
 
 
 

Mol. Cells 2017; 40(6): 393-400  393 

 
 

 
 
 
 
 

Minireview 
 
 
 

Peroxisome Proliferator-Activated Receptor  
Facilitates Osteogenic Differentiation in 
MC3T3-E1 Cells via the Sirtuin 1-Dependent 
Signaling Pathway 
 

Kai Gong1,2, Bo Qu1,2, Cairu Wang1, Jingsong Zhou1, Dongfa Liao1, Wei Zheng1, and Xianming Pan1,* 
 

 
1
Department of Orthopaedics, Chengdu Military General Hospital, No. 270 Rongdu Road, Chengdu, Sichuan 610083, China, 

2
These authors contributed equally to this work. 

*Correspondence: xianmingpanxj@163.com 
http://dx.doi.org/10.14348/molcells.2017.0018 
www.molcells.org 
 
 
 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic dis-

ease characterized by lack of insulin and high glucose levels. 

T2DM can cause bone loss and fracture, thus leading to dia-

betic osteoporosis. Promoting osteogenic differentiation of 

osteoblasts may effectively treat diabetic osteoporosis. We 

previously reported that Sirtuin 1 (Sirt1), a NAD
+
-dependent 

deacetylase, promotes osteogenic differentiation through 

downregulation of peroxisome proliferator-activated receptor 

(PPAR) . We also found that miR-132 regulates osteogenic 

differentiation by downregulating Sirt1 in a PPAR/δ-

dependent manner. The ligand-activated transcription factor, 

PPAR, is another isotype of the peroxisome proliferator-

activated receptor family that helps maintain bone homeosta-

sis and promot bone formation. Whether the regulatory role 

of PPAR in osteogenic differentiation is mediated via Sirt1 

remains unclear. In the present study, we aimed to determine 

this role and the underlying mechanism by using high glucose 

(HG) and free fatty acids (FFA) to mimic T2DM in MC3T3-E1 

cells. The results showed that HG-FFA significantly inhibited 

expression of PPAR, Sirt1 and osteogenic differentiation, but 

these effects were markedly reversed by PPAR overexpres-

sion. Moreover, siSirt1 attenuated the positive effects of 

PPAR on osteogenic differentiation, suggesting that PPAR 

promotes osteogenic differentiation in a Sirt1-dependent 

manner. Luciferase activity assay confirmed interactions be-

tween PPAR and Sirt1. These findings indicate that PPAR 

promotes osteogenic differentiation via the Sirt1-dependent 

signaling pathway. 
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INTRODUCTION 
 

Type 2 diabetes mellitus (T2DM) is the most common type of 

diabetes mellitus. It accounts for more than 90% of diabetic 

patients and usually develops after 35-40 years of age. 

T2DM is characterized by hyperglycemia and redundant fatty 

acid secretion due to insulin resistance and decreased insulin 

sensitivity (Schwartz, 2016). Diabetic osteoporosis is a major 

complication of T2DM that originates mainly from altera-

tions in the bone microenvironment (Zhang et al., 2016), 

thus leading to subsequent bone loss, mineral density reduc-

tion and fractures (Schwartz, 2016). 

High glucose (HG) and free fatty acids (FFA) reportedly in-

hibit osteogenic differentiation (You et al., 2014) and induce 

apoptosis of osteoblasts (Feng et al., 2011). Bone metabolic  
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homeostasis relies on the balance between osteoblast-

induced bone formation and osteoclast-induced bone re-

sorption (Raisz, 2005). Diabetic osteoporosis primarily results 

from the disequilibrium between osteoblast and osteoclast, 

as osteoblast activity is significantly decreased by HG and FFA 

in T2DM (Rakel et al., 2008). This imbalance leads to re-

duced bone formation, impairment in bone mineral density 

and bone strength, and destruction of bone microarchitec-

ture (Blakytny et al., 2011). Reinforcing and recovering oste-

ogenic differentiation of osteoblasts and rebalancing the 

number of osteoblasts and osteoclasts may help to treat 

diabetic osteoporosis. 

