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Abstract: The health benefits of probiotics have been known for decades, but there has only been
limited use of probiotics in the treatment of obesity. In this study, we describe, for the first time, the
role of cell-free metabolites (CM) from Bacillus ginsengihumi-RO6 (CMRO6) in adipogenesis and lipo-
genesis in 3T3-L1 pre-adipocytes. The experimental results show that CMRO6 treatment effectively
reduced lipid droplet accumulation and the expression of CCAAT/enhancer-binding protein α and
β (C/EBPα and C/EBPβ), peroxisome proliferator-activated receptor γ (PPAR-γ), serum regulatory
binding protein 1c (SREBP-1c), fatty acid-binding protein 4 (FABP4), fatty acid synthase (FAS), acetyl
CoA carboxylase (ACC), phosphorylated p38MAPK, and Erk44/42. Additionally, CMRO6 treatment
significantly increased glucose uptake and phosphorylated Akt (S473), AS160, and TBC1D1 protein
expressions. Considering the results of this study, B. ginsengihumi may be a novel probiotic used for
the treatment of obesity and its associated metabolic disorders.
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1. Introduction

Globally, obesity is considered a global health threat. Its incidence rates have increased
worldwide in recent years. It is estimated that the population obesity percentage in China
is 10.7%, 12.8% in the European countries, and 30.4% in the United States [1–3]. Moreover,
a world health organization (WHO) data prediction indicates that 39% of people in the
world today will likely develop obesity by 2035 [4]. In Korea, more than 4% of the adult
population are obese, and approximately 30% of adults are overweight, according to the
organization for Economic Co-operation and Development (OECD). A study published
by Yoon-Sun Jung et al., 2020 reported that the median body mass index (BMI) for Korean
adults in 2040 is expected to be around 23.55 kg/m2. It is estimated that 70.05% of adults
will be obese by 2040, according to BMI classification [5]. Increasing obesity burdens health
care and economic systems due to its close association with several chronic diseases, such
as cardiovascular diseases, aging, diabetes, cancer, musculoskeletal illnesses, inflammatory
issues, and fatty liver, etc. [6,7]. The number of deaths among adults across the globe
has been increasing every year [8]. A number of factors contribute to the development
of obesity, such as a sedentary lifestyle, high caloric intake, depression, as well as vari-
ous social and monetary issues. One common factor is fat deposition within adipocytes
during adipogenic and lipogenic processes [9]. The accumulation of lipids in adipocytes
occurs through multiple complex process and involves several genes and transcriptional
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factors, such as the CCAAT/enhancer-binding protein family (C/EBPs) and peroxisome
proliferator-activated receptor γ (PPAR-γ), which induce the expression of lipogenic genes,
such as fatty acid synthase, acetyl CoA carboxylase (ACC), fatty acid-binding protein 4
(FABP4) [10–12]. Hence, several researchers have focused on the development of dietary
supplements that can effectively quell excess fat deposition in adipocytes with minimal
effects. In fact, probiotics play a major role in preventing obesity, which has been proven in
several recent studies [13–15]. To date, several molecular mechanisms have been identi-
fied as underlying anti-obesity effects of probiotics. These mechanisms include metabolic
energy changes, improvements in intestinal barrier metabolism, immune response, and
modulation of nerve activity and appetite [13,15–17]. Bacillus species have been shown to
exert a significant effect on metabolic disorders [18]. For example, B. licheniformis reduced
body weight gain, fat accumulation, and improved glucose tolerance in animals that were
induced to gain weight via obesity [19–22], and B. coagulans significantly improved bile
acid metabolic dysfunction and NAFLD in rats fed a diet that contained a high concentra-
tion of cholic acid supplement [23]. The exopolysaccharide produced by Bacillus subtilis
reduced the level of serum glucose and cholesterol in diabetic animals [24]. Furthermore,
B. subtilis inhibits the differentiation of adipocytes and the accumulation of lipids in 3T3-L1
cells by downregulating key transcriptional factors and signaling pathways [25]. Bacil-
lus ginsengihumi is a Gram-positive, facultatively aerobic, non-motile bacterial strain that
forms endospores during growth; it also acts as a good biocontrol agent [26,27]. However,
Bacillus ginsengihumi effects on adipocyte differentiation and lipid accumulation in 3T3-L1
adipocytes have not yet been explored. In this respect, the novel B. ginsengihumi was
isolated and characterized. Additionally, the impact of extracellular metabolites produced
by B. ginsengihumi on the differentiation of adipocytes, lipid accumulation, and molecular
pathways were also investigated in 3T3-L1 cells.

