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Diosgenin protects against alveolar bone loss in
ovariectomized rats via regulating long non-coding RNAs
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Abstract. The present study assessed the changes in long
non-coding (Inc)RNA and mRNA expression profiles when
diosgenin (DIO) exerted a potential osteoprotective effect
on the alveolar bone of ovariectomized (OVX) rats. Female
Wistar rats underwent a sham operation (SHAM group)
or ovariectomy. OVX rats were treated using vehicle (OVX
group), DIO (DIO group) or estradiol valerate (EV group) for
12 weeks. After treatment, the biomarkers of bone turnover in
plasma and the microstructure of alveolar bone were assessed.
IncRNA microarrays were applied to assess IncRNA and
mRNA expression profiles in alveolar bone in the OVX and
DIO group rats. Subsequently, the differentially expressed
mRNAs associated with the comprehensive bone metabolism
pathway in Ingenuity Pathway Analysis (IPA) were identi-
fied and regarded as key mRNAs. Based on some of the
key mRNAs and all the differentially expressed IncRNAs,
a coexpression network was established and this network
was further analyzed to identify the top 6 IncRNAs with the
highest closeness scores (pivotal IncRNAs). Finally, 6 modules
showing interactions between pivotal IncRNAs and key
mRNAs were constructed. All of the pivotal IncRNAs and key
mRNAs were validated with reverse transcription-quantitative
polymerase chain reaction. The present findings demonstrated
that DIO suppressed the loss of alveolar bone in OVX rats, and
the changes to the expression of some IncRNAs or mRNAs
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occurred in the alveolar bone of the rats in the DIO group.
Twenty-four key mRNAs were identified during pathway
analysis. Furthermore, 8/24 key mRNAs (Ctnnbl, Smad4,
Tcef2, Sp7, 111b, 1lirl, Tnf and Tnfrsfla) were used to establish
a coexpression network, which included 1,656 nodes and
5,341 edges. During network analysis, 6 pivotal IncRNAs
(XR_008346, MRuc007iji, MRAK157089, MRAKO076413,
MRAKI143591 and AB036696) were obtained, and 6 modules
illustrating pivotal IncRNA-key mRNA interactions were
identified. These results revealed that the anti-osteoporotic
effect of DIO on alveolar bone may be associated with the
promotion of a bone formation process through increasing the
signaling of the Wnt and BMPs pathways and the inhibition of
the bone resorption process through decreasing stimulators of
osteoclastogenesis. To conclude, several pivotal IncRNAs may
serve important roles in these processes via regulating some
key mRNAs in the bone metabolism pathway.

Introduction

Postmenopausal women suffering from osteoporosis
have a higher risk of tooth and periodontal disease, which
might be related to alveolar bone loss (1,2). The metabolic
mechanism of alveolar bone is partly different from that
of other bones, and its biological metabolic cycle is very
short (3). Diosgenin (DIO), an aglycone of the steroid
saponin, is widely recognized as a phytoestrogen (4,5), but
the estrogen-like effect of DIO is milder than real estrogen.
A study indicated that DIO, at doses of 20-200 mg/kg, did
not affect the uterine wet weight, epithelium height, volume
densities of endometrium, endometrial epithelia, number of
endometrial glands, or histological appearance of vaginal
epithelia in rats (6). In addition, DIO shows adverse effects
such as stimulatory action on growth of mammary gland in
ovariectomized (OVX) mouse (7). As for bone metabolism,
previous studies demonstrated that the application of DIO
decreases bone loss in the peripheral skeleton in animal
models induced by ovariectomy (8,9), but the effects of DIO
on alveolar bone still remain unclear. We therefore conducted
a study to assess the influence of DIO on alveolar bone in rats
that had undergone ovariectomy.
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Long noncoding RNAs (IncRNAs), defined as RNAs
>200 nucleotides and lacking an open reading frame (ORF),
were identified from cDNA in 1991 (10,11). Like microRNAs
(miRNAs), IncRNAs are also considered to play important
roles in normal cellular physiological processes, with tissue-
and cell-specific expression patterns (12,13). The limited
studies on IncRNAs showed that they might play a vital role
in the occurrence and progression of skeletal diseases (14,15)
including osteoporosis (16,17). In studies on animal models,
some specific IncRNAs could be potential biomarkers for the
diagnosis of osteoporosis in the jaw of OVX mice have been
reported (18).

