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INTRODUCTION  
 

Implant dentures have gradually become the first choice 

for denture restoration for patients with tooth loss due to 

their advantages such as no damage to natural teeth, 

small size, comfort, stability, and good chewing 

function. They are known as the third set of teeth of 

humans. However, in patients with osteoporosis (OP), 

oral implants often fail due to the lack of initial stability 

and the inability to form good osteosynthesis [1, 2]. The 

risk of OP in women is usually higher than that in men, 

and ovarian aging and estrogen deficiency are the main 

causes of postmenopausal OP (PMOP) [3]. Osteogenic 

differentiation plays a critical role in maintaining the 

skeletal microenvironment balance, and mesenchymal 

stem cells (MSCs) can differentiate into multiple cell 
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ABSTRACT 
 

Implant dentures become the first choice for denture restoration in patients with tooth loss. However, oral 
implants often fail in osteoporosis (OP) patients. Melatonin (MT) induces osteogenic differentiation of bone 
mesenchymal stem cells (BMSCs), suggesting its therapeutic potential in OP treatment. Long non-coding RNA 
H19 induces osteogenic differentiation of BMSCs, while its regulatory mechanism in MT-involved osteogenic 
and adipogenic differentiation of BMSCs remains elusive. Ovariectomized (OVX) rat was used to construct an 
OP model, and bone quality was assessed. Meanwhile, the expression of H19, miR-541-3p, MT and adiponectin 
(APN) was examined by quantitative reverse transcription-PCR όǉw¢πt/wύ or ELISA. The adipogenic and 
osteogenic differentiation of BMSCs were 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 RNA immunoprecipitation and dual-luciferase reporter assay. The results 
showed that MT, H19 and APN were down-regulated, while miR-541-3p was up-regulated in the OVX rat model. 
At the cellular level, MT reduced adipogenic differentiation, heightened osteogenic differentiation of BMSCs, 
and activated ²ƴǘκʲ-catenin pathway, which were reversed by the MT2 selective inhibitor 4-P-PDOT. 
Overexpressing H19 facilitated the osteogenic differentiation and inhibited the adipogenic differentiation of 
BMSCs mediated by MT, while H19 knockdown or overexpressing miR-541-3p had the opposite effect. 
Moreover, H19 functioned as a competitive endogenous RNA and sponged miR-541-3p, and miR-541-3p 
targeted APN. Overall, MT modulates the osteogenic and adipogenic differentiation of BMSCs by mediating 
H19/miR-541-3p/APN axis, providing a new reference for the targeted therapy of OP. 
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types, including osteoblasts, chondrocytes, and lipoblasts. 

Therefore, enhancing osteogenic differentiation of bone 

mesenchymal stem cells (BMSCs) is essential for 

improving OP treatment [4, 5].  

 

Melatonin (MT), a methoxyindole, is previously 

found mainly 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 

mesenchymal stem cells or osteoblasts. [7]. In 

addition to circadian rhythm, MT also has effects of 

antioxidants [8], anti-aging [9], neurodegenerative 

disease resistance [10], and immune regulation [11], 

etc. Besides, MT has significant effects on apoptosis, 

angiogenesis, tumor suppression and anti-proliferation 

of various tumor cells [12]. Notably, MT is implicated 

in the homeostasis of bone metabolism, and MT 

reduction is a key factor in bone loss and OP [13ï15]. 

Moreover, MT enhances osteogenic differentiation of 

MSCs by regulating the Wnt/ɓ-catenin, AMPK/ɓ-

catenin, and other signaling pathways [16, 17]. The 

MT injection into rats induces the expression of 

osteogenesis-related genes in BMSCs, promotes 

osteoblast differentiation, and elevates the bone 

mineral density (BMD), bone volume fraction 

(BV/TV) , and trabecular number (Tb.N) in the OP 

model [18]. It is suggested that MT can be used to 

treat OP. However, the downstream signaling 

molecular mechanism of MT's involvement in 

modulating osteogenic and adipogenic differentiation 

of BMSCs remains to be further explored.  