2. Results
2.1. Cytotoxic Effects of Cell-Free Metabolites from B. ginsengihumi (CMRO6) on
3T3-L1 Pre-Adipocytes

Pre-adipocytes were seeded in 96-well cell culture plates and treated with different
concentrations of CMRO6 (0.98 µg/mL–500 µg/mL) for 24 and 48 h. It was found that
CMRO6 concentrations between 0.98 and 125 µg/mL did not affect cellular morphology or
viability, while doses above 125 µg/mL had slight toxic effects on pre-adipocytes at both 24
and 48 h (Figure 1).

2.2. Differentiation and Lipid Accumulation

The effects of CMRO6 at various concentrations (25–100 g/mL) on the differentiation
and lipid accumulation in adipocytes on days 5 and 10 were monitored and determined
using light microscopy and Oil Red O staining, respectively. Microscopy revealed that
differentiation cocktails (IBMX, insulin, and dexamethasone) induced rapid differentiation
and lipid accumulation in 3T3-L1 adipocytes. Control cells had several large lipid droplets
in a number of regions of the differentiated adipocytes, while treatment with CMRO6
reduced the size and number of lipid-accumulated regions dose-dependently (Figure 2a,b).
Furthermore, it was confirmed by the Oil Red O staining (ORO) method, that the low
concentrations (25 to 50 µg/mL) of CMRO6 failed to inhibit differentiation cocktail-induced
lipid accumulation significantly. CMRO6 at 75 µg/mL concentration showed moderate
inhibitory activities at a significant level (p < 0.05), but at 100 µg/mL, CMRO6 strongly
reduced the number and size of lipids deposition compared with the control and other
concentrations. The ORO stain was extracted from experimental cells using 100% isopropyl
alcohol, and the intensity was measured at 450 nm. Lower absorbance was subsequently
observed in the cells treated with CMRO6 compared to the control cells. CMRO6 at a higher
concentration effectively inhibited differentiation and lipid accumulation in adipocytes on
day 5 and day 10 (Figure 2c,d).
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adipocytes. The cells were treated with different concentrations of CMRO6 (0.98–500µg/mL) and 
incubated under normal cell culture conditions. After that, cell viabilities were determined after 24 
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Figure 1. Cytotoxic effects of cell-free metabolites of B. ginsengihumi-RO6 (CMRO6) on 3T3-L1 pre-
adipocytes. The cells were treated with different concentrations of CMRO6 (0.98–500 µg/mL) and
incubated under normal cell culture conditions. After that, cell viabilities were determined after 24 h
and 48 h using EZ-cytox reagent. (a) The percentage of viable cells in the experimental groups at
24 h; (b) the percentage of viable cells in the experimental groups at 48 h. The data are presented
as the mean ± STD for six replicates (n = 6). Different letters within the figure indicate significant
differences between groups (p < 0.05).
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It is well known that rosiglitazone (RGZ) is a PPAR-γ agonist that induces lipid accumulation 
during the differentiation of adipocytes via increases in the expression of key transcriptional factor 
PPAR-γ. Treatment with RGZ markedly increased lipid accumulation and PPAR-γ expression com-
pared to control cells, while treatment with CMRO6 significantly inhibited the deposition of lipid 
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Figure 2. Impact of CMRO6 at different concentrations on lipid accumulation and differentiation.
Cells were seeded in cell culture plates and incubated at 37 ◦C with 5% CO2. The differentiation
was induced by dexamethasone, IBMX, and insulin for 48 h and then media was replaced by
insulin medium for another 48 h. CMRO6 at different concentrations was added to the cell when
differentiation began. Differentiated cells were then monitored under an Evos microscope and lipid
deposits were stained with Oil Red O stain. The differentiated cells were photographed on the 5th
and 10th day of differentiation. The stained lipids were extracted using isopropyl alcohol and lipid
levels were measured. (a,b) Microscopic views of lipid accumulation in differentiated cells at 5th and
10th day of differentiation; (c,d) the percentage of lipids in experimental adipocytes at 5th and 10th
day of differentiation. The data are represented as the mean ± STD of six replicates (n = 6). Different
letters within the figure indicate significant differences between groups (p < 0.05).
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2.3. CMRO6 Competes against Rosiglitazone (RGZ)-Induced Lipid Accumulation and
PPAR-γ2 Expression