In view of the importance of IncRNAs in bone remodeling,
we questioned if IncRNAs play a substantial role in the action
of DIO on the loss of alveolar bone. Therefore, we conducted
this study to assess the modulatory action of DIO on IncRNA
and mRNA expression profiles in alveolar bone in an OVX rat
model.

Materials and methods

Animal grouping and treatments. There have been studies
that used female rats aged 6 months that have received an
ovariectomy as a model of osteoporosis in postmenopausal
women (19,20). Forty-eight female Wistar rats aged 6 months,
with an average weight of 300+20.0 g, were obtained from
the Experimental Animal Center of the Academy of Military
Medical Sciences. All the experiments on animals gained
approval of the Institutional Ethics Committee of the Institute
of Basic Theory, China Academy of Chinese Medical Sciences.
The rats were sham-operated (SHAM, n=12) or bilaterally
OVX (n=36) (21). We randomly divided the OVX rats into the
following three groups: OVX group (OVX, n=12), DIO group
(DIO, n=12), and estradiol valerate (EV) group (EV, n=12).
We treated the rats in the EV group with EV daily via oral
gavage at a dosage of 0.1 mg/kg body weight/day. In addition,
we treated the rats in the DIO group with DIO via oral gavage
at a dosage of 100 mg/kg body weight/day. At the same time,
we treated the rats in the SHAM and OVX groups with an
equivalent volume of distilled water via oral gavage. During
the experiments, we fed all the rats with standard chow. We
started all of the treatments 1 week following OVX surgery,
and the course continued for 12 weeks. During the 12-week
treatment period, no animal died.

Preparation of specimens. The average body weight of all
rats was 365.84+26.85 g in the end of treatment. We anesthe-
tized the animals with xylazine at 12 mg/kg and ketamine at
80 mg/kg via intraperitoneal injection and then euthanized
them by exsanguination the day after the last treatment.
Under anesthesia, the abdominal aorta of rat was punctured
to collect 8-10 ml of blood specimens into heparinized tubes.
After exsanguinations, we performed cardiac palpation on
precordium of rats for five min to confirm cardiac arrest. If
the rats showed cardiac arrest, respiratory arrest and mydriasis
simultaneously, we confirmed the death of rat. Subsequently,
the blood specimens were separated by centrifugation at
3,000 x g at a temperature of 4°C for 10 min and then aliquoted
and preserved at -80°C before use. We dissected the right
mandibles and then stored them at -20°C for determination of
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microstructure and bone mineral density (BMD) with the help
of micro-computerized tomography (micro-CT). Afterwards,
we used them for histological examination. We dissected
the left mandibles and reserved the bone tissue between
the incisor and molars and afterwards stored it at -80°C for
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) tests and microarray assay.

Biomarkers of bone turnover. Enzyme-linked immunosorbent
assays (ELISAs; Beijing Sunbio Biotech Co., Ltd., Beijing,
China) were conducted to assess plasma concentrations of
bone resorption and bone formation biomarkers, such as
tartrate-resistant acid phosphatase (TRAP) and alkaline
phosphatase (ALP), in controlled, standardized and duplicated
experiments. An ELISA reader (BioTek Instruments, Inc.,
Winooski, VT, USA) was used to read absorption at 450 nm.

micro-CT assessments. We scanned the right mandible of each
rat with a high-resolution micro-CT system (Skyscan 1172
micro-CT system; Bruker Corporation, Ettlingen, Germany)
without sample preparation. We applied the micro-CT system
in accordance with a method described previously (22). We
scanned each of the samples at a high resolution (6.8 xm). We
applied a 0.5 mm thick aluminum filter to remove noise from
the generated gray scale images. A global threshold (lower
grey threshold: 52, upper grey threshold: 255) was used for
measurement of the trabecular bone.

We captured the images of the mandible at a current of
100 #A and a voltage of 100 keV to reconstruct a cubic region
starting 1.5 mm below the bottom of the first molar crown,
which served as the ‘volume of interest’ (VOI). We applied
the standard Skyscan software package for trabecular bone
morphological measurements within the VOI. In addition, we
applied 3-D analyses for assessment of the trabecular bone
volume fraction (BV/TV), the BMD, the trabecular separa-
tion (Tb.Sp), the trabecular thickness (Tb.Th), the trabecular
number (Tb.N), the degree of anisotropy (DA) and the struc-
tural model index (SMI) for the same VOI (23).

