 15% neutral EDTA
buffer for 3 months), and embedded in paraffin. Sections of
approximately 5-um thickness were used for either H&E,
Alizarin red S or Safranin O/Fast Green staining. H&E stain-
ing, Alizarin red S, and Safranin O/Fast Green staining were
all conducted as described previously [23, 24]. After staining,
the mounted slides were observed and photographed using an
Olympus BX53 fluorescence microscope (Tokyo, Japan). The
integrated optical density (IOD) values of Alizarin red S stain-
ing and Safranin O/Fast Green staining were quantified using
the Image Pro Plus 6.0 software.

Immunohistochemical staining

Immunohistochemical (IHC) staining was done as previ-
ously described [23]. Briefly, 5-um sections of
demineralized and paraffin-embedded femurs were sequen-
tially treated with xylene, descending graded ethanol (100—
70%), antigen retrieval solution, and 3% hydrogen
peroxide Then, the slides were rinsed and incubated with
the appropriate primary antibody [cathepsin K (1:200),
IGF-1 (1:50), OPG (1:50), RANKL (1:100), sclerostin
(1:50), or B-catenin (1:200)] overnight at 4 °C. For the
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negative controls, the primary antibody was replaced by
nonimmunized goat serum. The next day, the slides were
rinsed and incubated with the corresponding secondary an-
tibodies (Beijing Biosynthesis Biotechnology Co. Ltd.;
Beijing, China) for 30 min followed by DAB and hematox-
ylin staining, respectively. The slides were then examined
and photographed using Olympus BX53 fluorescence mi-
croscope (Tokyo, Japan) and analyzed by using Image Pro
Plus 6.0 software.

Western blot analysis

Protein expression levels in different groups were detected
by western blot analysis [24]. Initially, the marrow in
tibias and femurs was flushed followed by freezing and
subsequent pulverizing in liquid nitrogen, and then the
protein was extracted using a bone tissue protein extrac-
tion kit (Shanghai BestBio Science Biotechnology;
Shanghai, China) and its concentration was determined
using a bicinchoninic acid assay (Shanghai Beyotime
Science Biotechnology; Shanghai, China). Subsequently,
80 pg of protein was loaded onto 10 or 12% polyacryl-
amide gels separated by SDS—PAGE and then transferred
to a polyvinylidene difluoride (PVDF) membrane. The
membranes were incubated with the appropriate primary
antibody [f3-catenin (1:1000), p-B-catenin (1:1000), p-
GSK-33 (1:1000), GSK-3f3 (1:1000), Runx2(1:1000),
DKK1(1:1000), cathepsin K (1:1000), OPG (1:1000),
and RANKL(1:1000)] overnight at 4 °C. The membranes
were then incubated with the corresponding horseradish
peroxidase-labeled secondary antibodies for 1 h at room
temperature. Immunopositive bands were visualized with
high sensitivity enhanced chemiluminescence luminous
liquid, and the images were captured with Azure Bio-
imaging systems (California, USA). The same membrane
was stripped and re-probed. The bands were quantified
using Azurespot software and normalized with the corre-
sponding [(3-actin band (1:5000).

Statistical analysis

All the data obtained from animal experiments of dif-
ferent groups were expressed as x + SD. When the
data meets a normal distribution and variances are ho-
mogeneous, one-way analysis of variance (ANOVA) test
was used (version 22.0, IBM SPSS Statistics, IBM
Corp., Armonk, New York, NY, USA). When the data
meets a normal distribution but the variances are not
homogeneous, Dunnett’s T3 test was used. When the
data do not meet a normal distribution, nonparametric
analysis was used. Statistical significance was deter-
mined at p <0.05, and p <0.01.
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Results

Characterization of the main constituents in RRP
aqueous extract

Several ingredients in the RRP aqueous extract were identified
by HPLC-DAD-ESI-MS". As shown in supplement Fig. 1a,
b as well as supplement Table 1, six compounds were distin-
guished: (1) echinacoside, (2) jionoside A1/A2, (3) acetoside,
(4) isoacetoside, (5) jionoside B1, and (6) jionoside B2. In
addition, the phenol-sulfuric acid assay revealed that the total
polysaccharide content in the RRP aqueous extract was ap-
proximately 3.16 £0.01%.