It is well known that rosiglitazone (RGZ) is a PPAR-γ agonist that induces lipid
accumulation during the differentiation of adipocytes via increases in the expression
of key transcriptional factor PPAR-γ. Treatment with RGZ markedly increased lipid
accumulation and PPAR-γ expression compared to control cells, while treatment with
CMRO6 significantly inhibited the deposition of lipid droplets and PPAR-γ expression as
compared to control and RGZ-treated cells. Cells treated with CMRO6 in the presence of
RGZ showed a reasonable reduction in lipid deposition level as well as PPAR-γ expression
compared to those treated with RGZ alone (p < 0.05) (Figure 3).
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(a) 

Figure 3. Comparative studies between rosiglitazone (RGZ) and CMRO6 on adipocyte differentiation.
The cells were treated with either CMRO6 (100 ug/mL) or RGZ (1 µM), or RGZ with CMRO6, when
differentiation began. Adipocytes treated with RGZ differentiated faster and accumulated more fat,
while cells treated with CMRO6 showed a significant reduction in fat deposition compared to controls.
CMRO6 also attenuated the RGZ-induced lipid accumulation as compared to cells treated with RGZ
alone. (a) Control cells; (b) RGZ-treated cells; (c) RGZ + CMRO6-treated cells; (d) CMRO6-treated
cells; (e) PPAR-γ protein expression in the experimental cells on day 10; (f) fat deposition in the
experimental cells on day 10, determined by Oil Red O staining method. The data are represented
as the mean ± STD of six replicates (n = 6). Different letters within the figure indicate significant
differences (p < 0.05).

2.4. CMRO6 Downregulates the Adipogenesis- and Lipogenesis-Related Key Markers

The microscopic analysis as well as the lipid staining study confirmed that the CMRO6
treatment effectively reduced fat deposition during the differentiation process. We fur-
ther investigated the mechanism by which the CMRO6 could downregulate lipogenesis
and adipogenesis.

The expression of adipocyte-specific transcriptional factors, such as C/CEB-β, C/CEB-
α, PPAR-γ2, and SREBP-1c, and their downstream target proteins, FAS, ACC, and FABP4,
were analyzed using the Western blot method. The data from the study showed that cells
treated with CMRO6 significantly downregulated the expression of C/CEBβ, C/CEBα,
PPAR-γ, SREBP-1c, FAS, ACC, and FABP4 on the 10th day of differentiation compared to
control cells (Figure 4a). The results confirm that the addition of CMRO6 could reduce the
lipid deposition and differentiation of adipocytes through the inhibition of the expression
of these key adipogenic and lipogenic proteins.
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Figure 4. (a) Effect of CMRO6 on key transcriptional factors and their downstream targets. The
proteins were extracted with extraction buffer on day 10 in the presence of protease and phosphatase
inhibitors and quantified by the BCA method. Proteins were then separated by SDS-PAGE. The
expression of C/CEBβ, C/CEBα, PPAR-γ2, SREBP-1c, FAS, ACC, and FABP4 proteins was detected
with specific antibodies by the immunoblot method. The protein intensity was quantified by ImageJ
software. CMRO6 treatment during differentiation reduced the translation level of C/CEBβ, C/CEBα,
PPAR-γ2, SREBP-1c, FAS, ACC, and FABP4. Results are expressed as the mean ± STD, n = 3, * p values
significant between control and treatment by an independent t-test. (b) Changes in Erk44/42 and
P38MAPK signaling pathways in response to CMRO6 treatment. The proteins were extracted with
extraction buffer on day 10 in the presence of protease and phosphatase inhibitors and quantified
by the BCA method. Proteins were then separated by SDS-PAGE. The phosphorylating levels of
Erk44/42 and p38MAPK were determined with specific antibodies by the Western blot method.
The protein intensity was quantified by ImageJ software. Results are expressed as the mean ± STD
of three replicates, n = 3, * p values (0.02-0.027), ** p values (0.001), control vs treatment by an
independent t-test.