Histological examination. We fixed the right mandibles in
formalin at a concentration of 10%, decalcified mandible
in EDTA at a concentration of 14%, dehydrated them, and
then embedded them in paraffin. The cutting of sections
was performed with a standard microtome, and then the cut
sections were affixed to glass slides and stained sections using
hematoxylin and eosin.

Analysis of IncRNA microarray data. We prepared alveolar
bone from six rats from the DIO and OVX groups. The Rat
LncRNA Array (Arraystar Inc., Rockville, MD, USA) was
used for profiling the IncRNAs and protein-coding mRNAs in
one experiment. In the microarray, there were approximately
9300 IncRNAs from the UCSC all_mRNA records, NCBI
RefSeq and orthologs of rat IncRNAs databases and 15200
protein-coding mRNAs from the NCBI RefSeq database that
were evaluated at the same time.

We performed the IncRNA microarray assay at KangChen
Bio-tech (Shanghai, China). In brief, we isolated total RNA
with TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) in accordance with the instructions.
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We amplified one milligram of the total RNA from each
group and transcribed itinto fluorescent complementary RNA
(cRNA). Then, we hybridized the labeled cRNAs onto a 4x44 K
Rat LncRNA Array. After washing the slides, we scanned the
arrays using an Agilent G2505B Microarray Scanner. The anal-
ysis of the acquired array images was performed using Agilent
Feature Extraction software (v.10.7.3.1; Agilent Technologies,
Inc., Santa Clara, CA, USA). Finally, we performed quantile
normalization using Expander v5.1 software and processed the
data subsequently with the GeneSpring GX v.11.5.1 software
package (Agilent Technologies, Inc.). Threshold values of a
fold change =2 and P-value <0.05 were used for screening of
differentially expressed IncRNAs and mRNAs.

Ingenuity pathway analysis (IPA). We imported the
differentially expressed mRNAs from array analyses into
the Ingenuity Pathway Analysis Tool. The IPA Tool identi-
fies global functions, canonical pathways and biological
networks of a particular dataset on the basis of the Ingenuity
Pathways Knowledge Base (IPKB). Among the canonical
pathways of IPKB, the pathway ‘Role of Osteoblasts,
Osteoclasts and Chondrocytes in Rheumatoid Arthritis
(ROOCRA)’ is unique and covers almost all important
molecules and signaling associated with functions of osteo-
blasts and osteoclasts, such as differentiation, mineralization,
degradation, development, and apoptosis. Considering the
importance of the ROOCRA pathway in bone metabolism,
we further searched the differentially expressed mRNAs
allocated into the ROOCRA pathway, and these mRNAs
were considered key mRNAs.

Build of mRNA-IncRNA coexpression network. We selected
all of the differentially expressed IncRNAs and some of the
key mRNAs to build the coexpression network according to
the method described previously (24,25). The building of the
network involved the following procedures: i) preprocessing
data- we used the median value of one mRNA with different
transcripts to represent the gene expression, without excep-
tional treatment for IncRNA expression values; ii) screening
data-we removed the subsets of data in accordance with the
lists of the different kinds of IncRNA and selected mRNA;
iii) then, we calculated the Pearson's correlation coefficient
and applied the P-value for calculations between IncRNAs
and key mRNAs; and iv) screening on the basis of Pearson's
correlation coefficients-we considered values over 0.98
meaningful and used them to draw the mRNA-IncRNA
coexpression network using Cytoscape (v.2.8.3; http://www.
cytoscape.org) (26).

Analysis of mRNA-IncRNA coexpression network. Closeness
centrality is concerned with the shortest distance of a node
to all the other nodes in a network. Closeness centrality of a
certain node is the combined shortest distance from all other
nodes. Closeness centrality represents the potent influence of a
node on the network (27). The closeness scores of nodes in the
coexpression network were calculated using the CytoHubba
plug-in (28) in Cytoscape. We selected six IncRNAs with the
highest closeness scores and considered them pivotal IncRNAs.
Furthermore, six modules showing interaction between pivotal
IncRNAs and key mRNAs were built.
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Figure 1. Influence of DIO on levels of ALP and TRAP in plasma after a
12-week treatment. (A) ALP, (B) TRAP. “P<0.01 vs. SHAM group; “P<0.05
vs.OVX group. SHAM, sham-operation; DIO, diosgenin; OV X, ovariectomy;
EV, estradiol valerate; ALP, alkaline phosphatase; TRAP, tartrate-resistant
acid phosphatase.

