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Abstract

Our aim is to investigate the potential therapeutic value of morin against osteoporosis and elucidate the mechanism of action.
Osteoporosis was induced in rats by a subcutaneous injection of dexamethasone (DEX) for 5 weeks. Body weight was regu-
larly monitored. Body mineral density (BMD) was determined at proximal femurs using dual energy X-ray absorptiometry.
Pathological examination was performed by hematoxylin and eosin staining. The relative expression of osteogenic and bone
resorption markers was determined by real-time polymerase chain reaction and Western blotting, respectively. Activation of
the MAPK signaling pathway was analyzed by Western blotting. Body weight and BMD were both significantly decreased
in osteoporotic rats, although BMD was partially restored by intraperitoneal morin administration. Morin treatment also
increased the number of trabecular bones in DEX-induced rats. Mechanistically, morin reversed the decrease of osteogenic
markers and increase of bone resorption markers, which might eventually be mediated by modulation of MAPK signaling
cascades. Here, we uncovered the therapeutic effect of morin against osteoporosis and demonstrated its suppressive action
on the MAPK pathway in this disease.
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Introduction

Osteoporosis is a disease with the risk of fracture associated
with accumulative bone weakness, and the most common rea-
son for a broken bone in the elderly population [1]. Accord-
ing to the World Health Organization, bone density at the hip
measured by dual-energy X-ray absorptiometry of 2.5 standard
deviations below that of a young adult is defined as osteopo-
rosis. Osteoporosis is relatively asymptomatic until the occur-
rence of fracture with minor or no stress [2]. The etiology of
osteoporosis may be attributed to decreased bone mass and
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increased bone loss. In women, bone loss is frequently exac-
erbated due to lower levels of estrogen after the menopause
[3]. Osteoporosis also occurs in the context of other diseases
and corresponding treatments such as alcoholism, anorexia,
hyperthyroidism, kidney disease and oophorectomy [4]. Epi-
demiologic investigations have accumulatively identified a
number of medicines including some antiseizure medications,
chemotherapy, proton pump inhibitors, selective serotonin
reuptake inhibitors and glucocorticosteroids that contribute
to the incidence of osteoporosis [5]. Notably, glucocorticoids
are widely used for anti-inflammatory therapeutics in a variety
of immune-mediated diseases, such as rheumatic disease and
organ transplantation [6]. According to the Global Longitudi-
nal Study of Osteoporosis in Women (GLOW), approximately
2.7-4.6% women aged >55 years receive glucocorticoid ther-
apy, which is associated with a variety of catastrophic side-
effects including glucocorticoid-induced osteoporosis (GIOP),
a common cause of secondary osteoporosis. It is recommended
that all patients receiving glucocorticoids undergo general
evaluations and protective measures for preventive purpose.
The clinical management of osteoporosis relies on calcium/
vitamin D supplementation and anti-osteoporotic drugs such
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as bisphosphonates (alendronate, etidronate, risedronate, zole-
dronic acid) and teriparatide, an anabolic agent [7].

The MAPK pathway has been identified as the most criti-
cal signaling in bone biology and mediates the majority of
extracellular signaling cues [8]. Mechanistic analysis demon-
strates that the TAK1-MKK3/6-p38 MAPK axis phosphoryl-
ates Runx2 and promotes its association with the coactivator
CREB-binding protein to assemble the master transcription
factors in the osteoblast genetic program [9]. Therefore,
intensive investigations have focused on specific inhibition of
the MAPK signaling cascade in this disease for therapeutic
purposes.

