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ABSTRACT

Implant dentures becomethe first choicefor denture restoration in patients with tooth loss. However, oral
implants often fail in osteoporosis(OP patients. Melatonin (MT) inducesosteogenicdifferentiation of bone
mesenchymalstem cells (BMSCs)suggestingts therapeutic potential in OPtreatment. Long non-coding RN/
H19 inducesosteogenicdifferentiation of BMSCswhile its regulatory mechanismin MT-involved osteogenit
and adipogenicdifferentiation of BMSCgemainselusive. Ovariectomized(OVX)rat was usedto constructan
OPmodel, and bone quality wasassessedMeanwhile, the expressionof H19,miR-541-3p, MT and adiponectir
(APN) was examined by quantitative reverse transcription-PCRO |j w ¢ 1dr EMSA.The adipogenic and
osteogenic differentiation of BMSCswere determined by oil red O staining and alizarin red S staining
respectively. The targeting relationships between H19, miR-541-3p and APN mRNA were predicted by
bioinformatics and confirmed by RNAimmunoprecipitation and duakuciferase reporter assay. The results
showedthat MT, H19and APN were down-regulated,while miR-541-3p wasup-regulatedin the OVXrat model.
At the cellular level, MT reduced adipogenicdifferentiation, heightened osteogenicdifferentiation of BMSC:
and activated 2 y (i «dtenin pathway, which were reversed by the MT2 selective inhibitor 4-P-PDOT
OverexpressingH19 facilitated the osteogenicdifferentiation and inhibited the adipogenicdifferentiation of
BMSCsmediated by MT, while H19 knockdown or overexpressingmiR-541-3p had the opposite effect.
Moreover, H19 functioned as a competitive endogenousRNA and sponged miR-541-3p, and miR-541-3p
targeted APN. Overall, MT modulates the osteogenicand adipogenicdifferentiation of BMSCgy mediating
H19/miR541-3p/APNaxis,providing a new referencefor the targetedtherapy of OP.

INTRODUCTION oral implants often fail due to the lack of initial stability
and the inability to form good osteosynthesisZ[L, The

Implant dentures have gradually become the first choice risk of OP in women is usually higher than that in men,
for denture restoration for patients with tooth loss due to  and ovariaraging and estrogen deficiency are the main
their advantages such as no damage to natural teeth, causes of postmenopausal OP (PMOP) [3]. Osteogenic
small size, comfort, stability, and good chewing differentiation plays a critical role in maintaining the
function. They are known as thhird set of teethof skeletal microenvironment balance, and mesenchymal
humans. However, in patients with osteoporosis (OP), stem cells (MSCs) can differentiate into multiplel cel

GooD-FEAFA2Y MY HPT Il DLb D



types, including osteoblasts, chondrocytes, lgothlasts.
Therefore, enhancing osteogenic differentiation of bone
mesenchymal stem cells (BMSCs) is essential for
improving OP treatment [4&).

Melatonin (MT), a methoxyindole, is previously
found mairty synthesized and secreted by the pineal
gland at night under normal light and dark conditions
[6]. Recently, melatonin is confirmed to be
synthesized in the mitochondria, suggesting that every
cell can synthesize melatonin, including bone marrow
mesenchgnal stem cells or osteoblasts. [7]n
addition to circadian rhythmMT also has effects of
antioxidants [8], antaging [9], neurodegenerative
diseaseresistancg10], and immune regulation [11],
etc. Besides, MThas significant effects on apoptosis,
angiogenesis, tumor suppression and gontliferation
of various tumor cells [12]. NotablWT is implicated

in the homeostasis of bone metabolism, add
reduction is a key factor in bone loss @B [13i 15].
Moreover MT enhancs osteogenic differentiatioof
MSCs by regulatingthe Wnt-¢ &t eni n,-
catenin and other signaling pathways [167]. The
MT injection into rats induces the expression of
osteogenesiselated genes in BMSCs, promste
osteoblast differentiatign and elevates the bone
mineral density (BMD), bone volume fraction
(BVITV), and trabecular number (Th.Njn the OP
model [18]. It is suggested th&T can be usedto
treat OP. However, the downstream signaling
molecular mechanism ofMT's involvement in
modulatingosteogenic and adipogendifferentiation
of BMSCs remains to be further explored.

