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Objective: The overall objective of this study was to investigate the effects of catalpol on
bone remodeling of diabetic osteoporosis by regulating osteoblast differentiation and
migration.

Method: Using a murine model of diabetic osteoporosis, to detect the protective effects of
catalpol on bone loss, architectural deterioration of trabecular bone and bone metabolism
biomarkers were tested. A model of MC3T3-E1 cells was established by treatment with
high glucose; the regulatory role of catalpol in the differentiation and migration was tested
by Western blot, ALP staining, and Alizarin Red staining.

Results: Catalpol treatment markedly ameliorated trabecular bone deterioration by
reducing degenerative changes of the trabecular structure by improving the bone
formation marker levels of ALP, osteopontin, type | collagen, and osteocalcin, as well
as the level of OPG/RANKL. Catalpol enhanced cell motility and scattering following gap
formation of MC3T3-E1 cells.

Conclusion: The results indicated that catalpol exhibits a protective effect against diabetic
osteoporosis by regulating the differentiation and migration of osteoblast.

Keywords: diabetic osteoporosis (DOP), catalpol, osteoblast, differentiation, migration

INTRODUCTION

Accumulating evidence has shown that diabetes is associated with an increased risk of osteoporosis
and fragility fractures. Therefore, the presence of low bone mineral density (BMD) and delay in
fracture healing in diabetic patients have begun to receive more attention (Kanazawa et al., 2018).
Research proves that patients with type 2 diabetes have greater trabecular but lower cortical BMD
(Kanazawa et al., 2018). In the progression of diabetes, hyperinsulinemia as well as the relative
impairment of glucose metabolism suppresses bone formation, which explains the discrepant results
of BMD (Vestergaard, 2007). The adverse impact of hyperglycemia and oxidative stress induced by
high glucose on bone formation plays a critical part in the etiology of the bone loss of diabetic
osteoporosis (Pereira et al., 2017). Under conditions of high glucose, hyperglycemia leads to excessive
reactive oxygen species (ROS), disrupts the cellular oxidant-antioxidant balance, and causes
oxidative damages of osteoblasts (King et al., 2016). In addition, high-level blood glucose and
advanced glycation end-products (AGEs), activation of protein kinase C isoforms, glucose
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autoxidation, and mitochondrial overproduction of superoxide
contribute to increased ROS generation in osteoblast (Dong et al.,
2017).

It has been proved by various researches that antidiabetic
drugs cannot effectively reduce bone loss, and even result in
degeneration of bone quality. The use of thiazolidinediones and
insulin improves the risk of fracture, while metformin and
sulfonylureas may have a neutral or negative effect on bone in
diabetic persons (Palermo, D’Onofrio et al, 2015; Chandran,
2017). Therefore, a natural compound with bone-protective
properties may have the advantage to treat bone loss induced
by high glucose.

A vast amount of clinical and experimental researches has
demonstrated that Rehmannia glutinosa is an important
traditional Chinese medicine to treat bone loss by improving
BMD in osteoporosis patients (Liu et al., 2017). In addition,
Rehmannia glutinosa has been widely used in herbal formulas to
treat diabetes and complicating disease (Ma et al., 2016). Catalpol,
a kind of iridoid glycosides, is the main active chemical
constituent of the root of Rehmannia glutinosa Libosch and is
now widely used for the treatment of nervous system diseases,
cardiovascular disease, and tumor diseases, as well as diabetes and
complicating disease (Lai et al., 2015; Jiang et al., 2018; Yan et al,,
2018). Extract of Rehmannia glutinosa can improve total femur
BMD and trabecular structure of diabetic rats induced by
streptozotocin mainly by promotion bone formation effects.
The present study is designed to study the effects of catalpol
on the bone loss of diabetic osteoporosis mice and osteogenic
differentiation and migration of MC3T3-E1 cells.

MATERIALS AND METHODS

Catalpol was purchased from Nanjing Jingzhu Biotechnology
Co., Ltd. (purity > 99%). 55% high-fat diet was purchased from
Shanghai SLAC Company. The OPN (ab214050), type I collagen
(ab34710), osteocalcin (ab93876), OPG (ab203061), and RANKL
(ab45039) antibody were purchased from Abcam (Cambridge,
MA). Glucose (47829), streptozotocin (v900890), and all other
chemicals were purchased from Sigma.