 

Long non-coding RNAs (lncRNAs) are greater than 200 

nt in transcript lengths and do not have protein-coding 

functions [19]. LncRNAs are confirmed to mediate 

osteogenic differentiation of BMSCs by emerging 

studies. For example, lncRNA MEG3 abates the 

osteogenic differentiation of BMSCs in PMOP by 

regulating miR-133A-3p [20]. LncRNA NEAT1 

promotes osteogenic differentiation of human BMSCs 

(hBMSCs) by modulating miR-29b-3p/BMP1 [21]. 

LncRNA H19 is a member of the lncRNA family, and 

studies have shown that up-regulated H19 facilitates 

osteogenic differentiation of BMSCs by facilitating 

stromal cell-derived factor 1 (SDF-1) through miR-149 

[22]. Besides, H19 strengthens osteogenic 

differentiation of BMSCs by regulating the miR-140-

5p/SATB2 axis [23]. Thus, H19 is a key gene in bone 

diseases, while whether it plays a role in MT-mediated 

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 lncRNAs [24]. 

miR-541-3p, as one member of multiple miRNAs, has 

been found to inhibit bone metastasis of prostate cancer 

[25]. And it represses osteogenic differentiation and is 

expected to become a potential target for regulating 

bone formation [26]. Adiponectin (APN) is an 

adipocyte-specific factor initially reported in 1995, 

which plays an important role in obesity, diabetes, 

inflammation, atherosclerosis and cardiovascular 

diseases [27]. The latest studies have shown that APN 

stimulates bone formation and promotes osteogenic 

differentiation of BMSCs through Wnt/ɓ-catenin [28]. 

However, the miR-541-3p-APN axis in MT-mediated 

differentiation of BMSCs needs further investigation. 

 

Here, we discovered that H19 was down-regulated in 

the OP rat model. In vitro, the H19 level in MT-treated 

BMSCs was significantly increased, and overexpressing 

H19 enhanced the promotion of MT-mediated 

osteogenic differentiation and the inhibition of 

adipogenic differentiation. Besides, bioinformatics 

analysis showed that H19 could competitively inhibit 

miR-541-3p, which targeted adiponectin (APN). 

Moreover, overexpression of H19 reduced the miR-541-

3p level and elevated the APN expression. Therefore, 

we speculated that MT modulated BMSC differentiation 

by regulating the H19-miR-541-3p-APN axis, thus 

playing a key pharmacological role in OP. 

 

RESULTS 
 

H19 and APN were down-regulated, while miR-541-

3p was up-regulated 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 increase 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 Tb.N, and 

elevated Tb.Sp (Figure 1B, 1C). Mandibular bone 

tissues and caudal vein blood of the rats were collected. 

qRT-PCR, Western blotting, and ELISA were 

conducted to detect the profiles of H19, miR-541-3p, 

and APN in bone tissues and the MT expression in the 

caudal vein. As shown in Figure 1Dï1G, in the OVX 

group, H19 and APN were down-regulated, while miR-

541-3p was up-regulated 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 molecules with Pearson and found that H19 

was reversely related to miR-541-3p and positively 

correlated with MT, APN, and BMD in mandibular 

bone tissues (Figure 1H). The above results suggested 
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that H19, miR-541-3p, MT and APN were involved in 

the progression of OP.  