Long noncoding RNAs (IncRNAs) are greater than 200
nt in transcript lengths and do not have protsding
functions [19]. LncRNAs are confirmed to mediate
osteogenic differentiation of BMSCsybemerging
studies. For example, INCcRNA MEG3 abates the
osteogenic differentiation of BMSCs in PMOP by
regulating miR133A-3p [20]. LncRNA NEAT1
promotes osteogenic differentiation of human BMSCs
(hBMSCs) by modulating mi29b-3p/BMP1 [21].
LncRNA H19 is amember of the IncRNA family, and
studies have shown that -upgulated H19 facilitates
osteogenic differentiation of BMSCs by facilitating
stromal cellderived factor 1 (SDHA) through miR149
[22]. Besides, H19 strengthens  osteogenic
differentiation of BM5Cs by regulating the miR40-
5p/SATB2 axis [23]. Thus, H19 is a key gene in bone
diseases, while whether it plays a role in Mi€diated
differentiation of BMSCs remains unclear.

MicroRNAs (miRNAs), as a kind of single stranded
noncoding RNA with a length of about 22 nt, are one
of the important regulatory targets of INCRNAs [24].

A MRIR-54b3p, which

miR-541-3p, as one member of multiple miRNAs, has
been found to inhibit bone metastasis of prostateer
[25]. And it represses osteogenic differentiation and is
expected to become a potential target for regulating
bone formation [26]. Adiponectin APN) is an
adipocytespecific factor initially reported in 1995,
which plays an important role in obesitgjabetes,
inflammation, atherosclerosis and cardiovascular
diseases [27]. The latest studies have shown that APN
stimulates bone formation and promotes osteogenic
di fferentiati on o-ateBriMZ8Cs
However, the mib41-3p-APN axis in MT-mediated
differentiation of BMSCs needs further investigation.

Here, we discovered that H19 was deregulated in
the OP rat modeln vitro, the H19 level in MTtreated
BMSCs was significantly increased, and overexpressing

H19 enhanced the promotion of TMmediated
osteogenic differentiation and the inhibition of
adipogenic differentiation. Besides, bioinformatics

analysis showed that H19 could competitively inhibit
targeted adiponectin  (APN).
Moreover, overexpression of H19 reduced thB-5¢4 1-

3p level and elevated the APN expression. Therefore,
we speculated that MT modulated BMSC differentiation
by regulating the H1MiR-541-3p-APN axis, thus
playing a key pharmacological role in OP.

RESULTS

H19 and APN were downrregulated, while miR-541-
3p was upregulated in OP rats

SD rats were purchased and the OP rat model was
established by ovarian extraction. First, we labeled
osteoclasts by using the TRAP staining to verify the
modeling. The results indicated that there was a
significant incrase in osteoclast markers in the OVX
group (vs. the Sham group) (Figure 1A). Then, we
measured the BMD and Tb.Th of the rats’ mandibles.
As a result, the rats in the OVX group had significant
bone loss, decreased BMD, BV/TV and Th.N, and
elevated Th.Sp (Bure 1B, 1C). Mandibular bone
tissues and caudal vein blood of the rats were collected.
gRT-PCR, Western blotting, and ELISA were
conducted to detect the profiles of H19, RER1-3p,

and APN in bone tissues and the MT expression in the
caudal vein. As showin Figure 1D1G, in the OVX
group, H19 and APN were dowegulated, while miR
541-3p was ugregulated in the mandibular bone tissue,
and the MT content in the blood decreased (vs. the
Sham group). In addition, we analyzed the correlation
of various moledles with Pearson and found that H19
was reversely related to mib41-3p and positively
correlated with MT, APN, and BMD in mandibular
bone tissues (Figure 1H). The above results suggested
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that H19, miR541-3p, MT and APN were involved in
the progressionfdP.

