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In current times, obesity is a major health problem closely asso-
ciated with metabolic disease such as diabetes, dyslipidemia,
and cardiovascular disease. The direct cause of obesity is known
as an abnormal increase in fat cell size and the adipocyte pool.
Hyperplasia, the increase in number of adipocytes, results from
adipogenesis in which preadipocytes differentiate into mature
adipocytes. Adipogenesis is regulated by local and systemic cues
that alter transduction pathways and subsequent control of
adipogenic transcription factors. Therefore, the regulation of
adipogenesis is an important target for preventing obesity. Myo-
nectin, a member of the CTRP family, is a type of myokine
released by skeletal muscle cells. Although several studies have
shown that myonectin is associated with lipid metabolism, the
role of myonectin during adipogenesis is not known. Here, we
demonstrate the role of myonectin during adipocyte differentia-
tion of 3T3-L1 cells. We found that myonectin inhibits the adipo-
genesis of 3T3-L1 preadipocytes with a reduction in the expres-
sion of adipogenic transcription factors such as C/EBPa, B and
PPARYy. Furthermore, we show that myonectin has an inhibi-
tory effect on adipogenesis through the regulation of the p38
MAPK pathway and CHOP. These findings suggest that myonectin
may be a novel therapeutic target for the prevention of obesity.
[BMB Reports 2021; 54(2): 124-129]

INTRODUCTION

In the majority of developed countries, due to westernized die-
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tary habits and a sedentary lifestyle, obesity has grown to epi-
demic proportions creating a serious public health challenge.
Obesity is a disease caused by a chronic imbalance of energy
intake and expenditure and is regarded as a cause of the in-
creasing occurrence of various metabolic diseases such as dia-
betes, hypertension, hyperlipidemia, and cardiovascular diseases
(1). Obesity results from increase in mass of adipose tissue, which
is driven by two main processes: 1) Hypertrophy, the increase
in size of each pre-existing adipocyte and 2) hyperplasia (adipo-
genesis), the formation of new adipocytes from precursor cells
(2). Therefore, it is important to identify the factors or drugs
that can control the size and number of adipocytes as a stra-
tegy for preventing obesity. In particular, hyperplasia is a key
process that determines the number of adipocytes occurring in
childhood and adolescence, and thus, inhibition of this process
is important for preventing obesity.

Myonectin, also known as CTRP 15, is a myokine secreted
by skeletal muscle cells belonging to the C1g/TNF-related protein
(CTRP) family (3). Although the function and mechanism of myo-
nectin has not been studied in detail, it has been reported that
exercise increases its expression and amount of circulation. Moreover,
expression of myonectin was altered in conditions of energy
perturbation such as fasting, re-fed, and high fat diet; thus, it
has been suggested that myonectin is a novel myokine in the
regulation of systemic lipid homeostasis (3). Another study pro-
posed that the plasma myonectin concentration could be a
major parameter associated with metabolic syndrome and insulin
resistance (4). Based on the relationship between myonectin and
lipid metabolism, this study aimed to investigate a potential
role for myonectin during adipogenesis.

RESULTS AND DISCUSSION

Myonectin inhibits the differentiation of 3T3-L1
preadipocytes

To investigate the effect of myonectin on 3T3-L1 cell viability,
cytotoxicity was measured by quantitating the amount of ATP
present in cells, which indicates the presence of metabolically
active cells. When the proliferation rate of the control cells not
treated with myonectin was considered to be 100%, the cells
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exhibited a cell viability of more than 95% at all different con-
centrations of myonectin (0.5, 1, and 2 ug/ml) tested (Fig. 1A).

Based on these results, we treated 3T3-L1 preadipocytes with
myonectin within the range (0.05-2 ug/ml) that did not affect
cell viability during differentiation. Oil red O staining was per-
formed on day 10 of differentiation when the cells were fully
differentiated. In the untreated control group, the formation of
lipid droplets in the cytoplasm was efficiently induced indicating
proper adipocyte differentiation. On the other hand, when 3T3-L1
cells were treated with myonectin at a concentration of 0.05-
2 pg/ml, lipid droplet accumulation was reduced in a dose-
dependent manner (Fig. 1B).