Peroxisome proliferator-activated receptors (PPARs) are 

ligand-inducible nuclear hormone receptors that are ubiqui-

tously expressed in many biological processes (Chang et al., 

2007; Desvergne and Wahli, 1999; Issemann and Green, 

1990). Among the three PPAR subtypes in mammals, PPAR, 

PPAR/δ, and PPAR, PPAR plays a positive role in osteo-

genic differentiation. For example, Takano et al. (2012) re-

ported that PPAR promotes the osteoblastic differentiation 

induced by bone morphogenetic proteins 4 by enhancing 

their receptor signaling. Other evidence indicates that, in 

addition to affecting osteogenic differentiation, PPAR regu-

lates bone metabolism by providing energy through fatty 

acid oxidation and by controlling hematopoietic cell lineage 

fate rather than just simply affecting osteogenic differentia-

tion (Lecka-Czernik, 2010). The PPAR agonist fenofibrate 

also increases bone mineral density and plays a positive role 

in skeletal homeostasis (Syversen et al., 2009). Stunes et al. 

(2011) reported that administration of the PPAR agonist 

fenofibrate can maintain bone quality in an ovariectomized 

rat model. However, the role of PPAR in diabetic osteopo-

rosis and its underlying mechanism remain largely unknown. 

The Sirtuin family (Sirt1-7) includes evolutionarily highly 

conserved nicotinamide adenine dinucleotide (NAD
+
)-

dependent deacetylases that can deacetylate and hence 

regulate multiple transcription factors, such as p53, peroxi-

somal proliferator-activated receptor gamma coactivator-1 

(PGC-1), p300, Forkhead box protein O1, and nuclear fac-

tor-kappaB (NF-κB) (Choi and Kemper, 2013; Finkel et al., 

2009). Sirt1 is the most widely studied molecule that report-

edly participates in resisting obesity, diabetes, cardiovascular 

diseases, and neurodegenerative disease (Haigis and Sinclair, 

2010). Moreover, Sirt1 functions in the resistance against 

stress and inflammatory responses (Yao and Rahman, 2012). 

Sirt1 also facilitates osteogenesis. For instance, Sirt1 pro-

motes the differentiation of mesenchymal stem cells into 

osteoblasts rather than adipocytes (Backesjo et al., 2006). 

Resveratrol, a natural specific agonist of Sirt1 (Borra et al., 

2005), increases osteoblastogenesis and reduces adipogene-

sis (Backesjo et al., 2006). Our previous results showed that 

mouse pre-osteoblast MC3T3-E1 cells cultured under osteo-

genic medium (OM) demonstrated strong osteogenic differ-

entiation and that HG-FFA reversed this trend (Gong et al., 

2016). Sirt1 overexpression also significantly promoted the 

osteogenic differentiation of MC3T3-E1 cells, but Sirt1 ex-

pression notably increased during osteogenic differentiation 

(Qu et al., 2016). These results prompted us to investigate 

whether PPAR regulates osteogenic differentiation via the 

Sirt1-dependent signaling pathway. 

In the present study, MC3T3-E1 cells were cultured in OM 

supplemented with HG and FFA to mimic diabetic conditions. 

The expression of PPAR was evaluated. We focused on the 

role of PPAR overexpression in the osteogenic differentia-

tion of MC3T3-E1 cells and the underlying mechanism. Be-

cause Sirt1 promotes osteogenic differentiation, the interac-

tions between PPAR and Sirt1 were also explored using the 

luciferase assay. Taken together, this study illustrates the 

effects of PPAR on osteogenic differentiation under diabet-

ic conditions and reveals the molecular mechanism through 

which PPAR functions, which may benefit the treatment of 

diabetic osteoporosis. 

 

MATERIALS AND METHODS 
 

Cell culture and treatment with HG-FFA 
MC3T3-E1 cells and 293T cells were cultured as previously 

described (Gong et al., 2016; Qu et al., 2016). Briefly, 

MC3T3-E1 cells obtained from ATCC (USA) were cultured in 

-MEM (Hyclone, USA) supplemented with 10% fetal bo-

vine serum (Hyclone) and 100 U/ml penicillin-streptomycin 

(Hyclone) at 37℃ with 5% CO2. 293T cells were cultured in 

DMEM (Hyclone). For osteogenic differentiation, MC3T3-E1 

cells were incubated in osteogenic medium (OM, additional-

ly supplemented with 20 mM -glycerophosphate and 100 

g/ml ascorbic acid; Sigma, USA) for 0, 2, 6, 10, and 14 days. 

