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SIRT1 suppresses adipogenesis by activating Wnt/β-catenin 
signaling in vivo and in vitro
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ABSTRACT

Sirtuin 1 (SIRT1) regulates adipocyte and osteoblast differentiation. However, 
the underlying mechanism should be investigated. This study revealed that SIRT1 acts 
as a crucial repressor of adipogenesis. RNA-interference-mediated SIRT1 knockdown 
or genetic ablation enhances adipogenic potential, whereas SIRT1 overexpression 
inhibits adipogenesis in mesenchymal stem cells (MSCs). SIRT1 also deacetylates 
the histones of sFRP1, sFRP2, and Dact1 promoters; inhibits the mRNA expression 
of sFRP1, sFRP2, and Dact1; activates Wnt signaling pathways; and suppresses 
adipogenesis. SIRT1 deacetylates β-catenin to promote its accumulation in the nucleus 
and thus induces the transcription of genes that block MSC adipogenesis. In mice, the 
partial absence of SIRT1 promotes the formation of white adipose tissues without 
affecting the development of the body of mice. Our study described the regulatory 
role of SIRT1 in Wnt signaling and proposed a regulatory mechanism of adipogenesis.

INTRODUCTION

Adipocytes originate from mesenchymal stem 
cells (MSCs) that also function as precursors of muscle, 
cartilage, and bone cells [1]. Adipogenesis can be divided 
into two stages, namely, commitment and terminal 
differentiation [2, 3]. Cell differentiation from pre-
adipocytes to adipocytes is regulated by transcription 
factors. In terminal differentiation, CCAAT/enhancer-
binding protein α (C/EBPα) and nuclear receptor 
peroxisome proliferator-activated receptor γ (PPARγ) 
are considered two key transcription factors because they 
enhance gene promoter activities essential for adipocyte 
phenotype [4]. However, these aspects have yet to be 
fully elucidated. Transcriptional regulatory networks 
in commitment differentiation have also yet to be fully 
established although some transcription factors [5, 6] and 
signaling pathways have been confirmed [3]. As such, 

specific factors and molecular mechanisms involved in 
determination should be further investigated.

The activation of the Wnt/β-catenin signaling 
pathway follows an inverse pattern between the induction 
of MSC osteogenic differentiation and the induction of 
MSC adipogenic differentiation. Wnt/β-catenin signaling 
elicits a switching effect on osteogenic stimulation during 
adipogenic inhibition [7, 8]. This signaling pathway is also 
inhibited by three factors: extracellular Dickkopf (Dkk), 
which sequesters LRP5/6 co-receptors; extracellularly 
secreted frizzled related proteins (sFRPs), which separate 
Wnt ligands; and intracellular Dapper (Dact), which binds 
to disheveled (Dvl) proteins [9]. Although research has 
demonstrated that Wnt antagonists play a crucial role in 
the differentiation of pre-adipocytes to mature adipocytes 
[10], studies have been rarely performed to describe 
the commitment of Wnt antagonists. The constitutive 
expression of sFRP1 in 3T3-L1 pre-adipocytes promotes 
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adipogenesis and lipid accumulation [10], but Dact1 
knockdown impairs adipogenesis by activating the Wnt/β-
catenin signaling pathway in 3T3–L1 pre-adipocytes [11]. 
Nevertheless, the mechanism by which sFRPs and Dacts 
are regulated during adipogenesis remains unknown.

Sirtuin 1 (SIRT1) is a NAD+-dependent lysine 
deacetylase involved in multiple cellular events, including 
transcriptional silencing, cell proliferation, differentiation, 
senescence, apoptosis and metabolism, stress responses, 
lifespan control, glucose homeostasis, insulin secretion, 
adipocyte differentiation, and metabolism [12, 13]. SIRT1 
is also involved in adipogenesis [12]. For instance, SIRT1 
activation inhibits adipocyte development and enhances 
the expression of osteoblast markers; by contrast, 
SIRT1 inhibition increases the number of adipocytes 
and promotes the expression of adipocyte markers in 
C3H10T1/2 [14]. SIRT1 is activated by resveratrol to 
inhibit adipogenic differentiation and improve myogenic 
differentiation; conversely, SIRT1 is inhibited by 
nicotinamide-promoted adipogenic differentiation [15]. 
In MSC-specific SIRT1-knocked out mice, the weight 
of subcutaneous fat decrease with small adipocytes and 
the concentration of blood triglycerides increase [16]. In 
SIRT1 null (SIRT1−/−) mice, the average adipocyte size 
is small, the extracellular matrix content is reduced, the 
expression levels of adiponectin and leptin are 60% of 
the normal level, and the differentiation of adipocytes in 
adipose tissues is reduced [17]. SIRT1 may also interact 
with Wnt signaling in some biological events. Holloway 
et al. (2010) found that SIRT1 promotes constitutive Wnt 
signaling and Wnt-induced cell migration in several cancer 
cells [18]. SIRT1 activation by resveratrol promotes 
osteoblastic differentiation by stabilizing and stimulating 
the nuclear accumulation of β-catenin in ST2 cells [19]. 
SIRT1 deacetylates β-catenin and promotes its nuclear 
localization and activity; consequently, genes involved in 
MSC differentiation become transcribed [16]. SIRT1 also 
promotes myoblast cell proliferation by partly stimulating 
the Wnt signaling pathway in C2C12 cells [20]. However, 
the interaction between SIRT1 and Wnt signaling in the 
regulation of the commitment of MSCs to the adipose 
lineage remains largely unknown.