Till now, many studies have shown that several genes and
proteins directly or indirectly regulate adipogenesis (5, 6). Pero-
xisome proliferator-activated receptor y (PPARy) is a master regu-
lator of adipogenic programming and is essential not only for
adipogenesis but also for maintaining differentiation (7). In ad-
dition, PPARy regulates the expression of enzymes such as Lipin1
and Diacylglycerol O-acyltransferase 1 (DGAT1), which promote
lipid accumulation within adipocytes along with CCAAT/ En-
hancer Binding Protein a. (C /EBPa) (8, 9). Therefore, deletion
of PPARy in adipose tissues of mice blocks high fat diet-in-
duced obesity (10, 11). Another adipogenic regulator C/EBPa.
activates downstream target genes involved in lipid formation
such as PPARy, Lipoprotein lipase (LPL), Sterol regulatory ele-
ment-binding protein 1 (SREBP1), and Fatty acid-binding protein
4 (FABP4) (11). Lipid accumulation was inhibited in the white
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Fig. 1. Suppression of adipogenic differentiation by treatment with
myonectin. (A) Effects of myonectin on cell viability. The viability of
untreated control cells (Non) was defined as 100%. (B) Effects of myo-
nectin on the differentiation of 3T3-L1 cells. Differentiation of con-
fluent 3T3-L1 cells was induced by the MDI cocktail (0.5 mM IBMX,
1 uM Dexamethasone, and 10 pg/ml insulin). The 3T3-L1 cells were
treated with different concentrations (0.05-2 ug/ml) of myonectin du-
ring differentiation. On day 10 of differentiation, the fully differen-
tiated adipocytes were fixed and stained with oil red O solution
for visualization of the lipid accumulation. (C-F) mRNA levels of
adipogenic genes in mature 3T3-L1 adipocytes. Each gene was normal-
ized to Rpl32. All quantitative data are the means + SD (n = 6).
*P < 0.05, **P < 0.005, ***P < 0.0005 compared to untreated
control cells on day 0 (Day 0, Non).
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adipose tissue of a mutant mouse model that lacked C/EBPa.
(12). Adiponectin is an adipokine secreted from mature adipo-
cytes such as Leptin and Resistin and is a marker of adipocyte
terminal differentiation (13). To further investigate the inhibitory
effect of preadipocyte differentiation by myonectin, the expression
of adipogenic transcription factors and related genes was mea-
sured at different time points (day 0, 2, 6, and 10) during dif-
ferentiation. As a result, the mRNA expression levels of PPARy,
C/EBPa, FABP4, and Adiponectin in the untreated cells were
increased as differentiation progressed, but the cells treated
with myonectin showed a decrease at all time points (Fig. 1C-F).
These results show the possibility that myonectin can inhibit
adipogenesis by regulating the expression of transcription factors
involved in adipocyte differentiation.

Myonectin suppresses the early stage of adipogenesis

In order to determine the specific stage of the inhibitory effect
by myonectin in adipogenesis, we treated 3T3-L1 cells with
myonectin at various time points (early: day 0-day 2; inter-
mediate: day 2-day 6; late: day 6-day 10) during adipoge-
nesis (Fig. 2A). While the groups treated with myonectin in the
intermediate and late stage of adipogenesis was comparable to
the control, myonectin treatment during the early stage of
differentiation significantly inhibited adipogenesis by 50%
compared to the control cells (Fig. 2B, C). This result showed
that the inhibitory effect of myonectin in adipogenesis occurs
during the initial stages of differentiation. Consistent with this
result, the expression of PPARy, C/EBPa, and FABP4 was
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Fig. 2. Inhibitory function of myonectin involved in the early stage
of adipogenesis. (A) Scheme for the preadipocyte differentiation and
myonectin treatment. (B) Oil red O staining of lipid droplets after
differentiation of the 3T3-L1 adipocytes treated with and without myo-
nectin. (C) The levels of lipid accumulation of the 3T3-L1 mature adi-
pocytes were quantified at 490 nm. (D) Protein levels and (E-G) mRNA
levels of the adipogenic genes in mature 3T3-L1 adipocytes treated
with and without myonectin. Each gene was normalized to Rpl32.
All quantitative data are the means + SD (n = 3-6). *P < 0.05,
**P < 0,005, ***P < 0.0005 compared to the untreated control cells
(Non) on day 10.
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significantly reduced in the myonectin-treated cells at the early
stage of differentiation in both the mRNA and protein levels
(Fig. 2D-G).