Animal Feeding Study

Mice (clean level) were bought from Shanghai Slyke Experimental
Animal Co., Ltd., China, and housed in specific pathogen-free
conditions with ad libitum access to food and water at the Jiangsu
Key Laboratory of New Drug Research and Clinical Pharmacy.
Forty 7-week-old male ICR mice were divided into four groups
randomly (n = 10 per group): control group; model group
(diabetic osteoporosis group); low-dose group (diabetic
osteoporosis group with 30 mg/kg catalpol); and high dose
group (diabetic osteoporosis group with 90 mg/kg catalpol).
The type 2 diabetes model was induced through a high-fat
diet and intraperitoneal injection of low-dose streptozotocin.
The mice (except the normal group) were fed with 55% high-
fat diet fed (4 weeks) and then intraperitoneally injected with
streptozotocin (0.5% of STZ solution was prepared in 0.1 mol
citrate buffer, using 1 ml syringe) at a dose of 40 mg/kg for five

Diabetic Osteoporosis

consecutive days to build type 2 diabetes osteoporosis model
(blood glucose level of >16.0 mmol/L; FBG more than 13 mmol/
L) (Xie et al., 2018). The health status of all the mice was observed
during the modeling. The success rate of modeling was 100%, and
the injured mice did not exhibit death following the impact of
STZ. After 12 weeks of intragastric administration of vehicle
control or catalpol, serum and femurs were immediately
harvested for a variety of analyses.

Cell Culture and Treatment

MC3T3-E1 cells were purchased from the typical Culture
Collections Committee cell library of the Chinese Academy of
Sciences (Shanghai, China). After resuscitation, MC3T3-E1 cells
were maintained in minimum essential medium-a (MEM-a)
(HyClone, Logan, UT, United States) containing 10% fetal
bovine serum (FBS) in a humidified atmosphere of 5% CO, in
air at 37°C. The mineralizing medium was used to induce
osteogenic differentiation containing 10% fetal bovine serum,
50 mg/ml ascorbic acid, 10 mM f-glycerophosphate phosphate,
and 10~® M dexamethasone (Dong et al., 2017). In a high glucose
experiment, 25.5mM glucose was added to a-MEM to mimic
high glucose concentration while 25.5 mM mannitol was used as
an osmotic control for high glucose conditions (Zhou et al., 2019).
MC3T3-E1 cells (reached approximately 80%) were maintained
in mineralizing medium and divided into the following four
groups: normal control group, high-glucose group, and
catalpol groups (1 and 10uM). To test the osteogenesis,
Western blot analysis of the osteoblastic markers, ALP activity
assay, Alizarin Red staining, and other assays were performed
(Ho-Shui-Ling et al., 2018).

Alkaline Phosphatase Activity Assay and
Staining

MC3T3-Elcells were suspended in a-MEM containing 10% FBS
and plated in 12-well culture plates at a density of 5 x 10* cells per
well. When the cells reached approximately 80% of the well, the
cells were maintained in mineralizing medium and cultured with
catalpol (1 and 10 uM). After 2 h, the cells were treated with high
glucose (25.5 mM glucose in the culture medium) to mimic the
diabetic state for 7 days (Dong et al., 2017). The medium was
changed every 3 days. ALP activity was determined in the cell
culture supernatants according to the manufacturer’s instructions
of ALP activity assay kit (Jiancheng, Nanjing, China). The test
samples and buffers were prewarmed to room temperature. 50 pl/
well of p-nitrophenol was added to a 96-well plate, and 100 pl of
samples was mixed well with the substrate, then incubated at 37°C
for 10 min, and added 100 pl stop solution. The color change of
p-NPP to p-nitrophenol was measured at 405nm using a
microplate reader (Li et al., 2012).

Alizarin Red Staining

MC3T3-E1 cells were cultured suspended in a-MEM containing
10% FBS and plated in 24-well culture plates at a density of 5 x
10* cells per well. The cells were incubated with osteoblasts
differentiation medium containing 50 mg/ml of ascorbic acid,
10 mM of f8-glycerophosphate, and 10 nM of dexamethasone.
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Cultured for 21 days, cells were washed with ice-cold PBS and
fixed with 4% formalin in PBS for 15 min at 25°C. Then, the cells
were washed twice with dH,O and stained with 0.1% AR-S-Tris-
HCI (pH 4.2) for 30 min at room temperature. The mineralized
nodules were observed under an inverted light microscope, and
the mineralized nodules were dissolved with 10% acetyl chloride
in 10mM sodium phosphate, followed by the absorbance
measurement at 562nm using a multiplate reader (Zhang
et al., 2019).

