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Background: Obesity is caused by excessive accumulation of body fat and is closely related to complex metabolic
diseases. Raspberry ketone (RK), a major aromatic compound in red raspberry, was recently reported to possess
anti-obesity eﬀects. However, its mechanisms are unclear.
Aim: Adipogenesis plays a critical role in obesity and, therefore, this study aimed to investigate the eﬀect and
mechanisms of action of RK on adipogenesis in 3T3-L1 preadipocytes.
Materials and methods: 3T3-L1 preadipocytes were diﬀerentiated in medium containing insulin, dexamethasone,
and 1-methyl-3-isobutylxanthine. Adipocyte lipid contents were determined using oil-red O staining while
adipogenic transcription factor and lipogenic protein expressions were determined using western blotting.
Results: RK (300–400 µM) strongly inhibited lipid accumulation during 3T3-L1 preadipocyte diﬀerentiation into
adipocytes. RK reduced the CCAAT/enhancer-binding protein-α (C/EBP-α), peroxisome proliferation-activated
receptor-γ (PPAR-γ), fatty acid synthase (FAS), and fatty acid-binding protein 4 (FABP4) expressions and
increased heme oxygenase-1 (HO-1), Wnt10b, and β-catenin expressions in 3T3-L1 adipocytes. Additionally, RK
inhibited lipid accumulation, and adipogenic transcription factor and lipogenic protein expressions were all
decreased by inhibiting HO-1 or β-catenin using tin protoporphyrin (SnPP) or β-catenin short-interfering RNA
(siRNA), respectively. Furthermore, Wnt10b and β-catenin expressions were negatively regulation by SnPP.
Conclusion: RK may exert anti-adipogenic eﬀects through modulation of the HO-1/Wnt/beta-catenin signaling
pathway.

Introduction
Obesity, a major risk factor for hypertension, cardiovascular
disease, type 2 diabetes, and carcinogenesis, is characterized by overaccumulation of adipose tissue as a result of increased adipocyte (fat
cells) size and number (Spiegelman and Flier, 2001; Pi-Sunyer, 2002;
Alessi et al., 2003). Adipogenesis is a speciﬁc diﬀerentiation process by
which fat cells (adipocytes) are formed from preadipocyte precursor
cells. Adipogenesis is mediated by various transcription factors that
induce lipid-metabolizing enzymes such as fatty acid binding protein
(FABP) 4, lipoprotein lipase (LPL), and fatty acid synthase (FAS) (Rosen

and MacDougald, 2006). Among adipogenic transcription factors,
peroxisome proliferator-activated receptor (PPAR)γ, a nuclear hormone
receptor superfamily member, is the master regulator of adipogenesis.
CCAAT/enhancer binding protein (C/EBP)α is a member of the C/EBP
family and plays an important role as a transcription factor during
adipogenesis (Rosen and MacDougald, 2006).
Recently, several studies reported that the Wnt/β-catenin pathway
negatively regulates adipogenesis by inhibiting PPARγ and C/EBPα
(Bennett et al., 2002). The crucial mediator of this pathway is βcatenin, which acts as a transcriptional cofactor for the expression of
target genes including cyclin D1 and PPARδ (Cadigan and Liu, 2006).

Abbreviations: RK, Raspberry ketone; FABP4, fatty acid binding protein 4; LPL, lipoprotein lipase; FAS, fatty acid synthase; PPARγ, peroxisome proliferator-activated receptor; C/EBPα,
CCAAT/enhancer binding protein C/EBPα; HO-1, heme oxygenase-1; SnPP, Tin protoporphyrin IX; GSK3β, glycogen synthase kinase 3β; CO, carbon monoxide; IBMX, 3-isobutyl-1methylxanthine
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Cell culture and diﬀerentiation