RRP reduced the body weight gain in OVX rats

The body weight gains of the rats in each group are shown in
Fig. la. Body weights significantly increased in all animal
groups during the experiment. However, rat body weight in-
creased more significantly from the 3rd week to the end of the
experiment in the OVX control group than in Sham control
group (p <0.05). The ovariectomy induced body weight gain
was effectively attenuated by the EV or RRP treatment starting
from the 4th or 9th week until the end of experiment, respec-
tively. And there was no significant difference in body weight
gain between the RRP group and the Sham control group
starting from the 11th week to the end of the intervention.

RRP increased bone formation and inhibited bone
resorption in OVX rats

As shown in Fig. 1b to e, the serum levels of TRAP and
RANKL were significantly increased in the rats of OVX con-
trol group as compared to those in the Sham controls. TRAP
and RANKL were significantly decreased in the rats of the EV
and RRP groups compared to those in the OVX controls (p <
0.05). Ovariectomy induced a high turnover in the rats as
demonstrated by an increase in serum ALP activity in the rats
of OVX group in comparison with those in the Sham controls
(p <0.05). Application of EV or RRP to OVX rats reduced
bone turnover when compared to vehicle-treated OVX ani-
mals (p <0.05). Furthermore, the observed serum OPG levels
were improved in the EV and RRP groups as compared to
those in the OVX control (p <0.05). These results indicate
that the aqueous RRP extract has the ability of rebuilding bone
homeostasis in OVX rats.

RRP did not show uterotrophic effects in OVX rats

As shown in Fig. 1f to j, a significant reduction in relative
uterine weight, uterine area, luminal area, and luminal
epithelial cell height in vehicle-treated OVX rats was ob-
served when compared to that of vehicle-treated Sham

control rats (»p <0.05). The abovementioned parameters
were significantly increased in EV-treated rats compared
with those in vehicle-treated OVX controls. Interestingly,
application of RRP to OVX rats did not induce a signif-
icant increase in the abovementioned parameters.
Moreover, histological analysis of the uteri showed no
difference between vehicle-treated OVX and RRP-treated
OVX rats (Fig. 1f). These data suggest that RRP may not
possess relevant estrogenic activity after 14 weeks of
intervention.

RRP preserved the bone structures in OVX rats

As shown in Fig. 2a, H&E staining revealed a dense and
regular meshwork of trabecular bone in rat femurs of the
Sham control group. In contrast, the trabecular bone in rat
femurs of the OVX control group became thinner and irregu-
lar, and the bone trabecular reticulate structure was destroyed.
Interestingly, the trabecular bone became thicker and more
regular in rat femurs of the EV or RRP group. These alter-
ations are most evident in the rat femurs of the EV group,
although a complete preservation of the normal bone structure
was not achieved.

To further observe the effect of RRP on bones in the
osteoporotic rats, Safranin O/Fast Green and Alizarin red
S staining were used to examine the epiphyseal structure
in femoral heads and osteoblastic differentiation.
Glycosaminoglycans (GAGs) are naturally occurring car-
bohydrates found in cartilage that bind to hydroxyapatite
and contribute to osteoblast differentiation [25]. As shown
in Fig. 2b and c, the red color represents the staining of
GAGs by Safranin O. The thickness of cartilage adjacent
to the growth plate was significantly reduced in rat fem-
oral heads of the OVX control group when compared to
those in the Sham controls (p <0.05), showing that an
ovariectomy may impede osteoblast differentiation and
bone formation. Supplementation with RRP or EV to
OVX rats resulted in a significant improvement in the
distribution and content of GAGs when compared to
vehicle-treated OVX control rats (p <0.05).