To mimic T2DM in MC3T3-E1 cells, HG and FFA were used 

as previously described (Gong et al., 2016) concurrently with 

osteogenic induction. 

 

PPAR plasmid transfection 
For PPAR overexpression, the recombinant plasmid pLasP-

PAR was constructed by GenePharma (China), and then 4 

g of pLasPPAR was transfected into MC3T3-E1 cells using 

Lipofectamine 2000 Reagent (Invitrogen, USA). The stably 

transfected cells were selected with G418 (Sigma). MC3T3-

E1 cells transfected with empty plasmid served as a negative 

control (pLasNC). Plasmid transfection was performed prior 

to osteogenic induction. 

 

Sirt1 siRNA transfection 
To silence Sirt1, Sirt1 siRNA (siSirt, 5-GCGTACGGCAATGGC 

TTTA-3) was synthesized by GenePharma (Shanghai) and 

transfected into MC3T3-E1 cells using Lipofectamine 2000 

(Invitrogen). Cells transfected with scrambled siRNA (Gene-

Pharma, 5-GCGCGGCGTAATCGATTTA-3) served as a nega-

tive control (siNC). The 48 h later, Sirt1 expression was eval-

uated using quantitative PCR and Western blot. Sirt1 siRNA 

transfection was performed prior to osteogenic induction, 

but after stable transfection with PPAR plasmid. 

 

Alkaline phosphatase activity assay 
Alkaline phosphatase (ALP) activity was assessed using an 

Alkaline Phosphatase Diethanolamine Activity Kit (Sigma). 

Briefly, the cell lysates were resuspended in phosphate buffer 

solution (PBS) and incubated with p-nitrophenol phosphate 

(pNPP, Ameresco, USA) for 1 h at 37℃. Subsequently, the 

reaction was stopped with 2 M NaOH (provided with the kit) 
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and absorbance at 405 nm was detected using a spectro-

photometer (Bio-Rad, USA). 

 

Alizarin Red staining 
Briefly, MC3T3-E1 cells were washed twice with PBS and 

then fixed in 95% ethanol for 10 min at room temperature. 

After washing with sterilized water, cells were stained with 

0.1% Alizarin Red-Tris-HCl (pH 8.3) at 37℃ for 30 min. Or-

ange and red bodies were thought to be mineralized nod-

ules. 10% cetylpyridinium chloride was then used to dissolve 

the nodules, and absorbance was examined at 562 nm us-

ing a spectrophotometer (Bio-Rad). 

 

Quantitative PCR 
Total RNA was extracted using TRIzol

®
 Reagent (Invitrogen) 

and reverse-transcribed into cDNA using PrimeScript RT 

reagent Kit (TaKaRa Biotechnology, China). Quantitative PCR 

was performed using SYBR
®

 Premix Ex Taq (Takara Biotech-

nology) and a CFX96 touch qPCR system (Bio-Rad). All pro-

cedures followed the manufacturer’s instructions. The rela-

tive fold to reference gene, GAPDH, was calculated using 

the 2
-ΔΔCt

 method. The primer sequences are shown in Table 

1. The mRNA expression of Runx2 and Col11 was evaluat-

ed 14 days after osteogenic differentiation. 