Western Blotting

MC3T3-E1 cells were plated in 6-well plates at a density of 1 x 10
cells per well. After overnight incubation, the cells were
maintained mineralizing medium and cultured with catalpol (1
and 10 uM). After 2 h, the cells were subjected to high glucose
(25.5 mM) for 5days. The cells were collected using a rubber
scraper and incubated for 30 min at 4°C with shaking and
centrifuged (10,000 rpm, 15 min, 4°C), and the supernatants
were collected. The protein concentration was determined by a
BCA protein assay kit (Jiancheng, Nanjing, China). The proteins
separated through electrophoresis were transferred onto
polyvinylidene difluoride (PVDF) membranes. Afterward,
membranes were incubated with blocking buffer (5% (v/v)
skimmed milk in 0.05% (v/v) PBS/Tween) for 1h at RT and,
respectively, incubated overnight at 4°C with Runx2, type I
collagen, osteocalcin, OPG, RANKL, and mouse GAPDH
antibodies. The primary antibodies were detected using
alkaline phosphatase-conjugated immunoglobulin G (IgG;
Bioworld Technology, St. Louis, United States) at room
temperature for 1h. Membranes were developed
colorimetrically by BCIP/NBT alkaline phosphatase color
development kit (Beyotime Institute of Biotechnology,
Nantong, China). The band density was quantified using
Image] soft (LI-COR Biosciences) (Lu et al., 2018).

Cell Migration Assay

For migration assay, the wound-healing assay was done. MC3T3-
E1 cells were plated in 12-well plates at a density of 1 x 10 cells
per well and incubated for 24h. The monolayer was then
scratched with pipette tips and washed with PBS.
Subsequently, the cells were then cultured with catalpol (1 and
10 uM). After 2h, the cells were subjected to high glucose
(25.5mM) for 24h according to references and results of
pretests. Slides were observed and photographed with a Leica
DM LB microscope (Leica Mikrosysteme Vertrieb, Wetzlar,
Germany) (Schwarting et al, 2015). The transwell cell
migration assay was performed by using a Boyden chamber
(polycarbonate membrane with 8-um pores in 12-well plates).
MC3T3-E1 cells were plated onto the upper chamber in 12-well
plates at a density of 1 x 10° cells per well in a-MEM containing
0.3% FBS, and the lower chambers were filled with 10% FBS
medium. The cells were then cultured with catalpol (1 and
10 M), added to the upper chamber. After 2 h, the cells were
subjected to high glucose (25.5mM) for 24 h. After 24h of
incubation at 37°C, the cells on the upper surface of the
membrane were mechanically removed, and the cells adherent
to the underside of the transwell membrane were fixed with 4%
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paraformaldehyde and stained with 4’,6-diamidino-2-

phenylindole solution (Kawabata et al., 2018).

Enzyme-Linked Immumosorbent Assay
After mice were sacrificed, serum was immediately harvested. The
concentrations of TRACP and ALP were measured via ELISA
(Jiancheng Bioengineering Institute, Nanjing, China) Kkits
according to the manufactures’ guidelines and read at 450 nm
using a microplate reader (Bio-Rad).

Microcomputed Tomography (Micro-CT)

Scanning

For analysis of bone microstructure and mineralization, the left
femurs were subjected to scanning using micro-CT (GE
Healthcare, United States). After removing the soft tissues, the
left femurs were placed with gauze in the sample holder and were
scanned using micro-CT using a resolution of 6 pm, 80kV,
80 pA, 400 number of views to obtain 3-dimensional images.
The eXplore Reconstruction Utility software was used for three-
dimensional reconstruction. Trabecular morphometry was
characterized by measuring the volumetric parameters of bone
mineral density (BMD), bone volume fraction (BVF), BS/BV,
trabecular thickness (Tb.Th), trabecular number (Tb.N), and
decreases in trabecular spacing (Tb.Sp) (Lontos et al., 2018).