Validation of differentially expressed mRNAs and IncRNAs
using RT-gPCR. We performed RT-qPCR analyses for
IncRNAs and mRNAs with SYBR RT-qPCR kits (Takara
Biotechnology Co., Ltd., Dalian, China) and an ABI 7500
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
in accordance with the instructions. We used an internal
control, Gapdh, to normalize the comparative expression
level of IncRNAs or mRNAs with the 244 ¢cycle threshold
technique.

Statistical analysis. We expressed the data as the mean =+ stan-
dard deviation. In addition, we used the Student-Newman-Keuls
post hoc tests and one-way ANOVA for determination of
significant differences between results using SPSS v.19.0
statistical software package (IBM Corp., Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Influence of DIO on bone turnover biomarkers. The plasma
concentrations of ALP and TRAP in different rats after a
12-week treatment are shown in Fig. 1A, B. After 12-week treat-
ment, the ALP and TRAP levels in OVX rats (7.20+£2.01 mM,
1.01+£0.34 uM, respectively) were significantly higher than
those in SHAM rats (2.45+0.80 mM, 0.22+0.11 uM, respec-
tively, P<0.01). Moreover, the plasma ALP and TRAP levels
in EV group rats (5.68+2.38 mM, 0.18+0.09 uM, respec-
tively) were significantly lower than those in OVX group rats
(P<0.05 and P<0.01). Nevertheless, DIO increased the level
of ALP (10.20+3.18 mM) and decreased the level of TRAP
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Figure 2. Influence of DIO on BMD and trabecular bone microarchitecture after 12-week treatment. (A) BMD, (B) BV/TV, (C) Tb.Th, (D) Tb.Sp, (E) Tb.N,
(F) SMI and (G) DA. “P<0.01 vs. SHAM group; "P<0.01 vs. OVX group; “P<0.05 vs. OVX group. SHAM, sham-operation; OVX, ovariectomy; EV, estradiol
valerate; DIO, diosgenin. SHAM, sham-operation; OVX, ovariectomy; EV, estradiol valerate; DIO, diosgenin; BMD, bone mineral density; BV/TV, trabecular
bone volume fraction; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; Tb.N, trabecular number; DA, degree of anisotropy; SMI, structural model index.

(0.50+0.17 yuM) in rats compared to those in OVX group rats
(P<0.05 and P<0.01).

Influence of DIO on trabecular bone microstructure and BMD.
The evaluation of trabecular bone microstructure of the four
groups was conducted with micro-CT. The results suggested
that ovariectomy obviously reduced the BMD, Tb.N, Tb.Th and
BV/TV (BMD: 0.296+0.019 g/cm?, Tb.N: 1.530+0.510 mm™,
Tb.Th: 29.636+2.830 pm, BV/TV: 8.308+1.5840%,P<0.01) and
increased the SMI, Tb.Sp, and DA (SMI: 2.267+0.189, Tb.Sp:
95.443+7.045 pym, DA: 1.943+0.101, respectively, P<0.01) in
comparison with the SHAM group (BMD: 0.786+0.099 g/cm”,
BV/TV: 29.952+5.371%, Tb.Th: 84.001+£6.540 ym, Tb.Sp:
40.646+10.107 pm, Tb.N: 9.480+2.280 mm™', SMI:
1.137+0.108, DA: 1.290+0.180) based on the morpho-
metric parameters of alveolar bone. The OVX-induced
changes were significantly inhibited after treatment with
EV (BMD: 0.589+0.025 g/cm?®, BV/TV: 19.321+1.567%,
Tb.Th: 70.454+5.180 pm, Tb.Sp: 59.053+10.360 ym, Tb.N:
6.810+1.610 mm™', SMI: 1.498+0.120, DA: 1.555+0.167) or
DIO (BMD: 0.477+0.071 g/cm?, BV/TV: 12.964+2.072%,
Tb.Th: 39.893+7.550 um, Tb.Sp: 68.063+11.601 ym, Tb.N:
3.990+0.840 mm™', SMI: 1.741+0.157, DA: 1.700+0.145)
(Fig. 2A-G). Furthermore, impairment of the trabecula caused
by ovariectomy was relieved after treatment with EV or DIO
(Fig. 3A-D).