2.5. CMRO6 Regulates Differentiation and Lipid Accumulation via Modulating p38MAPK and
Erk1/2 Signaling Pathways

A CMRO6 treatment decreased differentiation and lipid accumulation by inhibiting
key proteins involved in adipogenesis and lipogenesis. Then, the signaling pathways
involved in the inhibitory effect of CMRO6 on differentiation and lipid accumulation
in 3T3-L1 adipocytes were determined on day 10. A significant reduction in p38MAPK
phosphorylation at Thr180/Tyr182, and Erk44/42 at Thr202/Tyr204, was observed in
cells treated with CMRO6 compared with control cells (Figure 4b). The data indicate that
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CMRO6 could modulate MAPK-dependent signaling pathways to regulate lipogenesis
and adipogenesis.

2.6. CMRO6 Induced Glucose Uptake via Akt-Dependent Signaling Pathway

CMRO6 has anti-lipidemic effects on 3T3-L1 adipocytes. Therefore, we determined
whether CMRO6 has the ability to stimulate glucose uptake in differentiated adipocytes af-
ter overnight starvation; the results were compared between insulin and CMRO6 treatment
(Figure 5a). 2DG/glucose uptake was rapidly accelerated by insulin treatment compared
with control cells. Similarly, CMRO6 treatment increased glucose uptake by differentiated
adipocytes significantly compared to control cells. However, this glucose uptake was lower
than in the insulin treatment and higher than in the control cells (p < 0.05). Furthermore,
the expression of adiponectin and the phosphorylation of Akt, at S473, and its downstream
substrates (pAS160 and pTBCD-1), which are closely related to glucose uptake, were ana-
lyzed. CMRO6 and insulin treatment significantly upregulated adiponectin expression and
increased phosphorylation of Akt at S473, pAS160 at Thr 642, and pTBC1D-1 at Ser 700 at a
higher level than the control cells (Figure 5b).
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Figure 5. Effect of CMRO6 on glucose uptake and insulin-related signaling pathways. (a) Glucose
uptake was measured in differentiated adipocytes with a Promega glucose uptake-Glo assay kit.
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and adiponectin expression, which is related to glucose uptake, in response to insulin and CMRO6
treatment. Results are presented as the mean ± STD of three replicates. Different letters within the
figure indicate significant differences (p < 0.05).

3. Discussion

Scientists have become increasingly interested in exploring the role of the human
microbiome (probiotics and postbiotics) in the treatment of obesity, over the last few
decades [28,29]. There are several probiotics that are known to colonize epithelial cells as
well as modulate key signaling molecules [30]. On the other hand, postbiotics derived from
gut microbial metabolism have been broadly considered as potentially useful therapeutic
agents against obesity [31]. In addition, probiotics can produce several branched-chain
fatty acids that have anti-obesity properties [32]. In this study, we demonstrate, for the
first time, that CMRO6 exhibits anti-obesogenic activities by inhibiting lipid deposition
and differentiation in 3T3-L1 adipocytes. CMRO6 treatment led to reduced lipid droplet
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accumulation and decreased droplet size in adipocytes compared to control cells. Addition-
ally, Oil Red O staining was used to determine the fat deposition level in adipocytes. As a
result, we found that CMRO6 showed a significant reduction in the percent of depositions
in adipocytes during differentiation in a dose-dependent manner, more so than in control
cells. Our findings suggest that CMRO6 possesses anti-lipogenic and adipogenic properties
in 3T3-L1 adipocytes.

