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Raspberry Ketone Promotes FNDC5 Protein Expression via
HO-1 Upregulation in 3T3-L1 Adipocytes
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Obesity is a global health problem and a risk factor for cardiovascular diseases and cancers. Exercise is an effective intervention to combat
obesity. Fibronectin type III domain containing protein 5 (FNDCS5)/irisin, a myokine, can stimulate the browning of white adipose tissue
by increasing uncoupling protein 1 (UCP1) expression, and therefore may represent a link between the beneficial effects of exercise and
improvement in metabolic diseases. Thus, upregulating the endogenous expression of FNDC5/irisin by administering medication would
be a good approach for treating obesity. Herein, we evaluated the efficacy of raspberry ketone (RK) in inducing FNDC5/irisin expression
and the underlying mechanisms. The expression of brown fat-specific proteins (PR domain containing 16 (PRDM16), CD137, and UCP1),
heme oxygenase-1 (HO-1), FNDCS, and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla) in differentiated
3T3-L1 adipocyte was analyzed by western blotting or immunofluorescence. The level of irisin in the culture medium was also assayed using
an enzyme-linked immunosorbent assay kit. Results showed that RK (50 uM) significantly induced the upregulation of FNDCS protein in
differentiated 3T3-L1 adipocytes; however, the irisin level in the culture media was unaffected. Moreover, RK significantly increased the levels
of PGCla, brown adipocyte markers (PRDM16, CD137, and UCP1), and HO-1. Furthermore, the upregulation of PGC1lc and FNDCS and
the browning effect induced by RK were significantly reduced by SnPP or FNDCS5 siRNA, respectively. In conclusion, RK can induce FNDC5
protein expression via the HO-1 signaling pathway, and this study provides new evidence for the potential use of RK in the treatment of obesity.
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INTRODUCTION benefits of exercise are mediated by irisin, which is produced
from the cleavage of the extracellular portion of fibronectin
type III domain containing protein 5 (FNDCS5). FNDCS5
has been observed in the skeletal muscles, liver, brain, and
adipose tissues.*! In addition, several studies have indicated
that FNDCS5/irisin participates in metabolic processes. In an
in vivo study, recombinant irisin administration or adenoviral
overexpression of FNDCS significantly ameliorated glucose

Obesity is a manifestation of an energy imbalance in the body
and has recently become a main public health problem.!" It
is considered to increase the incidence of chronic diseases,
including cardiovascular diseases, Type 2 diabetes, and
cancers.”! Although changing diet and adopting a lifestyle
with increased physical activity are the first line of treatment
for obesity, it is difficult for ill or disabled people to maintain
these lifestyle changes. Thus, finding a novel strategy for the
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metabolism in obese mice by increasing the level of irisin in
circulation.'*”! In an in vitro study, FNDC5/irisin enhanced
adipocyte browning, with the cell morphology showing a
higher density of mitochondria and multilocular lipid droplets.[
Therefore, FNDC5/irisin may be a key protein in the treatment
of metabolic diseases with exercise. Moreover, treatment
with phytochemicals or medications to stimulate endogenous
FNDC5/irisin production may be a good strategy, in particular
for people who could not exercise regularly.

Raspberry ketone (4-(4-hydroxyphenyl)-2-butanone, RK) is
a phytochemical present in European red raspberry Rubus
idaeus.™ Owing to its multiple health benefits, RK has received
increasing attention. RK has been established to reduce
adipogenesis in adipocytes,*'? exerting an efficacy against
obesity in rodents.[*! Furthermore, in a recent study, raspberry
supplementation induced the browning of white adipose tissue
in mice and elevated peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGCla) levels and FNDC5/irisin
content.l'” In this study, we investigated whether RK is an
FNDC5/irisin inducer in differentiated 3T3-L1 adipocytes and
clarified the underlying molecular targets. The results from this
study can be used as reference for subsequent RK research
applications, such as the prevention and treatment of obesity.