Influence of DIO on histomorphology of alveolar bone.
A histological examination was conducted to observe the

alveolar bone region of the first molar. The typical histological
sections of SHAM or OVX rats treated with vehicle, EV or
DIO are shown in Fig. 4. Sections from rats in the SHAM
group demonstrated thickened alveolar bone and a small
and scant medullary cavity (Fig. 4A) relative to those from
the OVX group. OVX significantly decreased the volume of
alveolar bone and increased the size of the medullary cavity
(Fig. 4B). Alveolar bone volume was significantly increased
after 12 weeks of treatment with EV or DIO (Fig. 4C and D),
and the effect of EV was greater than that of DIO. We mutu-
ally confirmed the results of histological observations and
micro-CT.

Influence of DIO on IncRNA and mRNA expression profile.
Microarray data analysis confirmed that there were 2409
differentially expressed IncRNAs and 3145 differentially
expressed mRNAs in alveolar bone from the DIO group
in comparison to those from the OVX group rats. Among
the 2409 IncRNAs, 1311 were upregulated and 1098 were
down-regulated. Among the 3145 mRNAs, 1468 were shown
upregulated and 1677 mRNAs were shown down-regulated.

Influence of DIO on ROOCRA pathway. A total of 24 differ-
entially expressed mRNAs (key mRNAs) in rat alveolar bone
between the DIO group and the OVX group were allocated
into the ROOCRA pathway (Table I). Figs. 5 and 6 are sche-
matic diagrams illustrating the role of these key mRNAs in
osteoblasts and osteoclasts based on the ROOCRA pathway,
respectively.
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Figure 3. Typical samples from each group: 3-D structure of alveolar bone below the bottom of the first molar. (A) SHAM, (B) OVX, (C) EV and (D) DIO.
SHAM, sham-operation; DIO, diosgenin; OV X, ovariectomy; EV, estradiol valerate.

molar root

molar root

Figure 4. Morphological examination of alveolar bone from the first molar. Hematoxylin and eosin were used for staining of the sections (A) SHAM, (B) OVX,
(C) EV and (D) DIO. The Black arrows pointed the first molar roots. Scale bar=1 mm, original magnification, x4. SHAM, sham-operation; DIO, diosgenin;
OVX, ovariectomy; EV, estradiol valerate.
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Table I. Key mRNAs associated with the regulatory effect of
diosgenin on osteoblasts and osteoclast.
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Table II. Pivotal IncRNAs in the co-expression network asso-
ciated with the regulatory effect of diosgenin.

Gene Symbol  Fold change  Gene symbol  Fold change = IncRNA name Fold change Closeness score
Tcf2 6.7297165 Mapk9 20351413  XR_008346 -2.1672872 788.4166667
Alpl 34451298 Ctnnbl 2.0331123  MRuc007iji 2.4346808 788.1666667
Map2k6 3.0244298 Traf2 20252916 MRAK157089 -2.4197937 788.1666667
Smad8 2.8872466 11D -14.1060169  MRAKO076413 2.5446928 788.1666667
Sp7 2.8651835 Tnf -10.851363 MRAK143591 2.5193525 785.5

Ak2 2.6869522 Calml3 -4.2190773  AB036696 -2.2948153 780.25
Csnklal 2.6036916 AcpS -3.5965811

Ppp3ri 2.5592904 1irl 28160289  IncRNA.long non-coding RNA.

Sppl 2.4752330 Sost -2.7645216

Smad4 24189853 Fzd9 -2.3562909

Chuk 2:3533404 Tnfrsfla -2:2219197 role of IncRNAs in the anti-osteoporotic influence of DIO in
Map2k4 2.0987597 Gsk3b 20772502 | veolar bone of OVX rats.

Key mRNA and IncRNA coexpression network associated with
regulatory effect of DIO. Considering the positive regulatory
effect of DIO on osteoblasts and the negative regulatory effect
on osteoclasts shown in the ROOCRA pathway, we selected
eight of twenty-four key mRNAs (Ctnnbl, Smad4, Tcf2,
Sp7, 111b, 1lIrl, Tnf and Tnfrsfla) and all of the differentially
expressed IncRNAs to construct the coexpression network.
A total of 1656 nodes and 5341 edges were obtained in the
coexpression network (data not shown).