Morin is a natural compound isolated from Maclura pomif-
era, Maclura tinctoria and the leaves of Psidium guajava and
possesses broad-spectrum therapeutic potential against a vari-
ety of human diseases [10]. Cumulative evidence suggests this
compound has antioxidant, antidiabetic, anti-inflammatory,
antitumoral, antihypertensive, antibacterial, hypouricemic and
neuroprotective properties. For instance, Sithara et al. demon-
strated that morin inhibited proliferation of SW480 colorectal
cancer cells via apoptosis induced by reactive oxygen species
formation and Warburg effect uncoupling [11]. Similar anti-
tumor activity was also observed in lung cancer cells, where
morin treatment inhibited cell viability, growth and migration
by suppression of miR-135b and inducing its target CCNG2
[12]. Tian et al. revealed the protective effects of morin on
lipopolysaccharide/d-galactosamine-induced acute liver injury
by inhibiting TLR4/NF-kB and activating the N1f2/HO-1 sign-
aling pathways [13]. In addition, He et al. demonstrated that
morin hydrate promoted inner ear neural stem cell survival
and differentiation and protected the cochlea against neuronal
hearing loss [14]. In a preclinical in vitro study, morin was
identified as a weak inhibitor of fatty acid synthase [15]. Morin
was also found to inhibit amyloid formation by islet amyloid
polypeptide and disaggregate amyloid fibers, which might hold
clinical promise for neurodegenerative diseases such as Alz-
heimer’s and Parkinson’s [16]. Notably, Ma et al. demonstrated
that morin attenuated ovalbumin-induced airway inflammation
by modulating oxidative stress-responsive MAPK signaling
[17]. This immediately prompted us to investigate the potential
therapeutic value of this compound in a GIOP animal model.
Our study provided evidence for the first time in support of the
clinical exploitation of morin against glucocorticoid-induced
0steoporosis.

Methods
Animals
Sprague Dawley (SD) rats (5-month-old, female) were

housed in a standard specific pathogen-free environment
with consistent temperature and humidity. The animals
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had free access to drinking water and standard laboratory
rodent diet ad libitum. The animal study was performed in
strict accordance with the protocol approved by the Ethics
Committee of Tianjin Medical University General Hospital.
The animals were randomly divided into 4 groups—con-
trol group; daily subcutaneous injection of dexamethasone
(0.1 mg/kg, Tianjin Xinzheng, Tianjin, China) for 5 weeks
[DEX group]; daily subcutaneous injection of dexametha-
sone plus an intraperitoneal injection of morin (5 mg/kg,
Sigma, MO, USA) [DEX + ML group]; and daily subcu-
taneous injection of dexamethasone plus an intraperitoneal
injection of morin (10 mg/kg) [DEX + MH group]. The
body weight and bone mineral density (BMD) of all the
experimental subjects were measured before and after treat-
ment. The right femurs were collected from the sacrificed
rats at the endpoint for further analysis.

BMD measurement

BMD was determined at proximal femurs in vivo using Hol-
ogic QDR 4500 dual energy X-ray absorptiometry (Hologic,
Bedford, MA, USA) immediately before and after treat-
ments. The measurements were performed at least three
times and the average values were calculated.

Hematoxylin and eosin stain (H&E)

All rats were killed by cervical dislocation with 30 mg/kg
pentobarbital and the right proximal tibias were resected.
Bone samples were subsequently subjected to fixation with
4% formaldehyde for 24 h and dehydrated in a serial etha-
nol solution, hyalinized in xylene and embedded in molten
paraffin at 62 °C overnight. Blocks were cut into 4-pm sec-
tions, which were then stained with H&E and analyzed with
Image-Pro Plus software (version 6.0; Media Cybernetics,
Inc., Rockville, MD, USA).

Real-time PCR

Total RNA from the proximal femoral tissues was extracted
using TriZol reagent (Invitrogen, CA, USA). The integrity
was quality-checked using a BioAnalyzer 2100 (Agilent,
CA, USA). RNA was reversely transcribed into cDNA with
a High-Capacity DNA Reverse Transcription Kit (Ther-
moFisher, MA, USA). Real-time PCR was performed using
the SYBR Green Real-time PCR Master Mix (Tiangen,
Beijing, China) on a HT7900 Real-time PCR System (ABI,
CA, USA). Relative expression of target genes was normal-
ized to endogenous GAPDH and calculated using the 2744¢
method. All primers used in this study are listed as follows:
ALP-Forward: 5'-AGCCTTCGTTGCTGTGGAGA-3".
ALP-Reverse: 5'-TGGTGTCATAAGGATGGTGG-3'.
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RANKL-Forward: 5'-ACGCCAACATTTGCTTCA
GG-3".

RANKL-Reverse: 5" GTTGGACACCTGGACGCT
AA-3'.