 

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 

ɛmol/L) with or without MT2 inhibitor 4-P-PDOT (1 

ɛg/ml). Then, we analyzed the impact of MT on the 

adipogenic differentiation of BMSCs. ORO staining 

confirmed that MT treatment inhibited the formation of 

lipid droplets in BMSCs after 16 days of adipogenic 

differentiation (compared with Adipogenic group,

 

 

 
 

Figure 1. H19 and APN were down-regulated, while miR-541-3p was up-regulated in OP rats. (A) TRAP staining was performed to 
ƭŀōŜƭ ƻǎǘŜƻŎƭŀǎǘǎΦ {ŎŀƭŜΥ рл ˃ƳΦ όB, C) Expression of BMD, BV/TV, Tb. SP and Tb.N in mandibular tissues of the OP rat model. (D, E) The levels 
of H19 and miR-541-3p in mandibular tissues of the OP rat model were examined by qRT-PCR. (F) WB was implemented to verify the protein 
ƭŜǾŜƭǎ ƻŦ !tb ŀƴŘ ²ƴǘκʲ-catenin in mandibular tissues of the OP rat model. (G) MT content in the caudal vein of the OP rat model was 
detected by ELISA. *** P < 0.001 (vs. the Sham group). (H) Person linear regression analysis was used to determine the correlation between 
H19 and miR-541-3p, APN, MT and BMD. R2 = 0.8857, P < 0.0001; R2 = 0.8776, P < 0.0001; R2 = 0.8689, P < 0.0001; R2 = 0.8610, P < 0.0001. 
Data were presented as mean ±SEM (n =10) and analyzed using one-way analysis of variance. 
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Figure 2A), while 4-P-PDOT treatment enhanced the 

formation of lipid droplets in BMSCs (compared with 

Adipogenic+MT group, Figure 2A). Additionally, 

Western 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 addition of 4-P-PDOT 

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

examined the influence of MT on osteoblastic 

differentiation of BMSCs. ARS staining and ALP 

activity assay showed that MT facilitated osteoblastic 

differentiation of BMSCs, resulting in a 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, the levels of 

these four markers were heightened after MT treatment 

(vs. the OS group) (Figure 2E). Interestingly, the 

BMSCs dealt with 4-P-PDOT had less osteoblastic 

differentiation, lower expression of ALP, BMP2, OCN, 

OPN and Runx2, and less ALP activity (compared with

 

 
 

Figure 2. MT inhibited the adipogenic differentiation and facilitated the osteogenic differentiation of BMSCs. BMSCs were 
ǘǊŜŀǘŜŘ ǿƛǘƘ млл ˃a a¢ ŀƴŘκƻǊ a¢н ǎŜƭŜŎǘƛǾŜ ƛƴƘƛōƛǘƻǊ п-P-t5h¢ όм ˃ƎκƳƭύΦ όA) BMSCs were cultured in adipogenic differentiation culture 
ƳŜŘƛǳƳΦ ¢ƘŜ ŀŘƛǇƻƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ .a{/ǎ ǿŀǎ ǘŜǎǘŜŘ ōȅ hwh ǎǘŀƛƴƛƴƎΦ {ŎŀƭŜ ōŀǊΥ нлл ˃ƳΦ (B) The expression of adipocyte-related 
proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) after MT/4-P-PDOT treatment in BMSCs was analyzed by WB. (C) ARS activity 
ǘŜǎǘ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǘƻ ŜǾŀƭǳŀǘŜŘ ǘƘŜ ƻǎǘŜƻƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ .a{/ǎΦ {ŎŀƭŜΥ нлл ˃ƳΦ (D) The ALP activity was detected using ALP activity 
test kit. (E) The relative expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was analyzed by WB. (FςI) The relative 
expression of H19 and miR-541-3p in BMSCs was analyzed by qRT-PCR. (J, K) ². ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǘƻ ŀƴŀƭȅȊŜ ǘƘŜ ƭŜǾŜƭǎ ƻŦ !tb ŀƴŘ ²ƴǘκʲ-
catenin after MT treated BMSCs. *P<0.05, **P<0.01, ***P<0.001 (vs. Con group), &P>0.05, &&P<0.01, &&&P<0.001 (vs. OS group).  #P>0.05, 
##P<0.01, ### P < 0.001 (vs. Adipogenic+MT group). Data were presented as mean ±SEM (n =3) and analyzed using one-way analysis of 
variance. 
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OS+MT group, Figure 2Cï2E). Finally, the impact of 

MT on the expression of H19, miR-541-3p, APN and 

Wnt/ɓ-catenin pathway was probed. The results 

illustrated that H19, APN and Wnt/ɓ-catenin pathway 

were downregulated in BMSCs after Adipogenic 

differentiation, while miR-541-3p was promoted 

(compared with Con group, Figure 2F, 2G, 2J). 