MareriaLs AND MEeTHODS

3T3-L1 cell culture, differentiation, and treatment
3T3-L1 mouse embryo fibroblasts (#BCRC60159) were
purchased from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). The cells were differentiated as
described previously.® Briefly, once confluent, the cells were
further cultured in maintenance medium (Dulbecco modified
Eagle medium (DMEM) supplemented with 10% bovine calf
serum) for 2 days (day 0), and then cultured in differentiation
medium (DMEM supplemented with 10% fetal bovine serum
plus MDI that contained 0.5 mM 3-isobutyl-1-Methylxanthine,
1 uM Dexamethasone, and 10 pug/ml Insulin) for 3 days. After
that, the cells were cultured in maintenance medium containing
insulin (10 pg/ml) for 6 days. Next, differentiated, mature cells
were treated with RK (10-100 uM; Cat. number: 178519,
purity >98.5%, gas chromatography, GC; Sigma-Aldrich, St.
Louis, MO, USA) for 24 h in the presence or absence of the
heme oxygenase-1 (HO-1) inhibitor tin protoporphyrin-IX
(SnPP; 20 uM; Tocris Bioscience, Bristol, UK).[®I The harvested
cells were used in subsequent experiments.

Measurement of cell viability

Cell survival was evaluated using a 3-[4,5-dimethylthiazol-
2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (a M TS tetrazolium compound)-based CellTiter
96® AQueous One Solution (Promega, Madison, WI, USA).
Briefly, cells were treated with RK at 10-300 uM for 24 h in
a 96-well plate. MTS reduction was started by adding MTS
solution 20 pl per well. Plates were incubated at 37°C. After 4 h
incubation, the reaction was stopped by adding 25 ul of 10%
SDS. Absorbance was determined at 490 nm using a microplate

reader (Model 550, BIO-RAD Laboratories, CA, USA) in
accordance with the manufacturer’s instructions.

Irisin level in the culture medium

After incubation with RK for 24 h, the cell culture medium
in each well was collected for measuring the level of
released irisin. Irisin level was evaluated using a commercial
irisin Enzyme-Linked Immunosorbent Assay (ELISA)
kit (AG-45A-0046YEK-K10; AdipoGen Life Sciences,
Switzerland) according to the manufacturer’s instructions.
Microplate analysis was conducted using an ELISA reader at
a wavelength of 450 nm to obtain concentration values.

Knockdown of fibronectin type Ill domain containing
protein 5 by small interference RNA transfection
FNDCS5 small interference RNA (siRNA) (sc-145214) and a
non-related control siRNA (sc-36869) were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). On day 9,
mature adipocytes were transfected with validated siRNA ata
final concentration of 20 nM in the presence of the transfection
reagent Lipofectamine™ 3000 (Thermo Fisher Scientific,
Waltham, MA, USA) for 6 h, according to the manufacturer’s
protocol. Thereafter, the transfected cells were incubated with
RK (50 uM) for 24 h and then harvested.

Western blotting

Cells were lysed in ice-cold lysis buffer, and the lysates were
centrifuged at 12,000 x g at 4°C for 20 min. The sample
concentration was evaluated by a Pierce BCA Protein Assay
kit (Thermo Fisher Scientific, MA, USA). Proteins were
separated on SDS-polyacrylamide gels and then blotted onto
membranes.’™ The blots were then reacted overnight at 4°C with
the following primary antibodies: mouse anti-f-actin monoclonal
antibody (A1978; Sigma-Aldrich), rabbit anti-CD137
monoclonal antibody (sc-398933; Santa Cruz Biotechnology,
Inc.), mouse anti-HO-1 monoclonal antibody (ADI-OSA-110;
Enzo Life Sciences, NY, USA), rabbit anti-FNDCS5 monoclonal
antibody (ab174833; Abcam, Cambridge, UK), goat anti-PGCl o
polyclonal antibody (ab106814; Abcam), rabbit anti-PR domain
containing 16 (PRDM16) polyclonal antibody (ab106410;
Abcam), rabbit anti-uncoupling protein 1 (UCP1) polyclonal
antibody (ab10983; Abcam), and mouse anti-o-tubulin
monoclonal antibody (#3873; Cell Signaling Technology,
Danvers, MA, USA). Subsequently, the blot membranes were
reacted with horseradish peroxidase-labeled secondary antibody
for 1 h and further analyzed using enhanced chemiluminescence
reagents (Pierce).[

Immunofluorescence

Cells were stained for immunofluorescence as described
previously.®™ Briefly, cells were grown on p-dish (Martinsried,
IBIDI, Germany) and stained with 500 nM Mitotracker deep
red FM in serum-free DMEM for 30 min at 37°C according to
the manufacturer’s instructions. Next, the cells were washed
with phosphate buffered saline (PBS) and fixed with 4%
paraformaldehyde. Thereafter, the cells were blocked with
5% bovine serum albumin in PBS at 25°C for 1 h and then