Alizarin red S reacts with calcium, which precipitates and
forms calcified nodules during osteoblast differentiation and
bone formation [26]. As shown in Fig. 2d and e, the distribu-
tion of femur calcified nodules was uneven and the area of
calcified nodules (IOD value) was markedly reduced in the
femurs of OVX control rats compared to that of Sham control
rats (p < 0.05). Administration of RRP or EV to OVX rats for
14 weeks clearly preserved the distribution and increased the
area of calcified nodules when compared to the rats in the
OVX control group (p < 0.05). RRP treatment almost restored
the distribution and content of GAGs and calcified nodules to
the levels seen in the vehicle-treated Sham controls.
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Fig. 1 Rehmanniae Radix Preparata suppresses ovariectomy-induced
body weight gain and alters serum biomarkers as well as does not show
uterotrophic effect in rats. a The body weight changes of different groups
of rats at 0, 4, 8, 12, and 14 weeks. b—e Serum levels of TRAP, RANKL,
ALP, and OPG in the treatment and control groups of rats. Serum samples
from nine rats per group were taken for each assay. f Light microscopy

RRP increased BMD and cortical bone thickness
in OVX rats

As shown in Fig. 3a to f, the rats in the OVX control group
presented a notable reduction in the levels of femur head
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Luminal epithelial cell

o ¢ B

images of uteri from sham, OVX, EV, and RRP. Scale bar 500 pm. g
Uterine weight/body weight. h Uterus size. i luminal area. j Luminal
epithelial height. Size measurements were performed with Imagel
software. Data represent mean + SD. #p < 0.05 compared with Sham
group, *p <0.05 compared with OVX group. n=9

R

BMD, lumbar BMD, cancellous BMD, cortical bone thick-
ness, cortical area ratio, and trabecular area ratio when com-
pared to rats in the Sham controls, indicating that estrogen
deprivation for 14 weeks induced a notable decrease in bone
density and a thinning of the trabecular bone structure. In
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Fig. 2 Rehmanniae Radix Preparata alleviates ovariectomy-induced
changes in the bone microarchitecture and compromises bone strength
in rat femurs. a The representative micro-images of H&E staining for the
different treatments and control groups. b, ¢ The representative micro-
images and their analyses of Safranin O/Fast Green-stained tissue

contrast, both treatment with EV or RRP led to a marked
increase in the levels of femoral head BMD, lumbar head
BMD, cancellous BMD, cortical bone thickness, and trabec-
ular area ratio when compared with those of vehicle-treated
OVX control group (p <0.05). However, in comparison with
the rats in the vehicle-treated OVX control group, neither RRP
nor EV treatment increased the cortical area ratio in OVX rats.
Furthermore, RRP treatment did increase lumbar BMD in
OVX rats when compared to vehicle-treated OVX controls.
But there are still statistical differences in the lumbar BMD
between the Sham control and RRP group.

RRP preserved biomechanical properties in femurs
of OVX rats

To investigate the effect of RRP treatment on the biomechan-
ical properties of bone, rat femurs were subjected to a three-
point bending assay. As shown in Fig. 3g to i, the ultimate
load, bending strength, and elastic modulus were significantly
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0 .
& <
& 04‘{* S8

sections of the different groups. The red color in the b denotes
glycosaminoglycans (GAGs). d, e The results of Alizarin Red S
staining and their analyses in the different animal groups. Yellow star
denotes calcified nodules. Data are presented as mean + SD. *p <0.05
compared with Sham group, *p < 0.05 compared with OVX group, n=9

reduced in the femurs of the rats in the OVX control group
when compared with those in the Sham control group (p <
0.05). As expected from the bone morphogenic improvements
reported above, treatment with either EV or RRP to OVX rats
also maintained the ultimate load, bending strength, and elas-
tic modulus (p < 0.05) in the femurs compared with untreated
OVX controls. These results indicate that RRP treatment has
the ability to increase the mechanical properties of the femurs
in the OVX rats. However, RRP treatment did not preserve
femoral ultimate load in OVX rats when compared to the
vehicle-treated Sham control rats.