Our study aimed to determine whether SIRT1 
inhibits the commitment of MSCs to the adipocyte lineage 
by activating Wnt signaling and to elucidate the underlying 
molecular mechanisms. Our findings may provide insights 
into fat formation and adipogenesis regulatory network.

RESULTS

Reducing SIRT1 enhances adipogenesis in vitro

Wild-type (WT) SIRT1+/+, SIRT1+/−, and SIRT1−/− 
mouse embryonic fibroblasts (MEFs) were isolated and 
induced with an adipogenic medium to identify whether 
SIRT1 inhibits the commitment of MSCs to the adipocyte 

lineage. Compared with those of the WT cells, lipid 
accumulation in the cells differentiated from SIRT1+/− 
and SIRT1−/− MEFs were enhanced, as observed by oil 
red O staining. The lipid accumulation in SIRT1+/− MEFs 
(Figure 1A) was greater than that in the other cells. This 
finding suggested that adipogenic potential increased. 
After completing differentiation, the SIRT1-deficient cells 
showed a significant increase in the mRNA and protein 
levels of PPARγ, ap2, and adiponectin (Figures 1B and 
1C). This result was more evident in the SIRT1+/− MEFs 
than in the other cell types (Figures 1B and 1C). These 
observations indicated that SIRT1 acts as a repressor of 
adipogenesis in MEFs.

SIRT1 activates Wnt/β-catenin signaling 
pathway activity

RNA interference (RNAi) was initially applied 
to disrupt the SIRT1 function and to determine whether 
SIRT1 activates the Wnt/β-catenin signaling pathway 
during the commitment of MSCs to the adipocyte lineage. 
The SIRT1 RNAi plasmid was used to infect C3H10T/2 
cells, and the interference efficiency was examined (Figure 
2A). The mRNA expression of Cyclin D1, a target gene 
of the canonical Wnt pathway, was significantly reduced 
when SIRT1 was knocked down by RNAi (Figure 2B). 
The protein levels of SIRT1, cyclin D1, and β-catenin, 
which are key mediators of Wnt signaling, were also 
reduced significantly (Figure 2C). We also examined 
whether SIRT1 activates Wnt/β-catenin signaling by 
subjecting C3H10T1/2 cells to a TOP/FOP reporter 
assay. The RNAi expression of SIRT1 inhibited luciferase 
activation by 40% (Figure 2D). To determine whether 
SIRT1 activates the Wnt signaling pathway via the 
β-catenin-dependent canonical pathway, we co-transfected 
the WT or mutant β-catenin with pSIREN-SIRT1 and TCF-
reporter. In mutant β-catenin, the GSK3β phosphorylation 
sites S33, 37, and 45A T41A were mutated. Luciferase 
assay revealed that the SIRT1 knockdown blocked Wnt/β-
catenin signaling in early stages 24 h after transfection. 
By contrast, the inhibitory activity was disrupted by the 
mutant β-catenin, which resisted proteasomal degradation 
(Figure 2E). The protein expression of β-catenin exhibited 
a similar pattern (Figure 2E). These results implied that 
SIRT1 may promote Wnt/β-catenin signaling activity.

SIRT1 inhibits the expression of Wnt signaling 
antagonists

We used real-time quantitative PCR arrays to screen 
the SIRT1-regulated Wnt pathway signaling components 
and to obtain additional evidence showing that SIRT1 
activates the Wnt signaling pathway. We performed 
these experiments in both gain-of-function and loss-of-
function models to identify the actual targets of SIRT1 
and focused on the genes with coordinating regulatory 
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mechanisms between SIRT1 activation and inactivation. 
These results were confirmed by the quantitative PCR 
profiling of Wnt target genes (Supplementary Tables S5 
and S6). Interestingly, sFRP2 and Dact1 were inhibited in 

resveratrol-treated C3H10T1/2 cells (Figure 3A), whereas 
sFRP2 and Dact1 were promoted in nicotinamide-treated 
C3H10T1/2 cells (Figure 3B). These results showed that 
sFRP2 and Dact1 genes were coordinately changed. 