Ost-Forward: 5'-ATGAGGACCCTCTCTCTG-3'.

Ost-Reverse: 5'-CTGCCAGGTCAGAGAGGCACA-3'.

Runx2-Forward: 5'-TACTCTGCCGAGCTACGA
AAT-3'.

Runx2-Reverse: 5'- GAGGATTTGTGAAGACCG
TTAT-3'.

TRACP-Forward: 5'-CTCTCCTGGCTCACTGTA
CAGC-3'".

TRACP-Reverse: 5'-CCATAATCTGCACGGTTC
TG-3".

GAPDH-Forward: 5'-GGTGGACCTCATGGCCTA
CA-3'".

GAPDH-Reverse: 5'-CTCTCTTGCTCTCAGTAT
CCT-3'.

Elisa

Serum carboxyl-terminal telopeptide of type I collagen
(CTX) was measured using an ELISA assay kit (Blue Gene,
China) to evaluate the levels of osteoclastic markers.

Western blotting

Total protein from the proximal femoral tissues was prepared
in ice-cold RIPA lysis buffer supplemented with cOmplete™
Protease Inhibitor Cocktail (Roche, Basel, Swiss). The pro-
tein concentration was determined using a BCA Protein
Assay Kit (Pierce, MA, USA). The samples were resolved by
10% SDS-PAGE gel and transferred onto PVDF membrane
(Roche). After brief blocking with 5% skim milk at room
temperature for 1 h, the membrane was hybridized with indi-
cated primary antibodies (anti-ALP, 1:1,000, ab354; anti-
Ost, 1:1,000, ab121285; anti-RUNX2, 1:1,000, ab23981;
anti-RANKL, 1:1,000, ab 9957; anti-CTX, 1:1,000,
ab126785; anti-TRACP, 1:1,000, ab126785; anti-p-JNK,
1:1,000, ab124956; anti-JNK, 1:1,000, ab179461; anti-p-
ERK, 1:1,000, ab50011; anti-ERK, 1:1,000, ab54230; anti-
p-P38, 1:1,000, ab4822; anti-P38, 1:1,000, ab31828; anti-
GAPDH, 1:2,000, ab9485; Abcam, Cambridge, UK) at 4 °C
overnight. Membranes were then incubated with horserad-
ish peroxidase-conjugated secondary antibody (anti-mouse,
ab6728, 1:5,000; anti-rabbit, ab6721, 1:5,000; Abcam) at
room temperature for 1 h. Protein blots were visualized with
an enhanced chemiluminescence system (ECL, Millipore,
MO, USA). The relative protein blot intensity was deter-
mined by the densitometry scan. Loading was controlled by
endogenous GAPDH.

Statistical analysis

Data are presented as the mean + SD. Statistical analyses
were performed with Student’s ¢ test and one-way analysis
of variance with pairwise comparison by Fisher’s least sig-
nificant difference test using SPSS19 software (IBM, New
York, NY, USA). Values of P <0.05 were considered statisti-
cal different.

Results

Morin alleviated glucocorticoid-induced
osteoporosis

We first established the glucocorticoid-induced osteoporosis
rat model via a subcutaneous injection of DEX following the
previously described protocol [18]. The success in estab-
lishing the animal disease model was validated by measur-
ing both body weight and BMD. The molecular structure is
illustrated in Fig. 1a. Consistent with previous reports, body
weight was significantly decreased upon DEX exposure
compared to the control group (Fig. 1b); however, treatment
with morin (both low and high dose) showed no remarkable
influence on rat body weight. In line with the loss of body
weight, the BMD index was significantly decreased in the
DEX rats, which was partially reversed by administration of
a high dose of morin (Fig. 1c). Therefore, our preliminary
results suggested that a high concentration of morin dem-
onstrated a significant beneficial effect on glucocorticoid-
induced osteoporosis in a rat model.