.Chinese Journal of Physiology | Volume 65 | Issue 2 | March-April 2022




[Downloaded free from http://www.cjphysiology.org on Friday, September 9, 2022, IP: 247.49.228.254]

Tsai, ef al.: FNDCS5 is involved in the browning effect of RK

reacted with primary anti-UCP1 polyclonal antibody (ab10983;
1:1000; Abcam) overnight at 4°C. Subsequently, the cells were
reacted with secondary antibody Alexa Fluor 488 (ab150077,
1:1000; Abcam) at room temperature for 1 h. Nuclei were
counterstained with DAPI (#4083; Cell Signaling Technology)
for 5 min. Finally, images were obtained under a fluorescence
light microscope (Nikon Eclipse Ti-E; Nikon, Kawasaki, Japan).

Statistical analysis

The data are presented as mean + standard error of the mean.
Statistical analysis was performed using SigmaPlot 12.5 (Systat
Software, Inc., San Jose, CA, USA). Differences between means
were determined using one-way analysis of variance followed by
Newman—Keuls multiple comparison post hoc test. Differences
were considered statistically significant at a P-value of < 0.05.

ResuLts

Effects of raspberry ketone on the expression of
fibronectin type Ill domain containing protein 5/irisin in
3T3-L1 adipocytes

First, the effect of various concentrations (10-300 uM) of RK on
the cytotoxicity of 3T3-L1 adipocytes was examined using the
MTS test. There was no significant cytotoxicity when 3T3-L1
adipocytes were treated with RK at concentrations below
200 uM [Figure la]. Therefore, the range of concentrations
of 10-100 uM RK was selected for further studies, and
the results showed that RK (25 and 50 uM) significantly
increased the level of FNDCS5 protein in differentiated 3T3-L1
adipocytes [P < 0.05; Figure 1b]. Notably, the level of FNDCS5
protein expression was significantly increased by 24% by
50 uM RK, but the levels of irisin in the culture medium did
not significantly change [Figure 1c].

Involvement of heme oxygenase-1 in the upregulation
of fibronectin type Il domain containing protein 5 in
differentiated 3T3-L1 adipocytes

We investigated the molecular targets that mediate the
modulation of the expression of FNDCS5, HO-1, and PGCla

in RK-treated differentiated 3T3-L1 adipocytes. The data
showed that RK significantly increased the levels of HO-1
and PGCla [P <0.05; Figure 2a and b]. To further clarify the
role of HO-1 in the upregulation of PGC10o/FNDCS induced
by RK, its activity was inhibited with SnPP. Results showed
that the elevation of HO-1 level was further enhanced after
treatment with RK (50 uM) and SnPP (20 uM) compared with
that in the group treated with RK alone [Figure 2c]. In contrast,
RK (50 uM)-induced upregulation of PGC1lo.and FNDCS was
significantly reduced in differentiated 3T3-L1 cells pretreated
with SnPP (20 uM) [P < 0.05; Figure 2d and e].

Effects of raspberry ketone on the expression of brown
adipocyte markers and the effect validation by fibronectin
type 11l domain containing protein 5 knockdown

To clarify whether FNDC5 mediated the effect of RK, the levels
of brown adipocyte markers in differentiated 3T3-L1 adipocytes
were analyzed by western blotting. RK significantly elevated
the level of brown adipocyte markers (PRDM16, CD137,
and UCP1; Figure 3a-c) in differentiated 3T3-L1 adipocytes.
Notably, the level of the brown adipocyte markers increased by
approximately 30%-40% after treatment with RK, compared
with that in the control group (P < 0.05). Furthermore, the
RK-induced upregulation of cellular UCP1 expression was
confirmed by immunofluorescent staining [Figure 3d]. On
the contrary, the effect of RK on the expression of FNDC5
and brown adipocyte markers was significantly reduced after
treatment with FNDCS5 siRNA, compared with that in the
siNeg-treated group [P < 0.05; Figure 4].