Wnt proteins are lipid-modiﬁed proteins that activate cell surface
receptor mediated signal transduction pathways to regulate diﬀerent
cellular activities including cell growth and fate determination
(Cadigan and Nusse, 1997). In the absence of Wnt ligands, β-catenin
is destroyed by a phosphorylation-dependent ubiquitination and proteasomal clearance. AXIN, glycogen synthase kinase 3β (GSK3β), and
adenomatous polyposis coli (APC) are essential parts of this destruction
complex. The interaction between Frizzled receptors and Wnts suﬃciently inactivates the β-catenin destruction complex. Consequently, βcatenin level stabilization translocates it to the nucleus where it binds
with transcription factors, T-cell factors (TCFs)/lymphoid-enhancing
factors (LEFs). This induces the transcription of target genes such as
cyclin D 1, PPARδ, and c-myc, which suppress PPARγ and C/EBPα
(Freytag and Geddes, 1992; Shi et al., 2002; Fu et al., 2005). The
identiﬁed Wnt10b ligand is a crucial factor in activating the canonical
pathway and inhibiting adipogenesis (Bennett et al., 2002; MacDonald
et al., 2009).
Heme oxygenase-1 (HO-1) is an inducible, rate-limiting cellular
enzyme that cleaves the α-mesocarbon bridge of heme, generating
carbon monoxide (CO), iron ions, and biliverdin. Biliverdin reductase
converts biliverdin to the antioxidant bilirubin. The degradation of
heme, a potent pro-oxidant, and the generation of the antioxidant CO
and bilirubin suggests HO-1 is cytoprotective (Abraham and
Kappas, 2008). Induction of HO-1 gene expression in vivo and in cell
culture increases pre-adipocytes, reduces the enlarged adipocytes, and
increases small adipocytes and adiponectin levels (Berg &
Scherer, 2005). Additionally, decreased HO-1 expression increased
insulin resistance and adiposity in Zucker rats and obese mice
(Kim et al., 2008). Therefore, enhanced HO-1 expression appears
beneﬁcial to adiposity.
Raspberry ketone [4-(4-hydroxyphenyl) butan-2-one; RK] is a major
aromatic compound in European red raspberry (Rubus idaeus L.
(Rosaceae); Gallois, 1982), and is used as an ingredient in soft drinks
and sweets. The RK content range in raspberry was 1.09–4.20 mg/kg
(Honkanen et al., 1980; Larsen et al., 1991). RK is reported to exert
anti-obesity action and alter lipid metabolism (Morimoto et al., 2005;
Park, 2010). Despite reports of RK's eﬀects on lipid metabolism, its
underlying mechanism of action is unclear. Therefore, the present study
was conducted to determine the eﬀect of RK on adipogenesis and
mechanism of action, with the primary focus on the regulation of RK on
the HO-1 and Wnt/β-catenin in 3T3-L1 adipocytes.

3T3-L1 mouse embryo ﬁbroblasts (American Type Culture
Collection, ATCC, Manassas, VA, USA) were cultured in Dulbecco
modiﬁed Eagle medium (DMEM) supplemented with 10% bovine calf
serum at 37 °C in a humidiﬁed 5% CO2 atmosphere. When conﬂuent,
cells were maintained in the same medium for 2 days and diﬀerentiation was induced 2 days post-conﬂuence (diﬀerentiation day 0) by
changing the medium to DMEM supplemented with 10% FBS plus MDI
that include 0.5 mM IBMX, 1 µM dexamethasone, and 10 µg/ml insulin.
After a 3-day incubation, the culture medium was changed to fresh
DMEM containing 10% FBS and insulin (10 µg/ml), which was changed
every 3 days. The cells were fully diﬀerentiated into mature adipocytes
on day 9, treated with RK (50–400 µM) and/or SnPP (20 µM) two days
after conﬂuence (day 0), and maintained during cell diﬀerentiation
until the cells were harvested for the following experiments.
Cell viability
3T3-L1 cells were treated with various RK concentrations in 96-well
plates for 24 h. Cell viability was analyzed using a 3-(4,5-dimethylthiazol-2-yl)−5 -(3-carboxymethoxyphenyl)−2-(4-sulfophenyl)−2H-tetrazolium (MTS)-based CellTiter 96® AQueous One solution kit, according to the manufacturer's directions.
Oil red o staining and quantiﬁcation
After diﬀerentiation, cells were washed twice with 1× phosphatebuﬀered saline (PBS), ﬁxed in 3.7% formaldehyde for 10 min, and then
washed thrice with PBS. Cells were stained with oil red O solution for
30 min at 25 °C and washed thrice with PBS. Staining was visualized
using bright-ﬁeld microscopy, and oil red O dye extracted from the cells
with 100% isopropanol solution was quantiﬁed at 520 nm using a
spectrophotometer (Multiskan FC, Thermo-Scientiﬁc (Waltham, MA,
USA).
β-catenin knockdown by siRNA transfection
Two days after reaching conﬂuence, 3T3-L1 cells were transfected
with β-catenin small interference RNA or a non-related control siRNA
according to the manufacturer's instructions. After 6 h, the transfected
cells were diﬀerentiated according to the diﬀerentiation protocol.