RRP regulated Wnt/B-catenin signaling in OVX rats

Wnt signaling promotes osteoblast differentiation and os-
teogenesis through increased expression of p-GSK-33 and
its downstream factor (3-catenin [27]. Since RRP treat-
ment increased BMD and bone strength in OVX rats, we
next studied whether these effects were mediated by the
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Fig. 3 Rehmanniae Radix Preparata attenuates ovariectomy-induced
decrease in BMD in rat femurs. a, b The BMD values of the femur
head and lumbar bones in the treatment and control groups of rats as
determined by dual-energy X-ray absorptiometry, respectively. ¢—f The
values of cancellous BMD, cortical (Cort.) thickness, Cort. area ratio, and

Whnt/[3-catenin signaling. As shown in Fig. 4a, the relative
ratio of p-GSK-3f3 to GSK-3f3 was decreased in rat tibias
of the OVX control group as compared to those in the
Sham control group (p <0.05). Interestingly, the relative
ratio of p-GSK-3f3 to GSK-3f3 was markedly increased in
rat tibias of the EV group when compared to those in the
OVX control group (p <0.05) but did not reach the levels
seen in the Sham controls (p < 0.05).

Furthermore, as shown in Fig. 4b, d, e, the relative ratio of
p-B-catenin to [3-catenin was significantly increased, and the
expression of (3-catenin was decreased in the rat tibias of the
OVX control group in comparison with that in the Sham con-
trol group (p < 0.05). As expected, RRP or EV treatment sig-
nificantly reversed the trend of the expression of {3-catenin
and the relative ratio of p-3-catenin to 3-catenin in the tibias
of OVX rats as compared to that of OVX control rats (p <
0.05) but again did not reach the level seen in the Sham con-
trols (» < 0.05).
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trabecular (Trab.) area ratio in different groups of rats determined by X-
ray micro-computed tomography. g—i the results of three-point bending
examination of ultimate load, elastic modulus, and bending strength in the
respective animal groups. Data are presented as mean + SD. *p <0.05
compared with Sham group, *p < 0.05 compared with OVX group, n=6

Runx2 is one of the major transcription factors for
inducing osteogenic differentiation [28]. As shown in
Fig. 4c, Runx2 expression was decreased in rat tibias
of the OVX control group as compared to that in the
Sham control group (p <0.05). Interestingly, the Runx2
expression was markedly enhanced in the rat tibias of
the EV and RRP groups as compared to those of the
OVX control group (p <0.05).

As i1s well known, DKK1 and sclerostin can induce an
inhibition of Wnt signaling and subsequent bone forma-
tion [27, 29]. Accordingly, as shown in Fig. 4f to h, the
expression of DKK-1 and sclerostin was significantly in-
creased in the rat tibias of OVX group when compared
with the Sham control group (p < 0.05). After 14 weeks of
treatment, the expression of DKK-1 and sclerostin was
significantly attenuated in rat tibias of the RRP or EV
group compared to those of the OVX control group (p <
0.05). Moreover, RRP intervention reversed the
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Fig. 4 Treatment of OVX rats with Rehmanniae Radix Preparata
improves WNT/[3-catenin signaling in the rat tibias. The representative
images of western blots and images analyses show the relative expression
ratios of p-GSK-3[3 to GSK-3f3 (a), p-[3-catenin to 3-catenin (b), Runx2
(¢), and DKK1 (f) in the tibias of treatment and control groups. The
representative micro-images (d and g) and their analyses (e and h) of

expression of DKK-1 and sclerostin in OVX rats com-
pared to the expression measured in the Sham controls.
These results indicate that RRP treatment may promote
bone formation through activation of the Wnt/f-catenin
signaling pathway.
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the immunohistochemical staining show (3-catenin and sclerostin
expressions in the tibias of the treatment and control groups of rats. The
dark brown particles denote positive staining. IOD denotes integrated
optical density of interested areas. Data are presented as mean % SD. *p
<0.05 compared with Sham group, *p <0.05 compared with OVX
group, n=9

RRP increased the expression of OPG but decreased
the expression of RANKL and cathepsin K in OVX rats