 

 

 

Table 1. The primer sequences used in quantitative PCR 

Gene Primer Sequences (5-3) Product (bp)

PPAR Forward: TGCAGCCTCAGCCAAGTTGAA 77 

Reverse: TTCCCGAACTTGACCAGCCA 

Runx2 Forward: TTCTCAGCTTTAGCGTCGTCA 195 

Reverse: GACAGATCTGGAGCCTGCGG 

Col11 Forward: GGGGCAAGACAGTCATCGAA 159 

Reverse: GAGGGAACCAGATTGGGGTG 

Sirt1 Forward: CGGCTACCGAGGTCCATATAC 135 

Reverse: ACAATCTGCCACAGCGTCAT 

PPAR Forward: CCTCAGGTCAGAGTCGCCC 123 

Reverse: CCTTGTCGTCACACTCGGTC 

PGC-1 Forward: AGACAGGTGCCTTCAGTTCAC 291 

Reverse: TGGTCGCTACACCACTTCAA 

GAPDH Forward: CAGGTTGTCTCCTGCGACTT 218 

Reverse: GCCTCTCTTGCTCAGTGTCC 

 

 

 

Table 2. The primary antibodies used in Western blot 

Antibody Host Cat. No. Dilution Supplier 

PPAR Rabbit PA1-822A 1:1000 Invitrogen

Runx2 Rabbit PA5-14816 1:1000 Invitrogen

Col11 Rabbit PA5-29569 1:1000 Invitrogen

Sirt1 Rabbit PA5-17074 1:500 Invitrogen

PPAR Rabbit PA1-824 1:500 Invitrogen

PGC-1 Rabbit PA5-38022 1:1000 Invitrogen

GAPDH Rabbit PA1-988 1:1000 Invitrogen

 

Western blot 
Proteins were extracted using RIPA buffer (Sigma), and 20 

g of proteins were subjected to 10% SDS-PAGE and then 

transferred to nitrocellulose membrane (Merck Millipore, 

USA). After blocking with 10% skim milk in TBS-T (Sigma), 

the membrane was incubated with the primary antibodies 

overnight at 4℃. Primary antibodies are shown in Table 2. 

The membrane was then incubated with horseradish perox-

idase-conjugated secondary antibodies (catalog No. 31466 

or 31433 or 31480, 1:5000, Invitrogen) for 2 h at room 

temperature. Bands were detected using an enhanced 

chemiluminescence kit (Invitrogen). Densitometry analysis 

was performed using Image-Pro Plus 6.0 (Media Cybernetics, 

USA). The protein expression of Runx2 and Col11 was 

evaluated 14 days after osteogenic differentiation. 

 

Luciferase assay 
The luciferase assay was performed as previously described 

(Qu et al., 2016) to verify the regulatory role of PPAR in 

the activity of Sirt1. Briefly, an internal ribosome entry site 

was amplified and cloned into the BglII site of pGL6 plas-

mids (Beyotime, China). The PPAR and PGC-1 promoter 

regions were amplified from mouse genomic DNA and 

cloned into the XhoI site of pGL6 plasmids, respectively. 

Subsequently, 100 ng of pGL6 constructs, 100 ng of 

pLasPPAR and siSirt1 constructs, and 2 ng of the Renilla 

luciferase plasmid pRL-TK expressing Renilla luciferase as 

an internal reference (Promega, USA) were co-transfected 

into 293T cells using Lipofectamine 2000 (Invitrogen). 24 

hours later, luciferase activities were measured using the 

Dual Luciferase Reporter Gene Assay Kit (Beyotime) and 

SmartSpec Plus Spectrophotometer (Bio-Rad). All values 

were normalized to pRL-TK. 

 

Statistical analysis 
Values are presented as mean ± standard deviation (SD). 

Statistical analyses were performed using SPSS 19.0 soft-

ware (SPSS Inc., USA) with Student’s t-test and one-way 

analysis of variance. P < 0.05 indicated statistical significance. 

 

RESULTS 
 

PPAR expression induced by OM is significantly down-
regulated by HG-FFA 
MC3T3-E1 cells were cultured in OM to induce osteogenic 

differentiation, and incubated in 25 mM of glucose and 1 

mM of FFA to mimic T2DM for 0, 2, 6, 10, and 14 days. As 

shown in Figs. 1A–1C, PPAR expression gradually increased 

along with induction time and was significantly up-regulated 

from 6 days after osteogenic induction, compared with the 

respective control group, reaching a peak at day 14. Consid-

ering the degree of osteogenic differentiation, day 14 was 

selected as the induction time in the following experiments. 