However, H19, APN and Wnt/ɓ-catenin pathway were 

downregulated in BMSCs after OS differentiation, 

while miR-541-3p was promoted (compared with Con 

group, Figure 2H, 2I, 2K). MT enhanced the H19 

expression, decreased the miR-541-3p expression, and 

facilitated the profiles of APN and Wnt/ɓ-catenin 

(compared with Adipogenic group or OS group, Figure 

2Fï2K). However, 4-P-PDOT treatment repressed H19, 

APN and Wnt/ɓ-catenin pathway, and promoted miR-

541-3p expression (Figure 2Fï2K). Overall, these 

results manifested that MT enhanced osteogenic 

differentiation of BMSCs. 

 

Overexpressing H19 enhanced the osteogenic effect 

of MT on BMSCs 

 

It is known from the above studies that MT increases the 

H19 expression in BMSCs, but its role remains unclear. 

Therefore, we transfected the H19 overexpression plasmid 

and its negative vector in BMSCs to probe the role of 

overexpressing H19 on adipogenic/osteogenic 

differentiation of BMSCs. qRT-PCR demonstrated that 

H19 was overexpressed in BMSCs after the transfection 

of the H19 overexpression plasmids (Figure 3A). ORO 

staining showed that up-regulation of H19 inhibited lipid 

droplet formation in BMSCs (Figure 3B). Besides, H19 

overexpression significantly reduced the expression of 

CEBPA, CEBPB, CEBPD, FABP4, and PPARG (Figure 

3C, 3D). Moreover, ARS staining and ALP activity 

detection revealed that the up-regulation of H19 further 

increased the number of mineralized nodules and ALP 

activity (Figure 3E, 3F). Western blotting manifested that 

ALP, BMP2, OCN, OPN and Runx2 were up-regulated 

after H19 up-regulation compared with the 

OS+MT+Vector group (Figure 3G). Finally, we probed 

the influence of H19 on the expression of APN and 

Wnt/ɓ-catenin pathway under Adipogenic differentiation, 

and it was found that up-regulating H19 facilitated the 

APN and Wnt/ɓ-catenin expression (compared with 

Adipogenic +MT+Vector group, Figure 3H). Therefore, 

the above data confirmed that enhancing the H19 

expression reduced the Adipogenic differentiation and 

promoted osteogenic differentiation of BMSCs.  

 

H19 knockdown mitigated the osteogenic 

differentiation of MT-treated BMSCs 
 

To further confirm the role of H19 on MT-treated 

BMSCs, we transfected a H19-knockdown model on 

BMSCs using sh-H19. qRT-PCR demonstrated that 

H19 was downexpressed in BMSCs after the 

transfection of the sh-H19 (compared with sh-NC 

group, Figure 4A). ORO staining showed that H19 

knockdown enhanced lipid droplet formation in 

BMSCs (compared with Adipogenic+MT+sh-NC 

group, Figure 4B). Besides, H19 knockdown 

significantly promoted the expression of CEBPA, 

CEBPB, CEBPD, FABP4, and PPARG (compared 

with Adipogenic+MT+sh-NC group, Figure 4C, 4D). 