OPG is mainly secreted by stromal cells and osteoblasts,
which bind to RANKL and further inhibit the interaction
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between RANKL and RANK, thereby preventing subse-
quent osteoclastogenesis and bone resorption [30].
Cathepsin K is mainly secreted by osteoclasts and is con-
sidered key factor of osteoclast activity and bone
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resorption [18]. Therefore, we examined the effect of
RRP on the expression of OPG, RANKL, and cathepsin
K in OVX rats. IHC staining results (Fig. 5a—f) indicated
that the expression of RANKL and cathepsin K was
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«Fig. 5 Treatment of OVX rats with Rehmanniae Radix Preparata
improves OPG/RANKIL/cathepsin K signaling in the tibial and femoral
bones. The representative micro-images of immunohistochemical
staining (sections were counterstained with hematoxylin; original
magnification, x 200 and X% 400) show the expression of OPG (a, b),
RANKL (¢, d), and cathepsin K (e, f) in the rat femurs of treatment and
control groups. The representative images and their analyses of western
blot assay show that the relative expression of OPG to RANKL (g) and
that of cathepsin K (h) in the rat tibias of the treatment and control groups.
Data are presented as mean + SD. The dark brown particles denote
positive staining. IOD denotes integrated optical density of interested
areas. *p <0.05 compared with Sham group, *p < 0.05 compared with
OVX group. n=9

significantly enhanced and OPG expression was markedly
decreased in the proximal femurs of OVX control rats,
when compared to those in the Sham control group (p <
0.05). On the other hand, RRP or EV treatment reversed
the expression of OPG, RANKL, and cathepsin K in the
femurs of OVX rats compared with those in OVX con-
trols (p <0.05), but less than that in the Sham controls (p
<0.05). These results were also corroborated by western
blot analysis (Fig. 5g, h).

RRP increased IGF-1 expression in OVX rats

IGF-1 promotes osteoblasts differentiation and bone mineraliza-
tion [24]. Therefore, we determined the effect of RRP on the
expression of IGF-1 in the femurs of OVX rats using [HC stain-
ing. As shown in Fig. 6a, b, the expression of IGF-1 in rat
femurs of the OVX control group was markedly decreased in
comparison with expression in the Sham controls (p <0.05). In
contrast, treatment of OVX rats with RRP and EV for 14 weeks
significantly promoted IGF-1 expression when compared with
the expression in vehicle-treated OVX controls (p < 0.05).

Discussion

In the present study, we (i) demonstrated that administration
with RRP to OVX rats decreased serum levels of TRAP,
RANKL, and ALP and increased serum OPG level and (ii)
showed that RRP aqueous extract also preserved BMD, bone
strength, and the bone microstructure in OVX rats. Moreover,
we found that RRP reduced the expressions of DKK1 and
sclerostin and the ratio of p-f3-catenin to [3-catenin in OVX
rats. This was in line with increased expression of OPG, IGF-
1, Runx2, and f3-catenin, which was also reflected increased
ratios of p-GSK-3f3 to GSK-33 and OPG to RANKL. The
analysis of long bones (femurs and tibias) also revealed sup-
pressed expression of cathepsin K and RANKL in OVX rats.

Previous clinical studies showed that RRP, in combination
with other herbs, was able to increase BMD and improve bone
quality as well as alleviate lower back pain in osteoporotic
patients [1, 31]. In addition, Liuwei Dihuang pills, in which

RRP is one of the main ingredients, have been shown to in-
crease BMD in femurs and to improve the biomechanical
stability of vertebrae bones in OVX rats [32]. Furthermore,
Lim et al. [33] demonstrated that an 8-week treatment with the
dried root of Rehmannia glutinosa significantly preserved
BMD in the femurs and lumbar vertebrates of OVX rats.
Moreover, RRP also increased the trabecular area in the tibias
and the modulus of rigidity in the lumbar vertebrae in rats with
glucocorticoid-induced osteoporosis [34]. Our current find-
ings in OVX rats are fully in line with these previous studies.

In the current study, we demonstrate that OVX induced a
significant body weight gain in rats. This is in line with the
previous observation that OVX-induced hyperphagia led to
adiposity and subsequent body weight gains in the lean and
fat mass in rats [35]. Indeed, OVX rats consumed more chow
than the Sham controlled littermates. Moreover, OVX-
induced hyperphagia and subsequent body weight gain do
not affect BMD or bone biomechanical strength at 14th week
after surgery. Therefore, pair-feeding may not be essential
when the study is aimed to observe the effect on bone quality.
In addition, ovariectomy did not lead to the alteration of total
level of fuel utilization in rats [36]. And daily leptin injections
to OVX rats initially increased the feeding in the first 2 weeks
and then remained at the stable level for the duration of the
study. Furthermore, Rehmannia glutinosa is demonstrated to
have the ability of improving glucolipid metabolism and re-
dox hemostasis [37, 38], which may contribute to inhibit body
weight gain in OVX rats. However, further studies are still
needed to figure out the potential mechanism of RRP on the
body weight gain in OVX rat.