Effects of morin on histological changes in GIOP rats

Our previous data clearly showed morin improved BMD
in osteoporotic rats. Next, we sought to characterize the
histological changes in the GIOP rats in response to morin
administration. The femur tissue sections were obtained
from the sacrificed experimental animals and subjected to
H&E staining. As shown in Fig. 2, there was a significant
reduction of trabecular bones in DEX-induced osteoporo-
tic rats compared to the control group (Fig. 2a, b), and co-
administration with a low concentration of morin led to
negligible changes compared to the DEX group (Fig. 2c).
Notably, a high dose of morin significantly increased the
amount of trabecular bones to a comparable level with nor-
mal rats (Fig. 2d). Quantitative analysis was performed and
is shown in Fig. 2e. Consistent with its beneficial effects on
restoration of the BMD index, our histological examination
clearly demonstrated that morin treatment also increased
trabecular bones in osteoporosis.
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Fig. 2 Effects of morin on
histological changes in GIOP
rats. H&E staining of femur
tissue sections from rats in the
control group (a), DEX group
(b), DEX+ML 5 mg/kg group
(c), and DEX+MH 10 mg/kg
group (d). Quantitative analysis
was performed (d). Morpho-

: control
logic changes of the femoral

metaphysis stained with H&E E »
method were observed under “:’
light microscopy. Compared _8
with control rats, there was 5 12 -
a reduction of trabecular S 1.0
bones in the DEX group and ]
DEX + ML group; however, in -.% 0.8 1
the DEX +MH group rats, a E 0.6 -
decrease of trabecular bones in o
the DEX group and DEX + ML E 0.4 -
group was confirmed. Magnifi- K- 02 1
cation 200 X, scale bar 200 pm. g
DEX dexamethasone, ML morin 5 0.0 -
low, MH morin high E

Effects of morin on molecular markers
of osteoporosis

Our previous data demonstrated that morin improved osteo-
porosis in respect to both BMD and trabecular bones. Next,
we sought to further characterize the detailed changes in
crucial bone metabolism at the molecular level. Total RNA
was extracted from the proximal femoral tissues, and the
osteogenic markers including bone-specific alkaline phos-
phatase (ALP), osteocalcin (Ost), Runt-related transcription
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factor 2 (RUNX2), and bone resorption markers including
Receptor activator for nuclear factor-x B ligand (RANKL)
and tartrate-resistant acid phosphatase-5b (TRACP) were
determined by real-time PCR. The CTX content was meas-
ured by ELISA. As shown in Fig. 3a—c, all osteogenic mark-
ers were dramatically decreased in DEX rats, which were
slightly restored by a low concentration of morin and signifi-
cantly induced by a high dose of morin. In sharp contrast, all
bone resorption markers were markedly up-regulated in the
DEX group, but were moderately suppressed by low morin
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TRACP relative mRNA level
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administration and significantly reduced by a high dose of
morin (Fig. 3d—f). Our quantitative results suggest that the
improvement in osteoporosis by morin might be attributed
to its induction of osteogenic factors and inhibition of bone
resorption factors. We further consolidated the correspond-
ing alterations at protein level as shown in Fig. 4a, b.

Morin treatment inhibited MAPK signaling
in osteoporosis

In view of the critical role of activated MAPK signaling in
osteoporosis, we further evaluated the potential impact of
morin treatment on the MAPK signaling axis. Consistent
with previous reports, we demonstrated significant activation
of the MAPK pathway as indicated by the phosphorylation
of JNK, ERK and P38 but not the total protein of these fac-
tors in our GIOP rats compared to the control group (Fig. 5a,
b). The active signaling cascade was slightly inhibited by a
low concentration of morin, but significantly suppressed by a
high dose of morin. Our results suggest that morin improved

DEX+ML

DEX+MH control DEX+ML  DEX+MH

osteoporosis, which might be mediated by modulation of the
MAPK pathway.