ALP and TRACP Staining of the Femur and

Vertebrae of Mice

The sections of the femur, thoracic vertebra, and lumbar vertebra
were stained histochemically for ALP and TRACP activity as an OB
and OC marker. The femurs were shortly washed with cold PBS,
fixed in 4% paraformaldehyde overnight, and decalcified in 19%
EDTA for 7 days. Then, the femur, thoracic vertebra, and lumbar
vertebra were dehydrated in an alcohol series and embedded in
paraffin and, respectively, cut into serial sections of 10 um (Li et al.,
2017). Respectively, the ALP and TRACP staining were, respectively,
performed in accordance with the kit instructions (D001-2-1, D023-
1-1, Nanjing Jiancheng Bio, Nanjing, China).

Data and Statistical Analysis

Data are expressed as the mean + SD of at least three independent
experiments. One-way analysis of variance followed by Dunnett’s
t-test was used for the statistical analysis (SPSS 13.0 software;
SPSS, Chicago, United States). A p value of < 0.05 was
conventionally considered to be statistically significant. Graphs
were drawn using GraphPad Prism (version 6.0 for Windows).

RESULTS

The Effect of Catalpol on Structural
Parameters of Bone of Diabetic

Osteoporosis Mice
We established a diabetic osteoporosis mice model by 55%
high-fat diet fed and injecting streptozotocin. Bone mass and
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FIGURE 1 | Effect of catalpol on structural parameters of trabecular bone of diabetic osteoporosis mice. Representative 3D reconstructed images analyzed by
micro-CT (A, B, C, D). (A) Control group; (B) model group (diabetic osteoporosis group); (C) 30 mg/kg (diabetic osteoporosis group with 30 mg/kg catalpol); (D)
90 mg/kg (diabetic osteoporosis group with 90 mg/kg catalpol). The reconstructed images suggested that catalpol could observably inhibit the trabecular bone mass
loss and significantly attenuated the degeneration of trabecular bone microarchitecture. (E) The effect of catalpol on trabecular BMD of the femoral bone. The
trabecular BMD of the femoral bone of the model group significantly decreased (p < 0.05), and catalpol (90 mg/kg catalpol) inhibited this effect. The effect of catalpol on
BMD BVF, BS/BV, Tb.Th, Tb.N, and Tb. Sp of the mice femur mice in four groups. (F) BVF; (G) BS/BV(%); (H) trabecular number (N/mm); (I) trabecular spacing (um); (J)
trabecular thickness (um). The data were expressed as the mean + SD. *p < 0.01 and *p < 0.05 vs. control and #n < 0.05 vs. model.

bone formation were obviously decreased in osteoporotic
femur, compared to normal group mice. The
microarchitecture of the distal femur was analyzed by
micro-CT and the corresponding bone morphometric
parameters shown in Figure 1. The observed degeneration
in trabecular bone structure in the model group compared with
the normal group and the degeneration of femurs were clearly
inhibited by the treatment with catalpol. Histograms represent
the parameters of three-dimensional trabecular structural of
the distal femur: BMD, BVF, BS/BV, Tb.Th, Tb.N, and Tb. Sp.

Compared with the normal group, a high-fat diet and
streptozotocin ~ treatment  deteriorated = the  trabecular
microarchitecture of the femur, which was demonstrated by
decreased BMD (p < 0.05), BVF (p < 0.01), Tb.Th (p < 0.05),
and Tb.N (p < 0.01) as well as increased Tb. Sp (p < 0.01) and BS/BV
(p < 0.01). Administration of catalpol (90 mg) significantly improved
the deteriorated trabecular of the femur. Compared with the model
group, the parameters of BV/TV, Tb.N, Tb.Th, and trabecular BMD
were significantly enhanced by catalpol, while Tb. Sp, and BS/BV
were significantly decreased by catalpol (p < 0.05).
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FIGURE 2 | Effect of catalpol on bone formation and bone resorption. (A) Representative images of ALP staining. Compared with control group, the levels of ALP in

the femur, thoracic vertebra, and lumbar vertebra of diabetic mice were reduced significantly, and catalpol can reverse this effect. (B) Serum TRACP-5b levels of mice in
four groups assayed by ELISA; there is no significant difference among groups. (C) Serum ALP levels of mice in four groups assayed by ELISA. Serum ALP levels of
diabetic mice in the model group were decreased significantly, and administration of catalpol (90 mg/kg) significantly improved the ALP levels. (D) Serum
osteocalcin levels of mice in four groups assayed by ELISA. In the model group, osteocalcin levels were decreased significantly, and administration of catalpol can

reverse this decrease. The data were expressed as the mean + SD. “p < 0.01 vs. control and **p < 0.01 and *p < 0.05 vs. model.