Noteworthily, PPAR expression at day 14 was reciprocally 

down-regulated by HG-FFA treatment at both mRNA (Fig. 

1D) and protein (Figs. 1E and 1F) levels. These results sug-

gest that PPAR may play a role in the development of dia-

betic osteoporosis. 
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Fig. 1. HG-FFA treatment markedly down-regulates PPAR expression induced by OM. (A-C) PPAR expression gradually increased along 

with induction time and peaked at day 14. The significant up-regulation appeared at day 6 after osteogenic induction. (D-F) At day 14, 

HG-FFA treatment decreased PPAR expression significantly. (A, D) Quantitative PCR results. (B, E) Western blot bands. (C, F) The densi-

tometry analysis of protein bands. Quantitative PCR and Western blot were performed 0, 2, 6, 10, and 14 days after osteogenic induc-

tion and HG-FFA treatment. **and ## indicate P < 0.01. N = 3. 

 

 

 

PPAR overexpression promotes osteogenic 
differentiation 
Next, we aimed to determine the role of PPAR in osteogen-

ic differentiation. As shown in Figs. 2A–2C, PPAR was over-

expressed in MC3T3-E1 cells through pLasPPAR transfec-

tion in the presence of incubation for 14 days with OM and 

HG-FFA. The expression of Runx2 and Col11 was evaluated 

14 days after osteogenic induction and HG-FFA treatment. 

Runx2 and Col11 expression, as shown in Figs. 2D–2I, was 

significantly induced by osteogenic induction, but HG-FFA 

treatment abolished their expression. Notably, PPAR over-

expression significantly restored the expression of Runx2 

(Figs. 2D–2F) and Col11 (Figs. 2G–2I). Compared to the 

OM with HG-FFA group, PPAR overexpression also marked-

ly improved ALP activity (an approximately 3.7-fold increase) 

under HG-FFA conditions (Fig. 2J). The Alizarin Red staining 

results confirmed that PPAR overexpression increased the 

number of mineralized nodules (Fig. 2K) and therefore en-

hanced absorbance (Fig. 2L), indicating that PPAR contrib-

uted to promoting osteogenic differentiation. 

 

Knockdown of Sirt1 reverses the promotive effects of 
PPAR on osteogenic differentiation 
We explored whether PPAR facilitates bone differentiation 

by regulating Sirt1 expression. The expression of Sirt1, 

Runx2, and Col11 was evaluated 14 days after osteogenic 

induction and HG-FFA treatment. As shown in Figs. 3A–3C, 

OM treatment significantly increased Sirt1 expression, where-

as Sirt1 expression was reversed by OM+HG-FFA. Moreover, 

Sirt1 expression was remarkably up-regulated in the pres-

ence of PPAR overexpression, confirming their positive 

relationship, and siSirt1 transfection silenced the expression 

of Sirt1. When cells were co-transfected with pLasPPAR 

and siSirt1, Sirt1 expression was significantly restored, com-

pared with siSirt1 transfection only (Figs. 3A–3C). 

We subsequently investigated the effects of siSirt1 on os-

teogenic differentiation. The results showed that silencing of 

Sirt1 observably reversed the promotive effects of PPAR 

overexpression on the expression of Runx2 (Figs. 3D–3F) and 

Col11 (Figs. 3G–3I), and on ALP activity (Fig. 3J). Fewer 

mineralized nodules were observed when Sirt1 expression 

was silenced (Fig. 3K), accompanied by a significant decline 

in absorbance (Fig. 3L). These results suggest that Sirt1 is the 

effector of PPAR in the promotion of osteogenic differenti-

ation of MC3T3-E1 cells. Non-transfected cells incubated in 

OM for only 2 days were also harvested for evaluation of the 

expression of Sirt1, Runx2, and Col11. As a result, expres-

sion of these three genes did not notably change compared 

with cells without OM treatment (Supplementary Fig. 1). 