Discussion

The canonical MAPK signaling pathway has been increas-
ingly recognized as being involving in the pathogenesis of
osteoporosis [8]. In view of a previous report that morin
might attenuate airway inflammation by modulating oxida-
tive stress-responsive MAPK signaling [17], we sought to
investigate the potential therapeutic benefit of morin in oste-
oporosis and attempted to elucidate the underlying molecu-
lar mechanism. Osteoporosis was successfully modeled in
glucocorticoid-induced rats, which evidently manifested in
both loss of body weight and reduction of BMD. An intra-
peritoneal injection of a high dose of morin significantly
improved the osteoporotic symptoms. Pathologic analysis
further demonstrated that morin treatment increased the
number of trabecular bones in osteoporotic rats. Mechanis-
tically, the osteogenic molecules were dramatically deceased
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and bone resorption molecules were markedly increased at
both transcript and protein level in osteoporosis animals,
and were significantly restored by a high dose of morin. In
support of the critical role of the activated MAPK signal-
ing pathway in osteoporosis, we demonstrated remarkable
phosphorylation cascades in DEX rats, which were read-
ily suppressed by administration with morin. Therefore, we
unambiguously demonstrated the therapeutic benefits of
morin against osteoporosis in a disease animal model and
further elucidated that morin inhibited over-activation of the
MAPK pathway in this disease. Our report highlighted the
potential clinical application of morin in the treatment of
osteoporosis and MAPK signaling as target candidates for
further therapeutic exploitation for this disease.

A previous study by Ma et al. showed that morin attenu-
ated ovalbumin-induced airway inflammation by modulat-
ing oxidative stress-responsive MAPK signaling [17]. This
immediately prompted us to investigate the potential thera-
peutic effect of morin against osteoporosis, wherein over-
activated MAPK signaling played a critical role. A study
by Greenblatt et al. suggested that the p38 MAPK pathway
was essential for both skeletogenesis and bone homeostasis
in mice [8]. Gambogic acid has also been shown to have the
potential to inhibit osteoclast formation and ovariectomy-
induced osteoporosis by suppressing the JNK, p38 and Akt
signaling pathways [19]. In support of this notion, our results
preliminarily provided evidence that a high dose of morin
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significantly inhibited MAPK signaling and consequently
ameliorated osteoporosis in the animal model. Further mech-
anistic and pre-clinical investigations are urgently warranted.

For the purpose of therapeutic exploitation for osteopo-
rosis, the MAPK signaling cascades served as perfect tar-
get candidates. A number of compounds have been shown
to possess potential suppressive effects on this pathway.
For instance, Lee et al. reported that phloretin promoted
osteoclast apoptosis in murine macrophages and inhibited
estrogen deficiency-induced osteoporosis in rats [20]. Xu
et al. suggested that hydrogen sulfide protected MC3T3-E1
osteoblastic cells against H,0O,-induced oxidative damage
and highlighted its implication for the treatment of osteo-
porosis [21]. The active component from traditional Chi-
nese medicine, ginsenoside Rb1, has also been shown to
inhibit osteoclastogenesis by modulating the NF-xB and
MAPK pathways [18]. Thummuri et al. demonstrated that
thymoquinone prevented RANKL-induced osteoclastogen-
esis activation and osteolysis in an in vivo model of inflam-
mation by suppressing NF-kxB and MAPK signaling [22].
Li et al. provided evidence that bergapten exerted inhibitory
effects on diabetes-related osteoporosis via regulation of the
PI3 K/AKT, INK/MAPK and NF-kB signaling pathways in
osteoprotegerin knockout rats [23]. Ablation of p38a MAPK
signaling in osteoblast lineage cells via specific inhibitors
significantly protected rats from bone loss induced by estro-
gen deficiency [24]. In line with all the above-mentioned
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Fig.5 Relative expression of p-JNK, JNK, p-ERK, ERK, p-P38,
p38 to GAPDH using Western blotting. Morin restored the increase
of these three proteins caused by DEX. Data are represented as
mean+SD (n=8). **P<0.01 compared with the control group;
#P <0.01 compared with the DEX group. p-JNK phosphorylated Jun
N-terminal kinase, JNL c-Jun N-terminal kinase, p-ERK phosphoryl-
ated extracellular regulated protein kinases, ERK extracellular regu-
lated protein kinases, p-P38 phosphorylated P38, DEX dexametha-
sone, ML morin low, MH morin high

results, we presented evidence that morin specifically inhib-
ited MAPK signaling cascades, which mechanistically con-
tributed to its therapeutic benefits against osteoporosis.

Conclusions

In summary, we exploited the potential pre-clinical applica-
tion of morin in an osteoporotic rat model. Our study high-
lighted the therapeutic value of this compound to improve
both BMD and trabecular bone amount, which might be
mechanistically mediated by inhibition of the MAPK
pathway.
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