Our current findings demonstrated that RRP did not show
uterotrophic effect in OV X rats. The results are consistent with
the previous observation that the administration of RRP to
OVX rats for 3 months did not increase serum estrogen levels
[39]. However, one study performed by Zhang et al. claimed
that Rehmanniae Radix treatment for 20 weeks and 40 weeks
did upregulate serum estrogen level as well as inhibiting en-
dometrial atrophy and loss in the management of OVX rats
[2]. Thus, long-term administration of RRP to OVX rats may
still have estrogen-like effects.

Our current results revealed that RRP suppressed the expres-
sions of DKK1 and sclerostin and reduced the ratio of p-f3-
catenin to (3-catenin in OVX rats. It has been demonstrated that
overexpression of DKK1and sclerostin reduces osteoblast ac-
tivity and further diminishes bone formation [29, 40].
Interestingly, Liuwei Dihuang pills containing RRP have been
demonstrated to activate Wnt/[3-catenin signaling through in-
creased expression of Lrp-5, 3-catenin, Runx2, and osterix in
osteoporotic rats [32]. Here, we demonstrated that (3-catenin
accumulation upregulated Runx2 expression in the rats of the
RRP group, which contributes to osteoblasts differentiation and
proliferation [7]. Moreover, catalpol and acteoside, two major
components in RRP, have been previously shown to inhibit the
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Fig. 6 Rehmanniae Radix Preparata (RRP) improves IGF-1 expression
in the tibias and potential mechanism of RRP prevents the development
of osteoporosis in OVX rats. The representative micro-images (a) and
their analyses (b) of immunohistochemical staining (sections were coun-
terstained with hematoxylin; original magnification, x 200 and x 400)
show the IGF-1 expression in the rat femurs of the treatment and control
groups. Data are presented as mean = SD. The dark brown particles
denote positive staining. IOD denotes integrated optical density of inter-
ested areas. *p <0.05 compared with Sham group, *» < 0.05 compared
with OVX group. n=9. (¢) The potential mechanism of Rehmanniae
Radix Preparata (RRP) against osteoporosis in OVX rats. RRP may

expression of GSK-3 and increase the accumulation of f3-
catenin in the nucleus [41]. The activated Wnt/3-catenin also
suppresses high bone turnover, evidenced by decreasing ALP
levels in OVX rats [1]. Together, these findings may indicate
that the anti-osteoporotic effect of RRP in OVX rats is signaled
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downregulate overexpression of DKK1 and sclerostin as well as increase
IGF-1 expression, which further activates the Wnt/3-catenin signaling
pathway and contributes to subsequent bone formation. RRP may also
increase OPG expression and secretion, which leads to an inhibition of
the RANKL/cathepsin K-mediated bone resorption. In addition,
the increased expression of {3-catenin further activates OPG/RANKL
sginaling. The sign (|) means promoting. The sign (1) means inhibiting.
CTSK cathepsin K, DKK1 Dickkopf-related protein-1, GSK-3(3 glyco-
gen synthase kinase 33, IGF-1 insulin-like growth factor-1, OPG osteo-
protegerin, RANKL receptor activator for nuclear factor-«B ligand

via improving the Wnt/3-catenin signaling, which results in
enhanced bone formation and bone homeostasis.