Adipogenesis of 3T3-L1 preadipocytes includes growth arrest,
mitotic clonal expansion (MCE), and terminal differentiation.
After growth arrest, 3T3-L1 preadipocytes are induced to differ-
entiate by MDI cocktail containing isobutylmethylxanthine (IBMX),
dexamethasone (DEX), and insulin. During the initial stage of
differentiation, the adipogenic cocktail induces MCE where
growth arrested preadipocytes undergo clonal expansion to rou-
ghly double in cell number followed by irreversible commit-
ment to the adipocyte fate (6). Hyperplasia that occurs at this
period is generally associated with cell proliferation signal path-
ways such as phosphatidylinositide 3-kinase/protein kinase B
(PI3K/AKT) and mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) pathways (14). In addition,
AMP-activated protein kinase (AMPK) and Wnt/B-catenin sig-
naling are known to act at this stage (15, 16). These results imply
that the inhibitory function of myonectin in the early stage of
adipocyte differentiation may be associated with these signaling
pathways mentioned above.

PI3K/AKT and Wnt/B-catenin signaling pathways are not
affected by myonectin during adipogenesis

We first identified several signaling pathways previously known
to be associated with adipogenesis. In 3T3-L1 cells, activation
of AKT contributes to fat cell differentiation, whereas inactiva-
tion of the PI3K/AKT pathway suppresses adipogenesis. Further-
more, the activation of AKT induced by insulin contained in
the differentiation induction cocktail inactivates Forkhead box
protein O1 (FoxO1) through phosphorylation, which is very es-
sential in the early stage of adipocyte differentiation (17). In
order to confirm the effect of myonectin on AKT, 3T3-L1 prea-
dipocytes were treated with the MDI cocktail containing myo-
nectin, and as a result, AKT did not show any change (Fig. 3A,
B). This showed that myonectin does not affect the PI3K/AKT
pathway.

As a central regulator of the intracellular energy sensor, AMPK
is involved in many cellular functions regulating metabolic and
biosynthetic pathways and cell proliferation and differentiation
(15). In particular, activation of AMPK in adipocytes inhibits dif-
ferentiation by suppressing transcription factors such as PPARYy,
C/EBPa and SREBP1 (16, 18). In our study, when 3T3-L1 prea-
dipocytes were treated with myonectin in MDI medium, the
activation of AMPK persisted for a longer time than that of the
control cells (Fig. 3A, C). However, this difference in AMPK
activity appeared 6 hours after the myonectin treatment, which
is a relatively long time. Thus, the possibility of a secondary phe-
notype induced by myonectin in cells was suspected.

In the early stage of adipogenesis, it has been reported that
adipogenic hormonal stimuli increase the expression of C/EBPJ
and C/EBPS while inhibiting the Wnt/B-catenin signaling (19,
20). In order to determine the possibility that myonectin regulates
adipogenesis through Wnt/p-catenin signaling, 3T3-L1 preadipo-
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Fig. 3. Effect of myonectin on several pathways related to adipoge-
nesis. (A) 3T3-L1 preadipocytes were induced to differentiate by the
MDI cocktail with or without myonectin (1 pg/ml). Western blot
analyses of p-AKT, p-AMPK and B-Catenin during the initial time of
differentiation in the absence or presence of myonectin. Total AKT,
total AMPK and HSP90 were presented as the controls for the
normalization. (B-D) The ratios of p-AKT to total AKT, p-AMPK to total
AMPK, and B-Catenin to HSP90. All quantitative data are the means
+ SD (n = 3). *P < 0.05 compared to the myonectin-untreated con-
trol cells (MDI).

cytes were treated with myonectin in the MDI cocktail. How-
ever, there was still no change in B-catenin caused by myonec-
tin (Fig. 3A, D).