 

PPAR functions via the Sirt1-dependent signaling 
pathway 
Finally, we aimed to confirm the interactions between 

PPAR and Sirt1 using a luciferase reporter assay. Because 

PPAR and PGC-1 are both downstream molecules of Sirt1, 

the promoter regions of PPAR and PGC-1 were amplified 

from mouse genomic DNA and cloned into the XhoI site of 

pGL6 plasmids, respectively. The recombinant plasmids were 
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Fig. 2. PPAR overexpression facilitates osteogenic differentiation. The expression of PPAR, Runx2, and Col11 was evaluated 14 days 

after osteogenic induction and HG-FFA treatment. (A-C) PPAR was overexpressed through pLasPPAR transfection. PPAR overex-

pression significantly restored Runx2 (D-F), Col11 (G-I) expression, and ALP activity (J) compared to the OM with HG-FFA treatment 

group. The Alizarin Red staining results demonstrated that PPAR overexpression induced more mineralized nodules (K) and therefore 

increased absorbance (L) under HG-FFA conditions, compared to the OM with HG-FFA treatment only. (C, F, and I) The densitometry 

analysis of Western blot results. *** indicates P < 0.001; **, ## and && indicate P < 0.01. N = 3. Scale bars = 100 m. 

 

 

 

co-transfected into 293T cells, and the luciferase activity of 

recombinant cells was then evaluated. As shown in Fig. 4A, 

PPAR overexpression notably reduced the luciferase activity 

of PPAR and PGC-1 promoters, accompanied by de-

creased mRNA (Fig. 4B) and protein (Figs. 4C and 4D) ex-

pression of PPAR and PGC-1. On the contrary, knockdown 

of Sirt1 significantly improved the relative luciferase activity, 

which was notably reversed by PPAR overexpression (Fig. 

4A). PPAR overexpression also markedly reduced siSirt1 

transfection-induced mRNA (Fig. 4B) and protein (Figs. 4C 
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Fig. 3. Silencing of Sirt1 reverses the promotive effects of PPAR on osteogenic differentiation. The expression of Sirt1, Runx2, and 

Col11 was assessed 14 days after osteogenic induction and HG-FFA treatment. (A-C) Sirt1 expression was induced by OM and signifi-

cantly promoted by PPAR overexpression under HG-FFA conditions. Sirt1 silencing by siSirt1 transfection reversed the effects of PPAR, 

thus significantly reducing Runx2 expression (D-F), Col11 expression (G-I), ALP activity (J), mineralized nodules (K) and absorbance (L) 

assessed by Alizarin Red staining. (C, F, and I) The densitometry analysis of Western blot results. **and ## indicate P < 0.01; *and # 

indicate P < 0.05. N = 3. Scale bars = 100 m. 

 

 

 

and 4D) expression of PPAR and PGC-1. These results 

indicate that PPAR facilitates osteogenic differentiation via 

the Sirt1-dependent signaling pathway. 

 

DISCUSSION 
 

In the present study, PPAR expression was found to be 

significantly up-regulated in MC3T3-E1 cells cultured under 

osteogenic conditions, but its expression was inhibited by 

HG-FFA treatment. These results indicate that PPAR may 

play a regulatory role in bone metabolism under T2DM con-

ditions. Next, PPAR was overexpressed through plasmid 

transfection. High expression of PPAR markedly promoted 

osteogenic differentiation, as evaluated by ALP activity, 

Runx2 and Col11 expression, and Alizarin Red staining. 

However, silencing of Sirt1 remarkably reversed the promo-

tive effects of PPAR, suggesting that PPAR regulates oste-

ogenic differentiation via the Sirt1-dependent signaling 
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Fig. 4. Interactions between PPAR and Sirt1. First,

100 ng of pGL6 constructs, 100 ng of pLasPPAR
and siSirt1 constructs, and 2 ng of the Renilla lucif-

erase plasmid pRL-TK were co-transfected into

293T cells. The relative luciferase activity was then

assessed using a Spectrophotometer. MC3T3-E1

cells transfected with pLasPPAR and siSirt1 were

incubated in OM and HG-FFA for 14 days for evalu-

ation of the expression of PPAR and PGC-1. (A)

PPAR overexpression significantly decreased the

relative luciferase activity of both PPAR and PGC-

1 promoters. Silencing of Sirt1 increased the rela-

tive luciferase activity, whereas PPAR overexpres-

sion reversed this activity significantly. PPAR over-

expression markedly reduced and reversed the

mRNA (B) and protein (C, D) expression of PPAR
and PGC-1 induced by Sirt1 silencing. (D) The

densitometry analysis of Western blot results. ***

indicates P < 0.001; ** and ## indicate P < 0.01; *

and # indicate P < 0.05. N = 3. 