Pivotal IncRNAs in the coexpression network associated
with the regulatory effect of DIO. We regarded six IncRNAs
with high closeness scores as the pivotal IncRNAs that could
have multiple regulatory effects on mRNAs. The six pivotal
IncRNAs are listed in Table II. We further established six
modules displaying the interaction between the six pivotal
IncRNAs and eight key mRNAs (Fig. 7A-F).

Validation of pivotal IncRNAs and key mRNAs by RT-qPCR.
We evaluated the expression of eight key mRNAs and six
pivotal IncRNAs in the coexpression network or modules
associated with the regulatory effect of DIO. In general, the
RT-qPCR data were consistent with the results found in the
microarray analysis (Figs. 8 and 9).

Discussion

Phytoestrogens are a diverse group of plant-derived
compounds that can bind to estrogen receptors (ERs) and
mimic some actions of estrogen through the activation
or inactivation of certain genes (29). It is acknowledged
that osteoporosis in postmenopausal women is induced by
estrogen deficiency and many phytoestrogens can be used
to mitigate osteoporosis. DIO, as a phytoestrogen, had been
proven to be a potential anti-osteopenic agent (30,31), but the
mechanism of this effect is not fully understood. IncRNAs
play a significant role in developing and maintaining the
phenotypes or functions of cells (32), including the cells
within bone (33). We conducted this study to explore the

Animal models induced by OVX mimics high-turnover
bone loss in human such as postmenopausal women.
High-turnover bone loss is characterized by excessively high
bone formation and bone resorption processes (34). BMD
was significantly reduced after ovariectomy as a result of
an elevation in alveolar bone turnover among the OVX rats
in comparison to the Sham rats. However, the BMD of the
alveolar bone was augmented following treatment with EV or
DIO in comparison to the OVX group. As plasma biomarkers,
levels of both TRAP and ALP were raised in the OVX group
rats in comparison to those in the SHAM group. The treat-
ment with EV for 12 weeks lowered the increases in the two
biomarkers significantly. It suggested that estrogen was able to
lower both bone formation and bone resorption in OVX rats
synchronously. Our findings were similar to those of other
researchers (35-37). However, DIO not only decreased the
level of TR AP but increased the level of ALP (Fig. 1A and B),
indicating that DIO only acts as an estrogen-like agent and
is not identical to estrogen. DIO may have specific targeting
molecules or pathways.

The 3-D bone microstructure analysis using micro-CT
demonstrated significant changes in Tb.N, Tb.Th, Tb.Sp,
BV/TV, and SMI, which indicated that there was less loss of
alveolar bone in DIO- or EV-treated rats in comparison to the
OVX group. The anti-osteoporotic influence of EV on alveolar
bone was more powerful than DIO (Fig. 2). The morphological
findings of alveolar bone (Fig. 4) were consistent with the
micro-CT evaluation (Fig. 3).

We found that DIO had a strong anti-osteoporotic influence
on alveolar bone according to the results from histological
observation, micro-CT, the assays of BMD, and bone turnover
biomarkers.

We evaluated the IncRNA and mRNA profiles using
a microarray in order to confirm the anti-osteoporotic
influence of DIO on alveolar bone. As the functions of differ-
entially expressed IncRNAs were largely unclear, we first
explored the roles of differentially expressed mRNAs in the
anti-osteopenic effects of DIO. The ROOCRA pathway in
the TPA database is a unique pathway and covers almost all of
the important molecules and signaling associated with func-
tions of osteoblasts and osteoclasts, such as differentiation,
mineralization, degradation, development, and apoptosis.
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Figure 5. Illustrative diagram elucidating the differentially expressed mRNAs from rat alveolar bone between the DIO group and OVX group in osteoblasts.
The genes down-regulated are shown as green, while the genes upregulated are shown as red. White represents genes not chosen but introduced into the
network by relation. DIO, diosgenin; OVX, ovariectomy; TNF, tumor necrosis factor; SOST, sclerostin; CK1a, casein kinase 1 alpha; CTNN@, catenin beta;
GSK3p, glycogen synthase kinase 3 beta; AKT, serine/threonine kinase; SMAD1/5/8, SMAD family member 1/5/8; SMAD4, SMAD family member 4;
TCF/LEF, transcription factor protein; ALP, alkaline phosphatase; OPN, osteopontin.