Materials and methods

Western blot analysis

Materials

3T3-L1 cells were collected on the indicated days, washed twice
with ice-cold 1 × PBS, and lysed in radioimmunoprecipitation assay
(RIPA) buﬀer (50 mM Tris-hydrochloride [HCl], pH 8.0, 150 mM
sodium chloride [NaCl], 1% NP-40, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate, SDS) containing 0.1 mM phenylmethylsulfonyl ﬂuoride and 1% protease inhibitor cocktail (Sigma-Aldrich) on
ice for 10 min. Cell lysates were centrifuged at 12,000 rpm for 15 min at
4 °C, and the supernatant analyzed using SDS-polyacrylamide gel
electrophoresis (PAGE). Protein concentration was determined using a
BCA protein assay kit (Pierce Biotechnology Inc., Rockford, IL, USA).
Samples were separated on 10% SDS-polyacrylamide gels, transferred
to a nitrocellulose membrane (Millipore, Bedford, MA, USA), and
blocked in Tris-buﬀered saline (10 mmol/l Tris–HCl and 150 mmol/l
NaCl, pH 8.00) with 0.05% Tween 20 (TBS-T) containing 5% nonfat dry
milk for 1 h at room temperature. Blots were then incubated overnight
at 4 °C with rabbit anti-PPARγ (1:1000), rabbit anti-C/EBPα (1:2000),
rabbit anti-FAS (1:1000), rabbit anti-FABP4 (1:1000), rabbit anti-βcatenin (1:1000), anti-pGSK3β (1:1000), anti-GSK3β (1:1000, all Cell
Signaling Technology, Danvers, MA, USA), mouse anti-HO-1 (1:1000,
Stressgen Biotechnologies Corp., Victoria, BC, Canada), anti-Wnt10b
(1:1000, Abcam, Cambridge, MA, USA), and mouse anti-β-actin

Raspberry ketone (Cat number: 178,519, purity ≧ 98.5%, gas chromatography, GC), 3-isobutyl-1-methylxanthine (IBMX), dexamethasone, insulin, and oil red O solution were purchased from SigmaAldrich (St. Louis, MO, USA). 3T3-L1 mouse embryo ﬁbroblasts were
purchased from the Food Industry Research and Development Institute
(Hsinchu, Taiwan). Dulbecco modiﬁed Eagle medium (DMEM), bovine
calf serum (BCS), and fetal bovine serum (FBS) were purchased from
Gibco Life Technologies (Grand Island, NY, USA). Tin protoporphyrin
(SnPP) was purchased from Tocris Bioscience (Bristol, UK). The
CellTiter 96® AQueous One solution kit was purchased from Promega
(Madison, WI, USA). β-catenin small interference RNA (siRNA) was
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies
against PPARγ, C/EBPα, FAS, FABP4, β-catenin, phosphor-GSK3β and
GSK3β were purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibody against HO-1 was purchased from Stressgen (Victoria,
BC, Canada). Antibody against Wnt10b was purchased from Abcam
(Cambridge, MA, USA).
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(1:2000, Sigma-Aldrich) antibodies. The membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:1000, Cell Signaling Technology) and visualized using an enhanced
chemiluminescence kit (Pierce Biotechnology Inc.) with a bio-imaging
analyzer (Fujiﬁlm LAS-4000, GE Healthcare Life Sciences,
Marlborough, MA, USA). Densitometric analysis was conducted using
Image-Pro software (Media Cybermetrics, Inc., Bethesda, MD, USA). βActin was the loading control. Data are fold-change normalized to
control cells.
Statistical analysis
The results are presented as the means ± standard errors of the
mean (SEM) and were evaluated statistically using a one-way analysis
of variance (ANOVA) using Newman-Keuls multiple comparisons tests
for the post-hoc determination of signiﬁcant diﬀerences. Diﬀerences
with P < 0.05 were considered signiﬁcant.
Results
Eﬀects of RK on adipogenesis of 3T3-L1 preadipocytes
To determine the eﬀect of RK on lipid accumulation during
diﬀerentiation, 3T3-L1 preadipocytes were diﬀerentiated into adipocytes in the presence of RK for 9 days. Accumulated lipid droplets were
measured using oil red O staining. As shown in Fig. 1B and C, RK
(150–400 µM) potently reduced lipid accumulation in 3T3-L1 adipocytes in a dose-dependent manner by 20–60% compared to the