Moreover, ARS staining and ALP activity detection 

revealed that the down-regulation of H19 further 

reduced the number of mineralized nodules and ALP 

activity (Figure 4E, 4F). Western blotting manifested 

that ALP, BMP2, OCN, OPN and Runx2 were down-

regulated after H19 knockdown compared with the 

OS+MT+sh-NC group (Figure 4G). Finally, we 

probed the influence of H19 on the expression of APN 

and Wnt/ɓ-catenin pathway under Adipogenic 

differentiation, and it was found that down-regulating 

H19 reduced the APN and Wnt/ɓ-catenin expression 

(compared with Adipogenic +MT+sh-NC group, 

Figure 4H). Therefore, the above data confirmed  

that H19 downexpression promoted the Adipogenic 

differentiation and suppressed osteogenic differentiation 

of BMSCs.  

 

miR-541-3p weakened the osteogenic effect of MT-

mediated BMSCs 
 

The miR-541-3p expression reduced promoted in MT-

treated BMSCs. To further confirm the role of miR-

541-3p on MT-treated BMSCs, we transfected miR-

541-3p mimics and miR-NC in BMSCs to further 

verify whether miR-541-3p mediated BMSC 

differentiation. qRT-PCR verified that miR-541-3p 

was highly expressed in adipogenic/osteogenic 

differentiated BMSCs (Figure 5A). ORO staining 

verified that compared with the 

Adipogenic+MT+miR-NC group, up-regulating miR-

541-3p increased lipid droplet formation (Figure 3B) 

and increased the expression of adipogenesis-related 

proteins (including CEBPA, CEBPB, CEBPD, 

FABP4, and PPARG) in BMSCs (Figure 5C). BMSCs 

transfected with miR-541-3p showed fewer calcium 

nodules and reduced ALP activity compared with that 

of the OS+MT+miR-NC group (Figure 4D, 4E). 

Consistently, Western blotting illustrated that the 

expression of osteogenic genes (including ALP, 

BMP2, OCN, OPN and Runx2) in BMSCs was 

repressed after up-regulating miR-541-3p in 

adipogenic differentiated BMSCs (Figure 5F), 

accompanied by the decrease of APN and Wnt/ɓ-

catenin expression (Figure 5G). Overall, miR-541-3p 

weakened the osteogenic effect and increased the 

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 upstream and downstream genes of 

miR-541-3p by the bioinformatics database Starbase 

(https://web.archive.org/web/20110222111721/http://sta

rbase.sysu.edu.cn/) to further explore the upstream and 

downstream mechanisms of miR-541-3p. It was found 

that H19 targeted miR-541-3p, while the latter targeted 

APN mRNA (Figure 6A). In order to clarify the 

targeting relationship between these three, we 

conducted a RIP experiment. The results demonstrated 

that the transfection of miR-541-3p mimics elevated the 

amount of H19 and APN mRNA precipitated in the 

Ago2 antibody group (vs. the IgG group), suggesting 

that H19 and APN were combined with Ago2 through 

miR-541-3p (Figure 6B). Furthermore, a dual-luciferase 

reporter assay was implemented to determine the 

correlation between the three. As a result, miR-541-3p 

significantly abated the luciferase activity of H19-WT 

and APN-WT but had little impact on that of H19-MUT 

and APN-MUT (Figure 6C). These two experiments 

confirmed that there were binding relationships between 

miR-541-3p and H19 as well as between miR-541-3p 

and APN mRNA.  

 

H19 affected the osteogenic and adipogenic 

differentiation of MT on BMSCs by inhibiting miR -

541-3p 
 

The H19 overexpression plasmids and/or miR-541-3p 

mimics were co-transfected into adipogenic/ osteogenic 

 

 
 