As an in-vitro adipogenic model, 3T3-L1 pre-adipocytes have become an impor-
tant tool for the development of new anti-obesity drugs. Several research studies have
demonstrated, in response to adipogenic stimuli, increased intracellular triglyceride (TG)
levels in 3T3-L1 cells, which eventually mature into white adipocytes [33,34]. Peroxisome
proliferator-activated receptor γ (PPAR-γ) is a key transcriptional factor that plays an
important role in the development and function of adipocytes [35]. It has been shown
that activating PPAR-γ in adipocytes leads to increased fat deposition, thus reducing the
amount of circulating fatty acids and increasing the synthesis of TG [36]. CCAAT/enhancer-
binding protein α is another important key transcriptional factor that plays a major role
in adipocyte differentiation [37]. SREBP-1c regulates both PPAR-γ and C/EBPs during
the differentiation of adipocytes, and is necessary for fatty acid synthesis [38]. CMRO6
treatment significantly reduced the expression of transcription factors PPAR-γ, C/EBPα,
and SREBP-1c, which indicates that CMRO6 treatment reduced adipocyte differentiation
and lipid accumulation by downregulating PPAR-γ and C/EBPα expression. C/EBPβ
is another important factor that is highly expressed in differentiated adipocytes. It has
been shown that C/EBPβ and C/EBPδ could induce adipogenesis via the upregulation of
PPAR-γ and C/EBPα [39]. The present study demonstrated that the differentiation cocktail
(DC: insulin, dexamethasone, and IBMX) increased the expression of C/EBPβ protein in
control adipocytes, whereas the effect of CMRO6 in the presence of DC diminished C/EBPβ
protein expression. The fact that PPAR-γ and C/EBPα expressions were downregulated
by CMRO6 via the inhibition of C/EBPβ provides further evidence that their expression
drives lipogenesis in adipocytes.