Fig. 2. Eﬀects of raspberry ketone (RK) on adipogenic transcription factor and lipogenic
protein expression in 3T3-L1 adipocytes. Expression levels of adipogenic proteins (A)
PPARγ and (B) C/EBPα and lipogenic proteins (C) FAS and (D) FABP4 were analyzed
using western blotting. Results are mean ± standard error of the mean (SEM) of three
independent experiments. *P < 0.05 and #P < 0.05 vs. undiﬀerentiation (Undif.) and
diﬀerentiation (Dif.) groups, respectively.

diﬀerentiated adipocytes. To exclude cytotoxicity from the eﬀects of
RK on adipocyte diﬀerentiation, a cell viability test was conducted.
Fig. 1D shows that RK was not cytotoxic at 10–400 µM.
Eﬀects of RK on adipogenic transcription factor and lipogenic protein
expressions
To investigate whether reduced lipid accumulation in RK-treated
cells was mediated by inhibiting adipocyte diﬀerentiation, adipogenic
marker expressions were evaluated using western blotting on diﬀerentiation day 9. Fig. 2A and B shows C/EBPα and PPARγ protein levels
in diﬀerentiated 3T3-L1 cells increased markedly compared with the
undiﬀerentiated 3T3-L1 cells; however, RK (150–400 µM) dramatically
reduced the increase. Additionally, FAS and FABP4 expressions were
inhibited by RK during 3T3-L1 cell diﬀerentiation (Fig. 2C and D).
Eﬀects of RK on Wnt10b/β-catenin signaling
To conﬁrm whether RK activates canonical Wnt/β-catenin signaling, the eﬀects of RK on Wnt10b and β-catenin protein expressions were
evaluated using western blotting in 3T3-L1 adipocytes. Fig. 3A shows
that RK (150–400 µM) upregulated Wnt10b expression in 3T3-L1
adipocytes on diﬀerentiation day 9 compared with that of the untreated
diﬀerentiated cells. Similarly, RK (300 and 400 µM) increased β-catenin
expression (Fig. 3B) in diﬀerentiated 3T3-L1 adipocytes. To elucidate
the mechanism by which RK activated Wnt/β-catenin signaling, we
assessed whether RK phosphorylated Ser9 to inactivate GSK3β, a
component of the β-catenin degradation complex. Fig. 3C shows that

Fig. 1. Eﬀects of raspberry ketone (RK) on lipid accumulation in 3T3-L1 adipocytes. (A)
scheme for 3T3-L1 preadipocyte diﬀerentiation. (B) upper and lower graphs show
photomicrographs of oil red O stained and entire wells, respectively. (C) the graph
represents the quantiﬁcation of lipid accumulation in each treatment group. Data are
presented as mean ± standard error of the mean (SEM) of three independent
experiments.*P < 0.05 and #P < 0.05 vs. undiﬀerentiation (Undif.) and diﬀerentiation
(Dif.) groups, respectively. (D) Cytotoxicity of 3T3-L1 cells was expressed as optical
density percentage. Results are mean ± standard error of the mean (SEM) of three
independent experiments. *P < 0.05 vs. control. “(For interpretation of the references to
colour in this Fig. legend, the reader is referred to the web version of this article.)”.
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Fig. 3. Eﬀects of raspberry ketone (RK) on Wnt/β-catenin signaling during adipocyte diﬀerentiation. (A) Wnt10b, (B) β-catenin, and (C) phosphorylated-glycogen synthase kinase
(pGSK)−3β protein levels were evaluated using western blotting. Results are mean ± standard error of the mean (SEM) of three independent experiments. *P < 0.05 vs. diﬀerentiation
group (Dif.).