Figure 1: SIRT1 inhibits adipogenesis in MEFs. A. MEFs were prepared from a 13.5-d embryo and induced for adipogenesis in the 
culture medium. Oil red O staining for triglyceride in differentiated MEFs for 8 days with the standard differentiation protocol. n = 6 wells 
per group. B. The mRNA expression of adipocyte markers (PPARγ, aP2 and adiponectin) were detected by Real-time PCR at day 8. Bars 
indicate SD. *P < 0.05; **P < 0.01. n = 3 per group. C. The proteins expression of adipocyte markers (PPARγ, aP2 and adiponectin) were 
detected by immunoblotting at day 8. Bars indicate SD. *P < 0.05; **P < 0.01. n = 3 per group.
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Figure 2: SIRT1 stimulates Wnt/β-catenin signaling in C3H10T1/2 cells. A. The mRNA levels of SIRT1 were measured 48h 
after transfection. Bars indicate SD. **P < 0.01. n = 3 per group. B. The mRNA levels of Wnt signalling pathway of target gene Cyclin D1 
was measured by Real-time PCR at 48h after transfection. Bars indicate SD. *P < 0.05. n = 3 per group. C. The protein levels of SIRT1, 
Cyclin D1 and β-catenin were measured by immunoblotting at 48h after transfection. D. TOPflash/FOPflash was co-transfecred with siRNA 
of SIRT1 in C3H10T1/2 cells. The luciferase reporter activity was measured at 24h after transfection. Bars indicate SD. **P < 0.01. n = 
3 per group. E. C3H10T1/2 cells were co-transfecred with TOPflash/FOPflash, control or siRNA of SIRT1 and with pCMV-HA (control), 
or pCMV-catenin or pCMV-catenin mutation vector. The luciferase reporter activity was measured at 24h after transfection, and β-catenin 
were measured by immunoblotting. Bars indicate SD. *P < 0.05; **P < 0.01. n = 3 per group.
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Resveratrol treatment significantly increased SIRT1 
activity, and nicotinamide treatment reduced SIRT1 
activity, as revealed by SIRT1 deacetylase fluorometric 
assay (Figure 3C). The mRNA levels of cyclin D1 were 
also increased in resveratrol-treated cells, whereas the 

mRNA levels of c-Myc remained unchanged in different 
treatments (Figure 3D). SIRT1 knockdown reduced 
the levels of ectopically expressed SIRT1 (Figure 
3E). Conversely, the mRNA levels of sFRP1, sFRP2, 
and Dact1 were enhanced (Figures 3F). These results 

Figure 3: SIRT1 suppresses Wnt signaling antagonists. A. C3H10T1/2 Cells were treated with 25 mmol/L of resveratrol for 
12h, the relatively gene of Wnt signalling were meansured by Real-time PCR Array. Lines below of the center regression lines indicate 
2-fold changes in gene expression. n = 3 per group. B. C3H10T1/2 Cells were treated with 10mmol/L nicotinamide for 12h, the relatively 
gene of wnt signaling were meansured by Real-time PCR Array. Lines above of the center regression lines indicate 2-fold changes in 
gene expression. n = 3 per group. C. The SIRT1 activity was determined using a SIRT1 fluorometric assay kit at 12h after treatment with 
resveratrol or nicotinamide. *P < 0.05; **P < 0.01. n = 3 per group. D. Wnt signalling target genes (Cyclin D1 and c-Myc) mRNA levels 
were meansured by Real-time PCR at 12h after treatment with resveratrol or nicotinamide. *P < 0.05. n = 3 per group. (E-F) C3H10T1/2 
cells were infected with shRNA specific for SIRT1 (SIRT1 RNAi), or a scrambled hairpin (Control). E. The protein levels of SIRT1 were 
measured by immunoblotting. F. Wnt signalling antagonists (sFRPs and Dacts) mRNA levels were meansured by Real-time PCR. n = 3 
per group.
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Figure 6: Reduction of SIRT1 enhances adipogenic potential in vivo. A. Comparison of SIRT1+/+ and SIRT1+/-before and after 
killing in aged 12w mice. B. Body weight of SIRT1+/+ and SIRT1+/- in aged 12w mice. Bars indicate SD, n=7. C. Fat mass weight relative to 
total body weight composition of SIRT1+/+ and SIRT1+/- in aged 12w mice. Bars indicate SD, n=7. D. BAT weight, BAT weight relative to 
total body weight composition of SIRT1+/+ and SIRT1+/- in aged 12w mice. Bars indicate SD, n=7. E. Liver weight, liver weight relative to 
total body weight composition of SIRT1+/+ and SIRT1+/- in aged 12w mice. Bars indicate SD, n=7. F. Blood triglyceride level in SIRT1+/+and 
SIRT1+/- in aged 12w mice. Bars indicate SD, n=7. G. BAT and WAT of epididymal fat pad. H. Hematoxylin and eosin staining of BAT, 
subcutaneous adipose tissue (inguinal ) and visceral adipose tissue (epididymal) of SIRT1+/+ and SIRT1+/- in aged 12w mice. I. The mRNA 
expression of adipocyte markers (PPARγ, aP2 and adiponectin) were determined in inguinal and epididymal of SIRT1+/+and SIRT1+/- mice 
by Real-time PCR. Bars indicate SD. *P < 0.05. n = 7. J. The mRNA expression of sFRP1, sFRP2, Dact1 and Cyclin D1 were determined 
in subcutaneous of SIRT1+/+ and SIRT1+/- mice by Real-time PCR. Bars indicate SD. n = 7.