The present study showed that RRP increased OPG expres-
sion and secretion in OVX rats, which competitively binds to
RANKL and subsequently prevents the binding of RANKL to
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RANK and thus osteoclast activation and bone resorption. In
addition, the activation of Wnt/3-catenin may further stimu-
lated OPG expression [42] in response to RRP treatment.
Indeed, we observed reduced RANKL secretion and expres-
sion as well as consolidated BMD and bone strength in RRP-
treated OVX rats. The anti-bone loss effect of RRP in OVX
rats was also reflected by decreased TRAP activity and re-
duced cathepsin K expression. Interestingly, the aqueous ex-
tract of RRP has been reported to increase expression of col-
lagen and OPG in primary and MG63 osteoblastic cells, as
well as decrease the numbers of TRAP positive bone marrow
mononuclear cells and to reduce resorption by primary osteo-
clasts [3]. In addition, echinacoside, one of the main ingredi-
ents in the aqueous RRP extract, has been demonstrated to
increase the relative ratio of OPG to RANKL in MC3T3-El
osteoblastic cells [43]. Therefore, it is reasonable to conclude
that RRP exhibited anti-bone resorptive activity through reg-
ulation of the OPG/RANKTL/cathepsin K signaling pathway.

IGF-1 is highly expressed in osteoblasts and chondrocytes
[44] and exhibits a bone anabolic effect through promoting
osteoblast differentiation and mineralization [45]. Clinically,
decreased serum IGF-1 is positively associated with vertebral
fractures in postmenopausal women with type-2 diabetes [46].
IGF-1 may improve bone remodeling and bone strength
through inhibiting GSK-33 and enhancing the stability of f3-
catenin [23]. Ovariectomy increases the RANKL to OPG ratio
and thus accelerates trabecular bone loss by downregulating
IGF-1 [47]. However, whether the increased IGF-1 levels will
reduce the RANKL to OPG ratio remains to be clarified. The
results from the present study demonstrate that RRP increases
IGF-1 expression in the femurs of OVX rats, which may fur-
ther stimulate Wnt/(3-catenin signaling and subsequently in-
hibits bone loss and increase bone strength.

In the present study, six compounds were identified in the
aqueous RRP extract, which included echinacoside, jionoside
A1/A2, acetoside, isoacetoside, jionoside B1, and jionoside
B2. Echinacoside was reported to increase BMD and improve
femur microstructure as well as bone strength in OVX rats
[48]. In addition, echinacoside [43], acteoside, and
isoacteoside [49] were shown to promote the proliferation,
differentiation, and mineralization of osteoblastic MC3T3-
E1 cells. Furthermore, Rehmannia glutinosa polysaccharides,
the main ingredients in the aqueous extract of RRP, may also
contribute to bone improvement through their effects on the
intestinal microbiota [50, 51]. Therefore, the abovementioned
identified compounds of RRP may in large part account for
the anti-osteoporotic activity of herbal extract in OVX rats.

However, there are some limitations in the current study.
First, a daily single dose of RRP (2.5 g/mL/100 g) adminis-
tered to OVX rats for the duration of the treatment in the
current study may not provide strong evidence to show the
efficacy of this herb. Indeed, Radix Rehmanniae and RRP
have repeatedly been demonstrated to inhibit ovariectomy-

induced bone loss in rats [1] and the current study was
intended to investigate the potential mechanism of RRP on
bone improvement in OVX rats. Second, the female rats used
were around 10 weeks of age in the current study, which may
resemble adolescence in human life spans [52]. Therefore, the
effects of OVX may be compensated because of the growing
skeleton. In fact, RRP was exposed to OVX rats for 14 weeks
at 2nd week after surgery. It can therefore be suggested that
the bones during this treatment period resemble that of bones
in peri-menopausal women. Furthermore, the bone loss lasts
from 4 weeks to 6 months. Therefore, the current study was
conducted mainly to demonstrate the preventive effect on
bone quality in OVX by RRP and would thus constitute a
prophylactic anti-osteoporotic therapy. Further studies are
needed to study the curative effect of RRP on osteoporotic
rats. Clinically, accumulating evidence also suggests that
RRP may be effective for preventing the development of pri-
mary and secondary osteoporosis [1].

In conclusion, RRP attenuates the decrease in bone mass
and strength along with the deterioration of the bone micro-
structure in OVX rats. The underlying mechanism may be
partly attributed to the regulation of the Wnt/{3-catenin signal-
ing pathway (Fig. 6¢). Although the active substances remain
to be ultimately determined, our study has the potential to
develop new anti-osteoporotic drugs from this herb in the
future.
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