Myonectin inhibits adipogenesis through the p38 MAPK
pathway

Another pathway known as the adipogenesis regulatory pathway
is the MAPK/ERK pathway. The MAPK/ERK pathway consists of
ERKs, c-Jun N-terminal kinases (JNKs), and p38 MAPK belong-
ing to the MAPK family (21). In general, ERK is activated by
mitogens such as serum or growth factors; thus, this pathway
acts as a key regulator of the cell cycle and cell proliferation.
p38 and JNK are known to be involved in the pathway of cell
stress or apoptosis in response to various stress stimuli such as
UV or cytokines (22, 23).

Several roles of the MAPK/ERK pathway have also been
reported in adipocytes. In the case of ERK, in the early stage of
adipogenesis, it activates (/EBPP. Additionally, it has been reported
that it is associated with obesity by contributing to the insulin
resistance state through the inhibition of insulin signaling (24,
25). JNK is also known to be related to the development of
obesity with its involvement in insulin signaling (26). How-
ever, we did not observe any significant changes in ERK or
JNK activation by myonectin treatment (Fig. 4A).

Interestingly, however, the activity of p38 was increased and
more sustained compared to the control group in the myonec-
tin-treated cells (Fig. 4A, B). The role of p38 MAPK signaling du-
ring adipogenesis is remains unclear with both pro- and anti-
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Fig. 4. Inhibitory function of myonectin on adipogenesis through
the p38 MAPK pathway. (A) 3T3-L1 preadipocytes were induced to
differentiate by the MDI cocktail with or without myonectin (1 pg/
ml). Western blot analyses of p-p38, p-ERK, pJNK and CHOP during
the initial time of differentiation in the absence or presence of myo-
nectin. Total p38, total ERK and total JNK and HSP90 were pre-
sented as controls for normalization. (B, C) The ratios of p-p38 to total
p38 and CHOP to HSP90. (D, E) mRNA levels and (F) protein levels
of C/EBPB and PPARy. Each mRNA expression was normalized to
Rpl32. (G, H) The ratios of (/EBPB and PPARy to HSP90. All quan-
titative data are the means + SD (n = 3). *P < 0.05, **P < 0.005
compared to the myonectin-untreated control cells (MDI, 0 min).

adipogenic functions being reported. Several studies have
shown that p38 promotes adipogenic differentiation (27-29). In
contrast, many other studies have suggested that p38 inhibits
adipogenesis (30-36). This is probably because the p38 MAPK
pathway regulates several different functions in the cell by
interacting in combination with various cellular environments
and other factors. Among them, there is an interesting result
showing that activated p38 prevents differentiation of 3T3-L1
preadipocytes by activating the C/EBP homologous protein
(CHOP), which acts as a dominant-negative regulator of C/EBPs
(36). Based on this, as a result of confirming the change in
CHOP by myonectin treatment, CHOP was increased in the
myonectin-treated cells (Fig. 4A, C). Moreover, this increase of
CHOP led to a reduction of C/EBPB and PPARy, which are the
downstream targets, in both of their mRNA and protein levels
(Fig. 4D-H). These results show the possibility that myonectin
inhibits adipogenesis by sequentially activating p38 and CHOP
in the early stage of differentiation of 3T3-L1 preadipocytes.

It remains possible that there are other factors, apart from
CHOP, that might be related to the inhibitory effect on adipo-
genesis by p38. Therefore, further studies are required for deeper
understanding of the mechanism. Nevertheless, our findings
have open the possibility of myonectin being a potential novel
therapeutic target to prevent obesity by showing a distinct
inhibitory effect on the differentiation of 3T3-L1 cells.

http://bmbreports.org
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MATERIALS AND METHODS

Culture and differentiation of 3T3-L1 preadipocytes

The white preadipocyte cell line, 3T3-L1 cells, was purchased
from ATCC. The cells were cultured in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% bovine calf
serum (BCS, Gibco-Invitrogen, USA) and 1% antibiotic solution
at 37°C in a humidified atmosphere with 5% CO,. The 3T3-L1
cells were induced to differentiate into mature adipocytes as
described in our previous reports (37, 38). The recombinant myo-
nectin was purchased from Aviscera Bioscience (#00393-06-
100, USA).