MT inhibited the adipogenic differentiation and
facilitated the osteogenic differentiation of BMSCs

We investigated the influence of MT on the osteogenic
potential of BMSCs and its potential mechanism. First,

the BMSCs were isolated, differentiated into
osteogenic/adipogenic cells, and treated with MT (10
emol / L) with or w PP DT Ut MT 2
eg/ ml) Then, we analyzed t

adipogenic differentiation of BMSCs. ORO staining
confirmed that MTtreatment inhibited the formation of
lipid droplets in BMSCs after 16 days of adipogenic
differentiation (compared with Adipogenic group,
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Figure 1. H19 and APN were dowegulated, while miR541-3p was upregulated in OP ratgA) TRAP staining wasrfermed to
2a0S2 0f B &iEfpessipndF BB, \BV/PVi Th>SK dnd ©b.N in mandibular tissues of the OP raDn®deie(levels
of H19 and miF541-3p in mandibular tissues of the OP rat model were examined byP§IRK) WB wasmplemented to verify the protein
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Lcatdmin ih ghandibulgf dissues of tH@P rat model. @ MT content in the caudal vein of the OP rat model was

detected by ELISA. *®< 0.001 (vs. the Sham groufhi) Person linear regression analysis was used to determine the correlation between
H19 and mif541-3p, APN, MT and BMEZ = 0.8857P < 0.0001F = 0.8776P < 0.0001 R = 0.8689P < 0.0001F = 0.8610P < 0.0001.
Data were presented as mean +SEM (B)=ihd analyzed using omeay analysis of variance.
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Figure 2A), while 4P-PDOT treatment enhanced the
formation of lipid droplets in BMSCs (compared with
Adipogenic+MT group, Figure 2A). Additionally,
Westen blotting results confirmed that MT
significantly reduced the profiles of adipogenesis
related genes in BMSCs, including CEBPA, CEBPB,
CEBPD, FABP4, and PPARG (compared with
Adipogenic group, Figure 2B). In comparison to the
Adipogenic+MT group, the addin of 4P-PDOT

promoted those proteins (Figure 2B). Subsequently, we

examined the influence of MT on osteoblastic
differentiation of BMSCs. ARS staining and ALP
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activity assay showed that MT facilitated osteoblastic
differentiation of BMSCs, resulting ira significant
elevation in the mineralized matrix and ALP activity
(Figure 2C, 2D). Besides, we conducted Western
blotting to monitor the levels of ALP, BMP2, OCN,
OPN and Runx2, which were typical markers of
osteoblastic differentiation. As a result, trevels of

these four markers were heightened after MT treatment

(vs. the OS group) (Figure 2E). Interestingly, the
BMSCs dealt with 4-PDOT had less osteoblastic
differentiation, lower expression of ALP, BMP2, OCN,
OPN and Runx2, and less ALP activity fopared with
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OS+MT group, Figure 2(2E). Finally, the impact of BMSCs using stH19. qRFPCR demonstrated that
MT on the expression of H19, mig41-3p, APN and H19 was downexpressed in BMSCs after the
Wn t-¢afenin pathway was probed. The results transfection of the sh19 (compared with shNC
il lustrated t ha t-catéhih Pathwak P N gaupdFigwve #A). ORO staining showed that H19

were downregulated in BMSCs aftefAdipogenic knockdown enhanced lipid droplet formation in
differentiation, while miR541-3p was promoted BMSCs (conpared with Adipogenic+MT+sNC