Figure 3. Overexpressing H19 enhanced the osteogenic effect of MT on BMSCs. BMSCs were transfected with H19 overexpression 
plasmids or vector, and then cultured in Adipogenic/OS differentiation culture medium. (A) Expression of H19 in BMSCs after transfection with 
H19 overexpression plasmids was detected by qRT-PCR. (B) ORO staining verified the role of H19 in adipogenic differentiation of BMSCs. Scale: 
нлл ˃ƳΦ όC, D) The expression of adipocyte-related proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) in BMSCs was analyzed by 
WB. (E) ARS activity test was conducted to evaluated the osteogenic differentiŀǘƛƻƴ ƻŦ .a{/ǎΦ {ŎŀƭŜΥ нлл ˃ƳΦ όF) The ALP activity was detected 
using ALP activity test kit. (G) The relative expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was analyzed by WB. 
(H) WB was utilized to analyze the protein levels ƻŦ !tbκ²ƴǘκʲ-catenin in BMSCs cultured in adipogenic differentiation culture medium. 
*P<0.05, **P<0.01, ***P<0.001(vs. Con group), &P>0.05, &&P<0.01, &&&P<0.001 (vs. Adipogenic/OS group), #P<0.05, ##P<0.01, ###P<0.01 
(vs. Adipogenic/OS+MT+Vector group). Data were presented as mean ±SEM (n=3) and analyzed using one-way analysis of variance. 

https://web.archive.org/web/20110222111721/http:/starbase.sysu.edu.cn
https://web.archive.org/web/20110222111721/http:/starbase.sysu.edu.cn
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differentiated BMSCs. The expression of H19 and  

miR-541-3p was evaluated. As shown in Figure 7A, 7B, 

the H19 was overexpressed in the Adipogenic/ 

OS +MT+H19+miR-541-3p group (compared with 

Adipogenic/OS+MT+miR-541-3p group, Figure 7A). 

However, miR-541-3p was reduced in the Adipogenic/ 

OS +MT+H19+miR-541-3p group (compared with 

Adipogenic/OS+MT+miR-541-3p group, Figure 7B). 

ORO staining showed that up-regulating H19 reduced 

lipid droplet formation in BMSCs (compared with the 

Adipogenic+MT+miR-541-3p group, Figure 7C) and 

repressed the protein levels of CEBPA, CEBPB, CEBPD, 

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

activity detection illustrated that the calcium nodules and 

ALP activity in BMSCs transfected with miR-541-3p 

mimics decreased, while H19 overexpression reversed 

these effects (Figure 7F, 7G). At the same time, 

ALP, BMP2, OCN, OPN and Runx2 were down-

regulated in BMSCs after the miR-541-3p mimic 

intervention, while H19 overexpression reversed miR-

541-3p-mediated effects (Figure 7H). Finally, we tested 

the APN and Wnt/ɓ-catenin expression in adipogenic 

differentiated BMSCs. It was discovered that compared 

with the OS+MT+miR-541-3p group, APN and Wnt/ɓ-

catenin were up-regulated after up-regulating H19 (Figure 

7I). These results suggested that up-regulating miR-541-

3p weakened the miR-541-3p up-regulation-induced 

adipogenic differentiation. 

 

DISCUSSION 
 

Emerging reports have manifested that MT facilitates 

osteoblast differentiation [29ï31]. In the present 

research, we confirmed the molecular mechanism of

 

 
 

Figure 4. Downregulating H19 repressed the osteogenic effect of MT on BMSCs. BMSCs were transfected with sh-H19 or sh-NC, 
and then cultured in Adipogenic/OS differentiation culture medium. (A) Expression of H19 in BMSCs after transfection with H19 
overexpression plasmids was detected by qRT-PCR. (B) ORO staining verified the role of H19 in adipogenic differentiation of BMSCs. Scale: 
нлл ˃ƳΦ όC, D) The expression of adipocyte-related proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) in BMSCs was analyzed by 
WB. (E) ARS activity test was conducted to evaluated the osteoƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ .a{/ǎΦ {ŎŀƭŜΥ нлл ˃ƳΦ όF) The ALP activity was 
detected using ALP activity test kit. (G) The relative expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was 
analyzed by WB. (H) WB was utilized to analyze thŜ ǇǊƻǘŜƛƴ ƭŜǾŜƭǎ ƻŦ !tbκ²ƴǘκʲ-catenin in BMSCs cultured in adipogenic differentiation 
culture medium. *P<0.05, **P<0.01, ***P<0.001(vs. Con group), &P>0.05, &&P<0.01, &&&P<0.001 (vs. Adipogenic/OS group), #P<0.05, 
##P<0.01, ###P<0.01 (vs. Adipogenic/OS+MT+sh-NC group). Data were presented as mean ±SEM (n=3) and analyzed using one-way analysis 
of variance. 
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MT on osteogenic and adipogenic differentiation of 