The Effect of Catalpol on Bone Metabolism

To assess the role of catalpol on bone formation and bone
resorption of the bone of diabetic osteoporosis mice, the
serum levels of bone metabolism markers, and the levels of
ALP (Figure 2) and TRACP (Figure 3) in the femur, thoracic
vertebra, and lumbar vertebra were assayed by ELISA and ALP/
TRACP staining. The levels of ALP in femur, thoracic vertebra,
and lumbar vertebra of diabetic mice were reduced significantly
compared to the control group. Red color shows the ALP in the
femur, thoracic vertebra, and lumbar vertebra with significantly
elevated levels in catalpol treated groups. This provides further
evidence that catalpol stimulates bone formation in different bone
tissues of diabetic osteoporosis mice. In addition, serum ALP and
osteocalcin levels of diabetic mice in the model group were
decreased significantly (p < 0.05), and administration of

catalpol (90 mg) significantly improved the ALP and
osteocalcin levels. These results illustrated that catalpol
promoted bone osteoblast differentiation and bone formation
in vitro and in vivo. However, the TRACP levels in the femur,
thoracic vertebra, and lumbar vertebra, as well as in serum of
diabetic mice, had no significant differences among groups.
Catalpol did not show inhibitory effects on bone resorption.

The Effect of Catalpol on Osteogenic Differentiation
and Calcification of MC3T3-E1 Cells Treated by High
Glucose

The preosteoblastic MC3T3-E1 cells were induced to differentiate
with an osteogenic medium and the effect of catalpol on cell
differentiation was evaluated. The presence of high glucose
markedly reduced the osteogenesis potential of MC3T3-El
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FIGURE 3 | Representative images of TRACP staining.

cells, which is evident in ALP activity assay and staining.
Treatment of MC3T3-E1 osteoblasts under the environment of
high glucose with catalpol 1 and 10 pM during differentiation
expressed enhanced levels of ALP (Figure 4). To further probe
the positive effects of catalpol stimulation on MC3T3-E1 cells
treated by high glucose, we investigated calcification using
Alizarin Red staining, and Alizarin Red staining activity was
quantified by densitometry at 562 nm at microplate reader.
Results from the experiment showed that catalpol had an
obvious promoting effect on MC3T3-El cells in a high
concentration of glucose. Compared with the MC3T3-E1 cells
in normal situations, the environment of high glucose had an
obvious inhibiting effect on calcification. The catalpol groups (1
and 10 uM) showed much denser and wider presence of stained
patches of calcified matrix (Figure 4).

To determine the effect of catalpol on osteoblastic cell
differentiation, the protein levels involved in the formation
of the cellular matrix including middle stage (collagen type 1
and osteopontin) and late stage (osteocalcin) were evaluated
by Western blotting after treatment with catalpol. We
compared the differences in the levels of osteopontin, type I
collagen, and osteocalcin in the normal control group, high-
glucose group, and catalpol groups. Treatment with high
glucose markedly decreased protein levels of osteopontin
and osteocalcin. However, treatment with catalpol 1 and
catalpol 10 uM which markedly attenuated this high glucose
mediated the inhibition of bone formation. The environment
of high glucose reduced the level of type I collagen, but the
difference between the normal control group and the high-

glucose group was not statistically significant (Figure 5). In
addition, high glucose reduced OPG protein level but
increased RANKL protein level. Although the level of OPG
protein in catalpol groups had little change compared with
high-glucose groups, catalpol reduced the RANKL protein
level and increased the ratio of OPG/RANKL significantly
(Figure 6).