SnPP reversed eﬀect of RK on adipogenic transcription factors and lipogenic
proteins

RK signiﬁcantly increased phosphorylated GSK3β protein expressions
of 3T3-L1 adipocytes on diﬀerentiation day 9 compare with that of the
untreated diﬀerentiated cells.

To conﬁrm whether RK modulates adipogenesis through HO-1, the
expression of adipogenic transcription factors (C/EBPα and PPARγ) and
key lipogenic proteins (FAS and FABP4) were examined in diﬀerentiated 3T3-L1 adipocytes. SnPP (20 µM) diminished the eﬀect of RK on
C/EBPα and PPARγ (Fig. 6C and D). Consistently, the decreased
expression of FAS and FABP4 by RK was reversed by SnPP (Fig. 6E
and F).

β-Catenin siRNA reversed of RK on adipogenic transcription factors and
lipogenic proteins
To conﬁrm whether RK modulates adipogenesis through the Wnt/βcatenin pathway, adipogenic transcription factor (C/EBPα and PPARγ)
expressions were examined in 3T3-L1 adipocytes. β-Catenin siRNA
diminished the eﬀect of RK on C/EBPα and PPARγ expression in 3T3-L1
adipocytes on diﬀerentiation day 9 (Fig. 4B and C). Consistently, the
RK-induced decrease in FAS and FABP4 expression was reversed by βcatenin siRNA (Fig. 4D and E).

Discussion
To the best of our knowledge, this is the ﬁrst study to demonstrate
the direct involvement of HO-1 expression in the anti-adipogenic eﬀect
of RK mediated by increasing Wnt10b/β-catenin signaling in diﬀerentiated 3T3-L1 cells. Results showed that the RK-induced inhibition of
adipogenesis might be due to the downregulation of transcription
factors (C/EBPα and PPARγ) and lipogenic-related proteins (FAS and
FABP4). The RK-induced upregulation of Wnt10b, β-catenin, and HO-1,
as well as increased Wnt10b and β-catenin expression, and decreased
fat accumulation in diﬀerentiated 3T3-L1 cells were all signiﬁcantly
reversed by the HO-1 inhibitor, SnPP. The RK-mediated inhibition of
adipogenic transcription factor and lipogenic protein expression was
also signiﬁcantly attenuated by SnPP and siRNA-mediated knockdown
of β-catenin. This indicates that RK may act by upregulating HO-1 and
the Wnt10b/β-catenin pathway, which inhibits adipogenesis and may
be a potential strategy for treating obesity.
Several studies show that adipocyte diﬀerentiation and fat accumulation are associated with obesity (Melnikova and Wages, 2006; Bays,
2009). Therefore, inhibiting adipocyte diﬀerentiation is a potential
anti-obesity treatment strategy. Adipocyte diﬀerentiation is tightly
controlled by numerous signaling pathways and transcription factors
including C/EBPα and PPARγ, which are involved in adipogenesis
(Ali et al., 2013). Additionally, these adipogenic transcription factors
coordinately modulate the expression of lipogenic genes such as FAS
and FABP4 (Foufelle et al., 1996). In this study, RK (300–400 µM)
suppressed lipid accumulation (Fig. 1A and B) without cytotoxicity

RK regulated HO-1 expression
HO-1 expression was signiﬁcantly increased in 3T3-L1 cells on
diﬀerentiation day 9 compared with that in the undiﬀerentiated cells
(Fig. 5A). Furthermore, marker levels increased following RK (150 to
400 µM) treatment. To further investigate the role of HO-1 in the antiadipogenic eﬀect of RK, its activity was speciﬁcally inhibited with
SnPP. Fig. 5B and C show that RK (150 and 300 µM) signiﬁcantly
reduced fat content, and this eﬀect was strikingly reversed by SnPP
(20 µM).