(compared with Con group, Figure 2RG, 2J). group, Figure 4B). Besides, H19 knockdown
However, H19, -c#tdniN pathwag wevén t /skgnificantly promoted the expression of CEBPA,

downregulated in BMSCs after OS differentiation, CEBPB, CEBPD, FABP4, and PPARG (compared
while miR-541-3p was promoted (compared with Con with Adipogenic+MT+shNC group, Figure 4C4D).
growp, Figure 2H,2l, 2K). MT enhanced the H19 Moreover, ARS staining and ALP activity detiect
expression, decreased the ABHRI-3p expression, and revealed that the dowregulation of H19 further
facilitated t he p r odaterdine s rediiced AhB Numbarnofl minétalized fiodules and ALP
(compared with Adipogenic group or OS group, Figure activity (Figure 4E 4F). Western blotting manifested
2F 2K). However, 4P-PDOT treatment repressed H19, that ALP, BMP2, OCN, OPN and Runx2 were dewn
APN andWn t-¢afenin pathway, and promoted miR regulated after H19 knockdown compared with the

541-3p expression (Figure 2BK). Overall, these OS+MT+shNC group (Figure 4G). Finally, we
results manifested that MT enhanced osteogenic probed the influence of H19 on the expression of APN
differentiation of BMSCs. and \Waateninb pathway under Adipogenic

differentiation, and it was found that dowegulating
Overexpressing H19 enhanced the osteogenic effect H19 reduced t heateAi &kpressiod Wn t
of MT on BMSCs (compared with Adipgenic +MT+skNC group,
Figure 4H). Therefore, the above data confirmed
It is known from the abovstudies that MT increases the that H19 downexpression promoted the Adipogenic
H19 expression in BMSCs, but its role remains unclear. differentiation and suppressed osteogenic differentiation
Therefore, we transfected the H19 overexpression plasmid of BMSCs.
and its negative vector in BMSCs to probe the role of
overexpressing H19 on adipogenic/osteogenic  miR-541-3p weakened the osteogenic effect of MT
differentiation of BMSCs. gqRTPCR demonstrated that mediated BMSCs
H19 was overexpressed in BMSCs after the transfection
of the H19 overexpression plasmids (Figure 3A). ORO The miR541-3p expression reduced promoted in MT
staining showed that eqggulation of H19 inhibited lipid treated BMSCs. To further confirm the role of miR
droplet formation in BMSCs (Figure 3B). Besides, H19  541-3p on MT-treated BMSCs, we transfected miR
overexpression significantly reduced the expression of 541-3p mimics and miRNC in BMSCs to further
CEBPA, CEBPB, CEBPD, FABP4, and PPARG (Figure  verify whether miR541-3p mediated BMSC
3C, 3D). Moreover, ARS staining and ALP activity differentiation. gRTPCR verified that miR541-3p

detection revealed that the-rggulation of H19 further was highly expressed in adipogenic/osteogenic
increased the number of mineralized nodules and ALP differentiated BMSCs (Figure 5A). ORO staining
activity (Figure 3E 3F). Western blotting manifested that verified that compared with the
ALP, BMP2, OCN, OPN and Runx2 were-rggulated AdipogenictMT+miRNC group, upregulating miR

after H19 upregulation compared with the 541-3p increased lipid droplet formation (Figure 3B)
OS+MT+Vector group (Figure 3G). Finally, we probed and inceased the expression of adipogeneslated
the influence of H19 on the expression of APN and proteins (including CEBPA, CEBPB, CEBPD,
Whn t-catenin pathway under Adipogenic differentiation, FABP4, and PPARG) in BMSCs (Figure 5C). BMSCs
and it was found that ugulating H19 facilitated the transfected with miF541-3p showed fewer calcium
APN and-catévint ekgbession (compared with nodules and reduced ALP activity compared with that
Adipogenic +MT+Vector group, Figure 3H). Therefore, of the OS+MT+miRNC group (Figure 4D, 4E).
the above data confirmed that enhancing the H19 Consistently, Western blotting illustrated that the
expression reduced the Adipogenic differentiation and expression of osteogenic genes (including ALP,

promoted osteogenic differentiation of BMSCs. BMP2, OCN, OPN and Runx2) in BMSCs was
repressed after wdpegulating miR541-3p in