Discussion

To the best of our knowledge, this is the first study to reveal
that RK induces FNDCS5 expression in differentiated 3T3-L1
adipocytes. Our results showed that RK significantly increased
the level of FNDCS5 protein and might be associated with the
upregulation of HO-1/PGClo. In addition, the HO-1/PGClo/
FNDCS signaling pathway mediated the browning effect of RK
in differentiated 3T3-L1 adipocytes [Figure 5]. These findings

Con 10

Cell Viability

(Fold of Control)

e o2 =

& % >
22 2

FNDC5/B-actin
(Fold of Control)

RK (uM)

FNDCS o e W S @y 24 kDa 12
B-actin W G e— ———-— 42 kDa  °

50 100

Irisin (mg/ml)

222222

-
>
»
o
o P
S
-
2
3

Control

Figure 1: Raspberry ketone increased the expression of fibronectin type Ill domain containing protein 5 protein. (a) Effects of raspberry ketone on cells
viability. 3T3-L1 cells were treated with raspberry ketone for 24 h, and cell viability was measured by the MTS assay. The values are mean + standard
error of the mean for three independent experiments. *P < 0.05 compared with the control. (b) Effect of raspberry ketone on the level of fibronectin
type lll domain containing protein 5 protein in differentiated 3T3-L1 adipocytes was analyzed by western blotting. (c) Effect of raspberry ketone on
the levels of irisin in the culture medium was evaluated by enzyme-linked immunosorbent assay. Data are expressed as mean = standard error of the

mean (n = 3). *P < 0.05 compared with the control.
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Figure 2: Heme oxygenase-1 is involved in raspberry ketone-induced fibronectin type lll domain containing protein 5 expression in differentiated
3T3-L1 adipocytes. (a and b) Effect of raspberry ketone on the level of heme oxygenase-1 and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha proteins in differentiated 3T3-L1 adipocytes. (c-e) Modulation of heme oxygenase-1, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha, and fibronectin type Il domain containing protein 5 expression by SnPP (20 uM) in raspberry ketone-treated differentiated
3T3-L1 adipocytes. Data are expressed as mean =+ standard error of the mean (7 = 3). *P < 0.05 compared with the control; #P < 0.05 compared

with the group treated with raspberry ketone alone.
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Figure 3: Raspberry ketone induced the browning of differentiated 3T3-L1 adipocytes. Western blotting analysis of the brown adipocyte markers (a)
PR domain containing 16, (b) CD137, and (c) uncoupling protein 1 in raspberry ketone-treated differentiated 3T3-L1 adipocytes. Data are expressed
as mean = standard error of the mean (n = 3-4). *P < 0.05 compared with the control. (d) Immunofluorescence staining for uncoupling protein 1
and MitoTracker Deep Red FM in raspberry ketone-treated differentiated 3T3-L1 cells. The scale bars are 100 um.
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Figure 4: Fibronectin type Ill domain containing protein 5 is involved in raspberry ketone-induced browning effect of differentiated 3T3-L1 adipocytes.
Western blotting analysis of (a) fibronectin type Il domain containing protein 5 and the brown adipocyte markers, (b) PR domain containing 16, (c)
CD137, and (d) uncoupling protein 1 in raspberry ketone-treated differentiated 3T3-L1 adipocytes under fibronectin type Il domain containing protein
5 knockdown by FNDC5 siRNA. Data are expressed as mean = standard error of the mean (n = 3). *P < 0.05 compared with the negative SiRNA
group. siNeg, negative siRNA; siFNDC5, Fibronectin type lll domain containing protein 5 siRNA.

provide a new evidence supporting the potential use of RK in
the therapy of obesity.

Accumulating evidence has shown that exercise-induced
upregulation of FNDC5 expression and the subsequent
production of irisin is brought about by the proteolytic cleavage
of FNDCS5. Irisin can trigger white fat cell transfer into brown
fat cells via an unknown receptor of adipocyte.'!! Moreover,
FNDCS overexpression leads to an increase in the circulating
levels of irisin and stimulates the browning of white inguinal
adipose tissue in mice.’) Considering these beneficial effects in
ameliorating the metabolic profile, irisin is a promising target
for the prevention and treatment of obesity.[') In contrast to
these findings, a study reported that FNDCS5 content in the
muscle and irisin levels in circulation were not significantly
affected by chronic endurance training.['! Alternatively,
chronic endurance exercise-induced browning of subcutaneous

inguinal fat was mediated by locally produced FNDCS5, not
by circulating irisin.!"*! Similar to the above results, our data
showed that RK significantly induced the upregulation of
FNDCS in differentiated 3T3-L1 adipocytes. Moreover, the
browning effect of RK was associated with FNDCS5 protein
expression, but did not correlate to irisin level in the culture
medium [Figure 4]. This phenomenon may be explained by the
hypothesis that tight dimerization of the FNDC5 ectodomain
may cause the formation of dimer at the cell surface, which
can lead to autocrine or paracrine signaling, and this effect
is independent of irisin.!'¥ These results suggest that RK is a
FNDCS5 inducer and may be a good candidate for the therapy
of obesity.