Eﬀects of SnPP on Wnt10b/β-catenin signaling
The RK-induced HO-1 upregulation increased the Wnt signaling
cascade protein expression (Wnt10b and β-catenin) in 3T3-L1 cells
compare with that in diﬀerentiated cells. To conﬁrm whether RK
modulates Wnt10b/β-Catenin pathway through HO-1, cells were
SnPP-treated. The HO-1 expression was further enhanced by SnPP
(20 µM, Fig. 6A); however, SnPP diminished the eﬀect of RK on Wnt10b
and β-catenin expression in 3T3-L1 adipocytes on diﬀerentiation day 9
(Fig. 6B and C).
14
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Fig. 4. Eﬀects of β-catenin siRNA on adipogenic transcription factor and lipogenic protein expressions. (A) β-catenin, (B) PPARγ, (C) C/EBPα, (D) FAS, and (E) FABP4 expressions were
assessed using western blotting. Data are means ± standard error of the mean (SEM) of three independent experiments. *P < 0.05 and #P < 0.05 vs. diﬀerentiation group (Dif.) and
diﬀerentiation plus RK (300 µM), respectively.

regulated C/EBPα, PPARγ, FAS, and FABP4 by upregulating Wnt10b/βcatenin.
A previous study demonstrated that increased HO-1 expression is
directly involved in regulating adipogenic markers by increasing
Wnt10b protein levels (Vanella et al., 2013). The HO-1-mediated
increase in Wnt10b either maintained pre-adipocytes in the undiﬀerentiated state or slowed the process. Expectedly, this study showed that
RK increased HO-1 expression during 3T3-L1 cell diﬀerentiation
(Fig. 5A). Moreover, SnPP, a speciﬁc HO-1 inhibitor, blocked the
anti-adipogenic eﬀect of RK (Fig. 5). These results indicated that RK
inhibited adipogenesis by HO-1 induction. The expression levels of
Wnt10b and β-catenin were also signiﬁcantly lower with SnPP treatment than they were without it. Furthermore, HO-1 activity was
inhibited by SnPP despite an increase in HO-1 protein (Fig. 6A–C),
conﬁrming previous results (Sardana and Kappas, 1987). Moreover, the
reduced expression of transcription factors and their downstream
lipogenic proteins following RK treatment was recovered by SnPP
(Fig. 6D–G). This suggests that RK may inhibit adipogenesis through
HO-1 and the Wnt10b/β-catenin pathway.
HO-1 has multiple cellular eﬀects including regulating heme and
heme-containing denatured protein bioavailability (Abraham and
Kappas, 2008), generating bioactive metabolites-CO and biliverdin,
preventing the cellular accumulation of free heme, and preventing free
radical and mitochondrial dysfunction (Balla et al., 1993; Abraham and