BMSCs in vitro and in vivo. The results illustrated 

that MT up-regulated H19 and inhibited miR-541-3p 

from activating APN/Wnt/ɓ-catenin pathway, thereby 

dampening the adipogenic differentiation and 

enhancing the osteogenic differentiation of BMSCs. 

As far as we know, this is the first study on the 

function of MT in osteogenesis by regulating the 

H19/miR-541-3p/APN axis.  

 

LncRNA H19 is among the most abundant and 

conserved non-coding transcripts during mammalian 

development, which is widely involved in the process of 

osteogenic differentiation of stem cells and contributes 

to maintaining the osteogenic process of cells [32]. 

Several studies have demonstrated that H19 is highly 

expressed during the induction of osteoblastic 

differentiation of MSCs, and it promotes osteoblastic 

differentiation by regulating the Wnt/ɓ-catenin 

activation through miR-141/miR-22 [33]. The up-

regulation of H19 and miR-675 abates Smad3 

phosphorylation and up-regulates the osteogenesis-

related gene Runx2, thereby repressing the adipogenic 

differentiation of BMSCs and promoting osteoblastic 

formation [34, 35]. H19 can also target DKK4 to 

activate the Wnt/ɓ-catenin signaling, thereby improving 

OP [36]. Previously, some studies have illustrated that 

MT is implicated in regulating the H19 expression, and 

MT treatment blocks the senescence of c-kit (+) cardiac 

progenitor cells through the H19/miR-675/USP10

 

 
 

Figure 5. miR-541-3p weakened the osteogenic effect of MT on BMSCs. BMSCs were transfected with miR-541-3p or miR-NC, and 
then cultured in Adipogenic/OS differentiation culture medium. (A) qRT-PCR was performed to monitor the miR-541-3p expression BMSCs. 
(B) hwh ǎǘŀƛƴƛƴƎ ǾŜǊƛŦƛŜŘ ǘƘŜ ǊƻƭŜ ƻŦ Iмф ƛƴ ŀŘƛǇƻƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ .a{/ǎΦ {ŎŀƭŜΥ нлл ˃ƳΦ (C) The expression of adipocyte-related 
proteins (including CEBPA, CEBPB, CEBPD, FABP4, and PPARG) in BMSCs was analyzed by WB. (D) ARS activity test was conducted to 
ŜǾŀƭǳŀǘŜŘ ǘƘŜ ƻǎǘŜƻƎŜƴƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ .a{/ǎΦ {ŎŀƭŜΥ нлл ˃ƳΦ (E) The ALP activity was detected using ALP activity test kit. (F) The relative 
expression of osteogenic proteins (including ALP, BMP2, OCN, OPN and Runx2) was analyzed by WB. (G) WB was utilized to analyze the 
ǇǊƻǘŜƛƴ ƭŜǾŜƭǎ ƻŦ !tbκ²ƴǘκʲ-catenin in BMSCs cultured in adipogenic differentiation culture medium. *P<0.05, **P<0.01, ***P<0.001 (vs. 
Con group), &P>0.05, &&P<0.01, &&&P<0.001 (vs. Adipogenic/OS group), #P<0.05, ##P< 0.01, ###P<0.001 (vs. OS+MT+miR-NC). Data were 
presented as mean ±SEM (n =3) and analyzed using one-way analysis of variance. 