Many studies have shown that FNDCS5 expression is regulated
by PGCla in skeletal muscle and neurons.>!¥ PGCla is
also a transcriptional factor, and it plays an essential role in
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Figure 5: Suggested pathways associated with raspberry ketone-induced
adipocyte browning via the heme oxygenase-1/fibronectin type lll domain
containing protein 5 pathway. The action of fibronectin type Ill domain
containing protein 5 protein is a required second signal promoting
browning proteins expression in raspberry ketone-treated adipocyte.
Raspberry ketone increased the level of fibronectin type Ill domain
containing protein 5 protein and might be associated with the upregulation
of heme oxygenase-1 and/or peroxisome proliferator-activated receptor
gamma coactivator 1-alpha. (—) stimulatory, (1) upregulation.

thermogenesis,!'® mitochondrial functions, and cellular energy
metabolism.[' In addition, an increasing number of studies
have reported that HO-1, a stress-responsive enzyme, can
protect rodents from obesity and modulate adipocyte stem cell
differentiation.!'*2% Moreover, the role of HO-1 in maintaining
beige-like adipose tissue and improving cardiovascular
and liver functions has been reported.?'>?! Notably, HO-1
expression is mediated via PGClo activation, and it can further
indirectly increase PGClo levels.” These findings suggest
that the induction of PGC1a/FNDCS is also dependent on
HO-1 expression. Consistent with these studies, our study
revealed that RK increased HO-1 and PGClo expression in
differentiated 3T3-L1 adipocytes [Figure 2]. Furthermore,
SnPP, a specific HO-1 inhibitor, blocked the upregulation of
PGCla and FNDCS induced by RK. These results indicated
that the positive regulation of FNDCS5 by HO-1 may also be a
common mechanism involved in FNDCS5 induction after RK
treatment, and further studies are needed to clarify the role of
PGCla in the regulation of FNDCS by RK. It is noteworthy
that HO-1 expression further increased after treatment with
SnPP, and this can be due to the enzyme feedback inhibition,
confirming the findings of previous studies.****) However,
further studies are required to clarify the exact mechanism
of FNDCS5/irisin activity in adipocytes by a receptor-like
mediating pathway.

It is noteworthy that the activation of HO-1 and brown
adipocyte markers by RK (25-100 pM), but RK alone had a
biphasic effect on FNDCS. A relatively low concentration of
25 uM RK significantly increased FNDCS expression, whereas
100 uM RK produces less effect. Although we have no direct
evidence of the differences of RK on this phenomenon, it
is plausible that (1) RK can increase the FNDCS5 proteins

expression indirectly, possibly by activating or inhibiting
another factor, to decrease these patterns; (2) the expression
of brown adipocyte markers induced by RK may via other
mechanism.?” Further studies are needed to clarify the
mechanism of different concentration of RK.

In this study, we found the effect of RK is mediated by FNDCS5,
not by its cleaved peptide irisin. Similar phenomenon were also
found in other studies, the beneficial effects of FNDCS5 induced
by either exogenous FNDCS5 or FNDCS5 overexpression, it is
still difficult to unmask the probable effectors of endogenous
FNDCS5 and its cleaved fragment, irisn.?*3% Many questions
remain regarding generation and quantitation of endogenous
irisin, because the data on irisin levels based on ELISAs are
compromised by major methodical problems,*" which is a
limitation in the present study. Although we had shown RK
had browning effect in vivo and in vitro studies,®*3% this
is the first study revealed that RK is an inducer of FNDC5
protein in differentiated 3T3-L1 adipocytes. In this study, we
did not test whether RK administration increases circulating
irisin levels and FNDCS expression in an animal model,
therefore, additional experiments are needed to elucidate the
inter-relationship between RK, HO-1, and FNDCS in an in vivo
setting. Furthermore, the role of HO-1 in RK-induced FNDC5
expression should be validated in specific HO-1-knockdown
mice in future studies.

CONCLUSION

In conclusion, RK can modulate the expression of FNDC5
protein via HO-1 and subsequently induce the browning
of differentiated 3T3-L1 adipocytes. This study provides a
mechanistic understanding of the beneficial effects of RK and
reinforces the value of RK as a potential agent for the therapy
of obesity.
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