We found that 24 differentially expressed mRNAs were
associated with the ROOCRA pathway (Table I). As shown
in Fig. 5, we found that DIO could promote the bone forma-
tion process via increasing signaling of the Wnt and BMPs
pathways, two recognized signaling pathways regulating
the osteogenic differentiation of mesenchymal stem cells or
preosteoblasts (38,39). At the mRNA level, the expression

of some transcription factors or complexes in osteoblasts,
such as Smad4, Smad8, and beta-catenin/Tcf, and the expres-
sion of some downstream molecules, such as Osterix, Alp
and osteopontin (OPN), were all increased. As shown in
Fig. 6, we found that DIO could inhibit the bone resorption
process via decreasing two potent stimulators of osteoclas-
togenesis [tumor necrosis factor-alpha (TNF-alpha) and
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interleukin-1 beta (IL-1beta)] and their receptors (IL-1R and
TNF-R1) (40,41). Particularly, the results from the microarray
assay showed the expression of ///b and Tnf (-14.106-and
-10.851-fold changes, respectively) were strongly inhibited by
DIO. In addition, the mRNA expression of TRAP in alveolar
bone was shown to be down-regulated after a 12-week DIO
treatment. In brief, the results from the microarray and
pathway analysis suggested that the anti-osteoporotic influ-
ence of DIO on alveolar bone was attributed to enhanced
bone formation via increasing the expression of some tran-
scription factors (e.g., Ctnnbl, Tcf2, Smad4, and Smad8) and
to a lowered bone resorption via decreasing the expression of
some proinflammatory cytokines or receptors (e.g., Tnf, Il1b,
1lIrl, and Tnfrsfla).

Based on results from the pathway analysis of differentially
expressed mRNAs, we focused on eight key mRNAs (Ctnnbl,
Tcf2, Smad4, Smad8, Tnf, IL1b, IlIr1, and Tnfrsfla) and further
established a IncRNA-mRNA coexpression network associ-
ated with the anti-bone loss effect of DIO to identify pivotal
IncRNAs that could regulate the eight key mRNAs mentioned
above.

A large coexpression network consisting of 1656 nodes
and 5341 edges was constructed. However, almost all of
the IncRNAs in the coexpression network were not anno-
tated. This was a limitation of our study. Fortunately, some
researchers hold that hub analysis of the coexpression network
could overcome this limitation to some degree (42,43).
Closeness is one of the most important metrics for finding



EXPERIMENTAL AND THERAPEUTIC MEDICINE 16: 3939-3950, 2018

3947

B

Figure 7. Six modules illustrating interactions between pivotal IncRNAs and key mRNAs in the coexpression network associated with the regulatory effect
of DIO. The blue node represents key mRNAs, and the red node represents pivotal IncRNAs. The solid lines indicate a positive correlation, and the dotted
lines indicate a negative correlation between IncRNAs and mRNAs. (A) module of XR_008346, (B) module of MRuc007iji, (C) module of MRAK157089,
(D) module of MRAKO076413, (E) module of MRAK 143591 and (F) module of AB036696. DIO, diosgenin.

hubs in a network (27,44). Closeness is the length of the
shortest path from one node to another. To evaluate how close
any one IncRNA is to eight key mRNAs in this network, we
used a closeness score to find the IncRNAs that are most
likely to be regulators of the eight key mRNAs. Six pivotal
IncRNAs with the highest closeness scores (XR_008346,
MRuc007iji, MRAK157089, MRAKO076413, MRAK143591,
and AB036696) were found. Then, we built six modules
that hint at which of these pivotal IncRNAs might have

positive or negative regulatory effects on key mRNAs, but
we did not find any reports on the relationships between
pivotal IncRNAs and key mRNAs. In the future, to reveal the
underlying mechanisms of these IncRNAs, further research
is necessary.

In conclusion, DIO inhibits ovariectomy-induced loss of
alveolar bone in rats via promoting bone formation and inhib-
iting bone resorption. The mechanism of this anti-osteoporotic
influence of DIO probably lies in the global modulation of
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the mRNA and IncRNA expression profiles. Of note, six
pivotal IncRNAs (XR_008346, MRuc007iji, MRAK157089,
MRAKO076413, MRAK143591 and AB036696), which may
regulate the expression of eight key mRNAs (Ctnnbl, Tcf2,
Smad4, Smad8, Tnf, I11b, Il1r] and Tnfrsfla), play crucial roles
in this process. Our study indicates that DIO can potentially
be used as a drug or health supplements for postmenopausal
females with alveolar bone loss.
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