The Effect of Catalpol on Migration of
MC3T3-E1 Cells Treated by High Glucose

In the process of bone regeneration, osteoblast precursors and
their progeny are required to migrate within the three-
dimensional bone space (Xie et al., 2018). Therefore,
inducing the migration of osteoblast might play a role in
osteoporosis. To investigate the effects of catalpol on the
migration capacity of osteoblasts, a transwell assay was
performed. As shown in Figure 7, MC3T3-E1 cells treated
with high glucose have lower migration behavior compared
with the normal group. Catalpol (1 and 10 uM) significantly
enhanced the migration behavior of MC3T3-E1 cells treated
by high glucose after 24h of culture. In addition, cell
migration activity was also assessed using the wound-
healing assay. In Figure 8, compared with the MC3T3-E1
cells in normal situations, the environment of high glucose
had an obvious inhibiting effect on cell migration activity.
Catalpol enhanced cell motility and scattering following gap
formation in MC3T3-E1 cells treated by high glucose.
Collectively, these findings from the transwell cell
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FIGURE 4 | Effect of catalpol on osteogenic differentiation and calcification of MC3T3-E1 cells treated by high glucose. (A) Cell differentiation was measured by ALP
staining. (B) Cell calcification was measured by Alizarin Red staining. (C) Catalpol reversed cell calcification according to microplate reader of Alizarin Red staining
measured at 562 nm. (D) Catalpol increased cell ALP activity treated with high glucose. The data were expressed as the mean + SD. *p < 0.01 vs. control and #p <

migration assay and the wound-healing assay demonstrate
that catalpol promotes migration of MC3T3-E1 cells treated
by high glucose.

DISCUSSION

Recent studies have shown that patients with type 1 DM
(T1IDM) and T2DM have an increased risk of osteoporotic
fractures and bone fragility induced by diabetes mellitus.
Diabetic osteoporosis has been recently recognized as one
of the important complications. As diabetic osteoporosis is
more complex than other types of osteoporosis, so too are its
etiology and pathology. The reduction in bone mineral
density and deterioration of the bone quality induced by
prolonged hyperglycemia is the main reason for the rising
risk of osteoporotic fracture in patients with diabetes (Bai
et al,, 2019). Up to now, numerous researches have shown
that suppression of bone formation is the main cause of

higher vertebral and overall fracture rates in diabetes
patients. However, bone resorption and osteoclast activity
in diabetes assumed to have little to no influence on
deterioration of the bone architecture compared with
decreased bone formation. In addition, the OPG/RANKL
ratio is significantly lower in osteoblasts grown in high
glucose and treatment with catalpol increases the OPG/
RANKL ratio. These results indicate that catalpol has the
potential to inhibit bone resorption via the OPG/RANKL
pathway. However, there is nearly no difference in bone
resorption between catalpol group mice and diabetic mice.
The possible reason is that the level of RANKL reflects the
changes in systemic physiology including bone, vascular
tissue, and other tissues (Liu et al., 2019). More bone
resorption markers should be taken into analysis in future
studies.

Bone is a specialized and dynamic tissue which is continuously
remodeled by the coordinated actions of osteoclast and osteoblast.
Throughout the dynamic process of bone mobilization, osteoclasts
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related with bone formation was measured by Western blot. Respectively, protein levels were statistically evaluated in column (B, C, D). The data were expressed as the
mean + SD. *p < 0.01 and *p < 0.05 vs. control and *#o < 0.01 vs. model.
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FIGURE 6 | Effect of catalpol on osteogenic differentiation and calcification of MC3T3-E1 cells treated by high glucose. Expression of OPG and RANKL levels was
measured during catalpol treatment under high glucose condition by Western blot. Quantitated levels of OPG, RANKL, and the ratio of two proteins were statistically
evaluated. The data were expressed as the mean + SD. *p < 0.01 vs. control and *p < 0.01 and *p < 0.05 vs. model.
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FIGURE 7 | Effect of catalpol on migration of MC3T3-E1 cells treated by high glucose. Cell invasive capacity was measured by the transwell cell migration assay.
The level of migration was statistically evaluated, as shown in the column. (A) Normal group. (B) HG group. (C) HG + 1 pM catalpol. (D) HG + 10 uM catalpol. The data
were expressed as the mean + SD. *p < 0.01 vs. control and #p < 0.01 vs. model.