Cell viability assay

Cell viability was determined by cellular ATP levels, which
indicate the presence of metabolically active cells using the
CellTiter-Glo reagent (G9243, Promega) according to the manu-
facturer’s instructions.

Oil red O staining

Lipid droplets in mature adipocytes were stained using the oil
red O protocol, as described previously (39). For the quantifi-
cation analysis, the stained oil red O dye was eluted with ab-
solute isopropanol, and the absorbance was measured at 490
nm with a VersaMax microplate reader (Molecular devices,
USA).

RT-qPCR analysis

Total RNA was extracted from cultured cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions (40).
And first-strand complementary DNA (cDNA) was synthesized
from 2 pg of total RNA using the M-MLV reverse transcriptase,
random primer and Rnasin RNase inhibitor (Promega, USA)
according to manufacturer’s instructions. Amplified cDNA was
analyzed by gqPCR using a SYBR green PCR kit and primers.
Each gene expression level was normalized by the 60S riboso-
mal protein L32 (Rpl32). The primer sequences were as follows:
mouse PPARy (forward, 5'- CCCTGGCAAAGCATTTGTAT -3/,
reverse, 5-CAAGAATACCAAAGTGCGATCAA-3'); mouse C/EBPo
(forward, 5-GGACAAGAACAGCAACGAGT-3’, reverse, 5-GC
AGTTGCCATGGCCTTGA-3'); mouse C/EBPp (forward, 5’-CA
AGCTGAGCGACGAGTACA-3’, reverse, 5'-CAGCTGCTCCACC
TTCTTCT-3’); mouse FABP4 (forward, 5'-GTCACCATCCGGTC
AGAGAG-3’, reverse, 5'-TCGACTTTCCATCCCACTTC-3/, and
mouse Adiponectin (forward, 5'-ACACCGAGATTTCCTTCAAA
CTG-3’, reverse, 5-CCATCTAGGGTTATGATGCTCTTC-3).

Immunoblotting

Homogenized cells were ice-cold lysed by ice-cold RIPA buffer
[50 mM Tris-Cl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 0.5% Sodium
deoxycholate, 1% Triton X-100, 50 mM B-glycerophosphate, 50
mM NaF, and T mM Na3;VO,] containing protease inhibitor
(Roche, Switzerland). After centrifugation at 13,000 rpm for 15
min, supernatants were transferred to a new tube. Protein con-
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centrations were measured using the Bradford assay (Bio-Rad,
USA). Western blot analysis was performed using standard pro-
tocols (41). The following primary antibodies were used: PPARy
(2435s, CST), C/EBPa. (2295, CST), C/EBPB (sc7962, Santa Cruz),
FABP4 (2120s, CST), Akt (9272s, CST), p-Akt (9271s, CST), AMPKa (2532,
CST), p-AMPKa (2535s, CST), B-Catenin (06-734, Sigma), p38
(9212s, CST), pp38 (9215s, CST), ERK (9102s, CST), p-ERK (9106s,
CST), INK (9252s, CST), pJNK (9251s, CST), CHOP (2895s, CST),
and HSP90 (sc-13119, Santa Cruz). Specific antibody signals were
detected by horseradish peroxidase-conjugated secondary anti-
mouse or anti-rabbit 1gG antibody (Santa Cruz) and detected
with an enhanced chemiluminescence system (Fusion Solo S,
Vilber Lourmat, France). The relative amounts of each protein
band were quantified with the ImageJ software.

Statistical analysis

Data were presented as the mean + standard deviation (SD). The
statistical significance of the comparisons was determined using
the Student’s two-tailed t-test. A P-value less than 0.05 was
considered statistically significant.
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