A                    C 

 

 

 

 

 

 

 

 

 

B                     D 

 

 

 

 

 

 

 

 

 

 

 

pathway, which was further confirmed by the interactions 

between PPAR and Sirt1 assessed by luciferase assay. The 

Sirt1 downstream molecules PPAR and PGC-1 were also 

found to be notably altered by the ectopic expression of 

PPAR, whereas their expression was reversed when Sirt1 

was silenced by siSirt1 transfection. Collectively, our results 

suggest that PPAR contributes to bone differentiation in a 

Sirt1-dependent manner, which may benefit the develop-

ment of new therapeutic targets. 

Sirt1 plays a significant role in the modulation of multiple 

transcription factors through their deacetylation, thus inhib-

iting apoptosis, relieving senescence, and prolonging 

lifespan (Wang et al., 2011). In the present study, we found 

that PPAR overexpression significantly up-regulated the 

expression of Sirt1 (Figs. 3A–3C). Because Sirt1 is a known 

activator of bone formation (Backesjo et al., 2006; Cohen-

Kfir et al., 2011), we therefore speculated that PPAR facili-

tates osteogenic differentiation through targeting Sirt1. The 

results showed that high expression of PPAR markedly 

suppressed the activity and expression of PPAR and PGC-1 

(Fig. 4), both of which are reportedly downstream molecules 

and effectors of Sirt1. To be specific, Sirt1 was reported to 

increase PPAR expression in brown adipose tissues (Qiang 

et al., 2012) but decreased PPAR expression in white adi-

pose tissues (Picard et al., 2004). Moreover, knockout of 

Sirt1 in chronically obese mice promoted PPAR activity 

(Mayoral et al., 2015). During osteogenic differentiation, we 

previously found that Sirt1 promotes osteoblast differentia-

tion through down-regulation of PPAR (Qu et al., 2016). In 

glucose homeostasis, Sirt1 modulated and deacetylated 

PGC-1 (Rodgers et al., 2005), a key regulator in the liver of 

diabetic mice that contributes to glyconeogenesis (Yoon et 

al., 2001). In brief, our results demonstrated notably inhibi-

tory effects of PPAR on both the activity and expression of 

PPAR and PGC-1, indicating that PPAR regulates osteo-

genic differentiation in a Sirt1-dependent manner and that 

these two proteins could interact. In addition, the fact that 

PPAR activation induces the differentiation of mesenchymal 

stem cells into adipocytes over osteoblasts (Ali et al., 2005) 

suggests that PPAR could block PPAR signaling and there-

fore restore the differentiation into osteoblasts, which may 

benefit the treatment of diabetic osteoporosis with inhibition 

of PGC-1 and gluconeogenesis. 

Until now, we have investigated the roles of all three 

PPARs subtypes (PPAR, PPAR/δ, and PPAR) in the osteo-

genic differentiation of MC3T3-E1 cells. We found that Sirt1 

promotes osteogenic differentiation through down-

regulating PPAR expression (Qu et al., 2016) and that 

PPAR/δ is necessary for the regulatory role of miR-132 by 

targeting Sirt1 in osteogenic differentiation of MC3T3-E1 

cells (Gong et al., 2016). The present study indicates that 

PPAR has a positive effect on bone differentiation in a Sirt1-

dependent manner. In conclusion, these studies provide 

compelling evidence that PPARs molecules interact with Sirt1, 

all of which could serve as therapeutic targets for the treat-

ment of osteoporosis, especially diabetic osteoporosis. Fur-

ther investigation and verification using in vivo studies would 

be worthwhile. 
 
Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
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