Migration of MC3T3-El cell

resorb mineralized bone and form bone lacuna; thereby osteoblasts
embed into the lacuna and differentiate into osteocytes (Bai et al,
2019). When the dynamic balance between bone resorption by
osteoclasts and bone formation by osteoblasts is disrupted in diabetic
osteoporosis, it leads to increasing the risk of fragility fracture. The
hyperglycemic conditions induce the accelerated formation and
accumulation of AGEs, which directly inhibits osteoblasts and
upregulates sclerostin in osteocytes. In addition, the high-glucose
level increases the secretion levels of sclerostin in osteocytes and
further inhibits osteoblasts by suppressing the Wnt/B-catenin
pathway (Ye et al, 2018). In this study, type 2 diabetic mice
showed significant inhibition of bone formation, and high
glucose significantly inhibited the differentiation and migration of
MC3T3-El cells. However, there was no significant change in bone
resorption compared with normal mice. In the process of bone
remodeling from resorption to formation, high glucose main
influenced reversal phase and formation and mineralization phase
in which the proliferation, differentiation, and migration of
osteoblasts play an important role (Carbone et al., 2017).

The roots of Rehmannia glutinosa (Dihuang in Chinese) have
been widely used in combination with other TCM herbs to treat
patients with diabetes, diabetic complications, and osteoporosis.
Recent meta-analyses based on 107 TCM clinical trials have
shown that the prescriptions contained Rehmanniae Radix has
promising effects on alleviating bone loss and reducing pain of
osteoporotic patients (Pierce and Waite, 1987). Catalpol, the
principal effective component of Rehmannia Radix, exhibits
various pharmacological activities, especially potent antioxidant,
antitumor, antiosteoporosis, and antidiabetic effects. In addition,
catalpol is the only isolated effective compound of Rehmannia Radix
that has bone preventive effect in vitro and in vivo (Qian et al.,, 2015;
Sun et al,, 2018; Terpos et al., 2018).

In general, bone remodeling is controlled by the balance
between bone formation and bone resorption. After the first
phase of osteoclastic bone resorption, preosteoblast

migrates into the resorption cavities, followed by
proliferation and differentiation of osteoblasts (Pajarinen
et al., 2019). In this study, we revealed that catalpol showed
significant osteogenesis promoting effects in diabetic
osteoporosis mice model and high glucose osteoblast
model. More efficient promoting osteogenesis drugs are
of great clinical value of osteoporotic therapy. Unlike
postmenopausal osteoporosis, the levels of bone turnover
in patients with T1D and T2D are significantly reduced
levels compared with controls (Hu et al., 2016b). In
addition, hyperglycemia induces higher serum levels of
sclerostin, a bone-signaling peptide secreted from the
osteocyte, and inhibits osteoblast activity by blocking the
noncanonical Wnt signaling pathways. Therefore,
activating the Wnt signaling inhibited by redundant
sclerostin  and accelerating osteoblast to further
differentiation and maturation have positive effects on
bone loss in diabetic osteoporosis. The effects of catalpol
on bone formation and calcium deposition in BMSCs
in vitro was partly via activation of upregulation of Wnt/
B-catenin pathway (Ning et al., 2018). There are several
studies explaining the mechanism of catalpol on osteoblast.
KDM?7A are key target of catalpol on the proliferation and
differentiation of osteoblasts induced by high glucose
(Cheng et al., 2020). There is also one study proving that
catalpol enhanced bone formation by regulating IGF-1/
PI3K/mTOR signaling pathways in osteoblast (Gong
et al,, 2019). In the present study, we observed that the
bone protection on osteoporosis of diabetic mice and
osteoblasts under high glucose environment may be
involved in various factors and mechanisms. However,
there was also one study that was inconsistent with our
conclusion. The study found that catalpol protected bone
loss by inhibiting osteoclast activity (Xu, 2014). These
possibilities should be followed up in future studies.
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FIGURE 8 | Effect of catalpol on migration of MC3T3-E1 cells treated by high glucose. Cell migration was measured by the wound-healing assay. The level of
migration was statistically evaluated, as shown in the column. The data were expressed as the mean + SD. *p < 0.01 vs. control and **p < 0.01 vs. model.

The inhibition effect of the high glucose environment on
osteoblast differentiation may be a consequence of multiple
mechanisms, including activating pyroptosis pathway, increasing
ROS production (Rezaeepoor et al., 2018), and activating GSK3
(Hu et al.,, 2016a). However, there are several limitations that need to
be addressed in future study. Although the animal model used in this
experiment basically reflects the bone degeneration of type 2
diabetes, transgenic mice with type 2 diabetes can more
realistically simulate the mechanism of bone loss of diabetic
osteoporosis in future study. Besides, the detailed mechanism
actions of catalpol need further research to become a candidate
drug in the treatment of diabetic osteoporosis.
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