H19 knockdown mitigated the osteogenic adipogenic differentiated BMSCs (Figure 5F),

differentiation of MT -treated BMSCs accompan e d by the decrease of
catenin expression (Figure 5G). Overall, AB5R1-3p

To further confirm the role of H19 on Mffeated weakened the osteogenic effect and increased the

BMSCs, we transfected a Hi@&ockdown model on adipogenic effect of MT on BMSCs.
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miR-541-3p contained the binding sites of H19 and
APN mRNA

We searched the upstreaand downstream genes of
miR-541-3p by the bioinformatics database Starbase
(https://web.archive.org/web/20110222111721/http://sta
rbase.sysu.edu.fnto further explorg¢he upstream and
downstream mechanisms of mi&1-3p. It was found
that H19 targeted mif841-3p, while the latter r@eted
APN mRNA (Figure &). In order to clarify the
targeting relationship between these three, we
conducted a RIP experimenthd resultsdemonstrated
thatthe transfection of miR641-3p mimics elevated the
amount of H19 and APNnRNA precipitated in the
Ago2 antibody grougvs. the 1gG group, suggesting
that H19 and APNwvere combined with Ago2 through

miR-541-3p (FAgure 6B). Furthermore, auatluciferase
reporter assay was implemented to determine the
correlation between the threas a resultmiR-541-3p
significantly abatedthe luciferase activity of HEWT

and APNWT but hal little impactonthat ofH19-MUT

and APNMUT (Figure 6C). Thes two experiments
confirmed that there were binding relationships between
miR-541-3p and H19 as well as between RERI1-3p
and APNmRNA.

H19 affected the osteogenic and adipogenic
differentiation of MT on BMSCs by inhibiting miR -
541-3p

The H19 overexpression plasmids and/or +6iR-3p
mimics were cdransfected intadipogenic/ osteogenic
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https://web.archive.org/web/20110222111721/http:/starbase.sysu.edu.cn
https://web.archive.org/web/20110222111721/http:/starbase.sysu.edu.cn

differentiated BMSCs. The expression of H19 and ALP, BMP2, OCN, OPN and Runx2 were doewn
miR-541-3p was evaluated. As shown in Figure 7A, 7B, regulated in BMSCs #&r the miR5413p mimic

the H19 was overexpressed in th&dipogenic/ intervention, while H19 overexpression reversed -miR
OS +MT+H19+miR541-3p group (compared with 541-3p-mediated effects (Figure 7H). Finally, we tested
Adipogenic/OS+MT+miR541-3p group, Figure 7A). t he APN acatehin &presgiob in adipogenic

However, miR541-3p was reduced in the Adipogenic/ differentiated BMSCs. It was discovered that compared
0OS +MT+H19+miR541-3p group (compared with with the OS+MT+miR541-3 p gr oup, A-PN an
Adipogenic/OS+MT+miR541-3p group, Figure 7B). catenin were upegulated after upegulating H19 (Figure
ORO stainingshowed that upegulating H19 reduced 71). These results suggested thatregulating miR541-

lipid droplet formation in BMSCs (compared with the 3p weakened the miB41-3p upregulationrinduced
Adipogenic+tMT+miR541-3p group, Figure 7C) and adipogenic differentiation.

repressed the protein levels of CEBPA, CEBPB, CEBPD,

FABP4 and PPARG (Figure 7D, 7E). The ARS and ALP  DISCUSSION

activity detectia illustrated that the calcium nodules and

ALP activity in BMSCs transfected with mig41-3p Emerging reports have manifested that MT facilitates
mimics decreased, while H19 overexpression reversed osteoblast differentiation [281]. In the present
these effects (Figure 7F, 7G). At the same time, research, we confirmed the molecular mechanism of
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Figure 4.Downregulating H19 repressed the osteogenic effect of MT onBB4BMSCs were transfected with-519 or sSENC,

and then cultured in Adipogenic/OS differentiation culture mediuf) Expression of H19 in BMSCs after transfection with H19
overexpression plasmids was detected by 4R.E) ORO staining verified thele of H19 in adipogenic differentiation of BMSCs. Scale:

H N n € D) Phe @xpression of adipocytelated proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) in BMSCs was analyzed |
WB. B ARS activity test was conducted to evaluated the @t8oy A O RATFTFSNBY G AL (A 2§ The BLP.actijity wa® { Ol
detected using ALP activity test kiG)(The relative expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was
analyzed by WBHj WB was utilized to analyzeSh LINE G SAy S @chtenin inBMSCs tubured iyf adipdgenic differentiation

culture medium. £<0.05, *P<0.01, ***P<0.001(vs.Con group), &-0.05, &%<0.01, &&&<0.001 (vs. Adipogenic/OS grouplp<8.05,

##P<0.01, ###<0.01 (vs. Adipogenic/OS+MMNC group). Data were presented as mean +SEM (n=3) and analyzed usimayanealysis

of variance.

GooD-FEAFA2Y MY HC O Il DLb D



MT on osteogenic and adipogenic differentiation of  Several studies have demonstrated that H19 is highly
BMSCs in vitro and in vivo. The results illustrated expressed during the induction of osteoblastic

that MT upregulated H19 and inhibited miR41-3p differentiation of MSCs, and it prames osteoblastic
from acti va t-éaterun pAtRvily, thémeby b di f f er enti ati on by -caterengul a't
dampening the adipogenic differentiation and  activation through miR41/miR22 [33]. The up
enhancing the osteogenic differentiation of BMSCs. regulation of H19 and mi#875 abates Smad3

As far as we know, this is therét study on the phosphorylation and upegulates the osteogenesis
function of MT in osteogenesis by regulating the related gene Runx2, thereby repressing the adipoge
H19/miR-541-3p/APN axis. differentiation of BMSCs and promoting osteoblastic

formation [34, 35]. H19 can also target DKK4 to
LncRNA H19 is among the most abundant and act i vat ecatenmeign#ing thebeby improving
conserved nowoding transcripts during mammalian OP [36]. Previously, some studies have illustrated that
development, which is widely involved in theopess of MT is implicated in regulating the H1%pression, and
osteogenic differentiation of stem cells and contributes MT treatment blocks the senescence-&ftd+) cardiac
to maintaining the osteogenic process of cells [32]. progenitor cells through the H19/miB¥5/USP10

Figure 5. miRB41-3p weakened the osteogenic effect of MT on BMSBBISCs were transfected with ri@1-3p or miRNC, and

then cultured in Adipogenic/OS differentiation culture mediurd) GRTPCR was performed to monitor the bR1-3p expression BMSCs.
Bhwh adGlFrAyAy3d GSNATASR GKS NRE{S 2T | md (©yThelelessidrdos sbibddyteRiadt T S NEB y
proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) in BMSCs was analRedRfy &¢Bvity test was conducted to
S@rfdzd SR GKS 2a0S23SyA0 RA®M®The NP wdivity-wiashdatgtte@uFing AlaP{adtistykit. () The fel&ive H 1 n
expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was analyz€@)hWBMBas utilized to analyze the

LINBE G SAY f S@S-taenindnifBMSGs lwutdred inkadipogenic differentiation culture medil0.05, *P<0.01, ***P<0.001 (vs.

Con group), &0.05, &&<0.01, &&&<0.001 (vs. Adipogenic/OS groudp<f.05, #HP< 0.01 ####<0.001 (vsOS+MT+miRIC). Data were

presented as mean +SEM (n =3) and analyzed usingvapenalysis of variance.
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