(Fig. 1C) during the diﬀerentiation of 3T3-L1 preadipocytes into
adipocytes. Moreover, RK eﬀectively blocked induction of adipogenic
transcription factors (C/EBPα and PPARγ) and decreased lipogenic
protein (FAS and FABP4) expression (Fig. 2). These results indicated
that RK might inhibit lipid accumulation by controlling adipogenic
transcription factor and lipogenic enzyme expression during adipocyte
diﬀerentiation.
Numerous studies have demonstrated that Wnt/β-catenin signaling
inhibits the adipogenic diﬀerentiation of preadipocytes by blocking C/
EBPα and PPARγ signaling (Prestwich and Macdougald, 2007). Additionally, Wnt/β-catenin signaling is activated when the glycoprotein
Wnt binds to the cell surface frizzled receptor and LRP5/6 co-receptors
(Laudes, 2011). Wnt10b expression is downregulated during diﬀerentiation, which inhibits adipogenesis (Ross et al., 2000). In vivo, the
transgenic expression of Wnt10b in adipocytes reduces the white
adipose tissue mass (Bennett et al., 2007). In this study, RK increased
Wnt10b, pGSK3β, and β-catenin expressions (Fig. 3), thereby inhibiting
adipogenesis and further rescued the β-catenin degradation during Wnt
signaling (Bennet et al., 2002; Jin et al., 2008). The expression level of
β-catenin was also signiﬁcantly lower following the siRNA-mediated
knockdown of β-catenin than it was before β-catenin knockdown
(Fig. 4A). Moreover, the relatively lower C/EBPα, PPARγ, FAS, and
FABP4 expression induced by RK was recovered by the siRNA-mediated
knockdown of β-catenin (Fig. 4B–E). This suggests that RK down15
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Kappas, 2008). Our present results show a critical link between the antiadipogenic eﬀects of HO-1 and the RK-induced stimulation of Wnt10b/
β-catenin signaling. The precise molecular mechanism of action of
Wnt10b signaling mediated by HO-1 is unclear. However, the redox
environment restoration by HO-1 induction may contribute to activating Wnt signaling. This speculation is supported by previous reports
that chronic oxidative stress suppressed the Wnt canonical pathway
(Abraham and Kappas, 2008; Vanella et al., 2011). Further studies are
required to clarify the mechanisms underlying the regulation of HO-1
expression and Wnt signaling by RK. In addition, the present study had
showed that RK (150–400 µM) concentration-dependently inhibited
3T3-L1 adipocyte diﬀerentiation through regulating key factors. However, previous study had showed that relatively low concentration of
RK (10 µM) signiﬁcantly increased both lipolysis and fatty acid
oxidation in 3T3-L1 adipocyte (Park, 2010). It should be noted that
the concentration of RK used in this study is far beyond it used in
others. However, higher concentration of RK (100 µM) has been used in
cell study in vitro (Takata and Morimoto, 2014). Thus, it is rather
relevant to investigate the RK eﬀect in vivo, fully considering a dose and
duration of exposure together than to simply conclude it is only eﬀect in
high doses in cell culture system.

Fig. 5. Raspberry ketone (RK) induced HO-1 expression and HO-1 inhibitor attenuates
adipogenesis inhibition by RK. (A) HO-1 protein expression was assessed using western
blotting. Results are mean ± standard error of the mean (SEM) of three independent
experiments. *P < 0.05 and #P < 0.05 vs. undiﬀerentiation (Undif.) and diﬀerentiation
(Dif.) groups, respectively. (B) Representative photographs of each treatment group after
oil red O staining. 3T3-L1 cells were treated with RK and HO-1 inhibitor (SnPP, 20 µM).
(C) The graph represents the quantiﬁcation of lipid accumulation in each treatment
group. Data are means ± standard error of the mean (SEM) of three independent
experiments. *P < 0.05 and #P < 0.05 vs. diﬀerentiation (Dif.) and diﬀerentiation (Dif.)
groups without SnPP at same RK concentrations, respectively. “(For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)”.

Conclusion
RK increased HO-1 levels, which increased Wnt/β-catenin signaling
and decreased adipogenic transcription factor and lipogenic protein
expressions, subsequently decreasing fat accumulation. Moreover, SnPP
inhibited the observed eﬀects of the RK-mediated increase in Wnt/βcatenin signaling. These results suggest that the HO-1/Wnt/beta-

Fig. 6. Eﬀects of tin protoporphyrin (SnPP), heme oxygenase-1 (HO-1) inhibitor on β-catenin, adipogenic transcriptional factors, and lipogenic protein expression. (A) HO-1, (B) βcatenin, (C) Wnt10b, (D) PPARγ, (E) C/EBPα, (F) FAS, and (G) FABP4 expressions were assessed using western blotting. Data are means ± standard error of the mean (SEM) of three
independent experiments. *P < 0.05 vs. and #P < 0.05 vs. diﬀerentiation (Dif.) and diﬀerentiation (Dif.) plus raspberry ketone (RK, 300 µM), respectively.
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