The induction of PPAR-γ, C/EBPα, and SREBP-1c accelerates lipogenesis by the
upregulation of lipogenic markers, such as FAS and ACC [40,41]. Several reports have
documented that FAS, ACC, and aP2 expression increases by 10–100 fold during the termi-
nal phase of differentiation [42,43]. There are several enzymes that are involved in fatty
acid metabolism. Among these enzymes, FAS and ACC are the key enzymes responsible
for fatty acid synthesis and triglyceride synthesis. A key event in lipid metabolism is the
carboxylation of acetyl CoA into malonyl CoA by the acetyl CoA carboxylase (ACC). The
current study found that the cells treated with CMRO6 significantly reduced the expression
of lipogenic markers, such as FAS and ACC, in adipocytes, which subsequently inhib-
ited TG synthesis, thus providing a protective effect against fat deposition in adipocytes.
These results are in agreement with the Oil Red O staining of fat accumulation in control
and CMRO6 treated adipocytes. SCFAs produced by probiotics exert anti-obesity effects
through modulation of lipid and glucose metabolism [44,45], resulting in a decrease in
adipocyte size [46,47]. In particular, SCFAs reduce fat deposition in adipose tissue by
accelerating the oxidation of fatty acids [46,48] and switching the metabolic state from lipo-
genesis to fat oxidation through the regulation of PPAR-γ [49,50]. We found that treatment
with the CMRO6 inhibited adipocyte differentiation and lipid accumulation by downregu-
lating adipogenic and lipogenic markers. This effect may be a result of SCFA production by
Bacillus ginsengihumi. In order to address this, we must further investigate the mechanisms
by which SCFAs produced by Bacillus ginsengihumi modulate fat accumulation and the
differentiation of adipocytes. Fatty acid-binding protein 4 (FABP4) is an adipokine that is
exclusively produced in adipocytes. Elevated levels of FABP4 in the blood are associated
with metabolic disorders and cardiovascular diseases. Additionally, inhibiting FABP4
secretion might also be a novel therapeutic strategy to prevent insulin resistance and type 2
diabetes [51,52]. It has been stated that adiponectin is one of the major adipokines secreted
exclusively in adipocytes, and is associated with a lower incidence of diabetes [53,54]. The
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present study signified that the addition of CMRO6 during the adipocyte differentiation
significantly reduced FABP4 expression and increased adiponectin expression compared to
control cells, suggesting that CMRO6 may be able to modulate carbohydrate metabolism. It
is worth noting that this statement is consistent with the glucose uptake assay results, which
showed that the CMRO6 treatment enhanced glucose uptake in differentiated adipocytes.
The current study confirmed that CMRO6 increased glucose uptake by inhibiting FABP4
and inhibiting adiponectin expression. Additionally, we examined the expression of the
phosphorylated proteins, Akt, AS160, and TBC1D1, in experimental cells; these proteins
transport glucose into the cell via the translocation of GLUT4. Akt substrate of 160Da (also
known as AS160 and TBC1D1) is the Rab GTPase-activating protein and a key regulator of
insulin-stimulated glucose uptake, and is expressed in multiple tissues [55]. Site-specific
AS160 and TBC1D1 phosphorylation by Akt or other kinases is postulated to change Rab
GTPase-activating protein activity and release GLUT4 vesicles. This is an important factor
in controlling glucose uptake in the body [56]. Similar to these results, differentiated cells
treated with CMRO6 or insulin showed significantly increased phosphorylation of Akt at
473, AS160 at Thr 642, and TBC1D1 at Ser700 compared to control cells. It was confirmed
that the CMRO6 stimulates glucose uptake in differentiated cells via phosphorylating
insulin-related signaling pathways. There is evidence that MAPKs and ERK1/2 play a role
in the regulation of adipocyte differentiation [57]. Recent studies showed that the inhibition
of MAPKs and ERK1/2 could result in a significant reduction in differentiation and lipid
accumulation in adipocytes [58–60]. These findings confirm that both MAPK and ERK1/2
activation are essential for adipogenesis and lipogenesis. We therefore assessed CMRO6
effects on phosphorylation of p38MAPK at Thr180/Tyr182 and Erk44/42 at Thr202/Tyr204
in adipocytes. The outcome of the present study revealed that the cells treated with CMRO6
significantly reduced phosphorylated p38MAPK and ERK1/2 proteins compared to control
cells, thus suggesting that CMRO6 treatment inhibits differentiation and lipid accumulation
in adipocytes by decreasing the phosphorylation levels of ERK1/2 and p38MAPK, which
inhibits transcription factors associated with adipocyte differentiation, such as PPAR-γ,
C/EBPα, and C/EBPβ, as well as lipogenic enzymes, such as FAS and ACC. Furthermore,
in vivo studies are required to determine the molecular mechanism of CMRO6-regulated fat
deposition and glucose uptake through p38MPAK, Erk44/42, and Akt signaling pathways.

4. Materials and Methods
4.1. Isolation of Bacillus ginsengihumi

Bacillus ginsengihumi (CMRO6) was isolated from a whole crop rice sample using
HiChrome Bacillus Agar medium (Himedia Laboratories, Maharashtra, India) using a
ten-fold serial dilution method. Species identification was performed via biochemical
and 16S rRNA sequencing methods (Solgent Co, Seoul, Korea). Bacillus ginsengihumi
was subcultured in nutrient broth at 37 ◦C for 24 with mild shaking in an orbital shaker
(150 rpm). Fresh culture was preserved in 40% glycerol and stored at −20 ◦C for short time
periods and at −80 ◦ C for long time periods, for further use.

4.2. Microbial Metabolite Production and Lyophilization

Fresh CMRO6 cultures were inoculated into the nutrient broth (BD Difco, New jersey,
Franklin Lakes, United States) and incubated for 48 h at 37 ◦C with mild shaking in an
orbital shaker (150 rpm). Cell-free metabolites were obtained by centrifugation at 4000× g
for 60 min, and the supernatant was then filtered through different filters (Whatman
No.1 filter; 1.75 µm and 0.2 µm membranes). The filtered supernatant was lyophilized
at −40 ◦C under less than 50 m Torr pressure (Ilshin Lab. Co., Ltd. Seoul, Korea). A
lyophilized powder was sterilized with sun clean bactericide (MY BreeZe mini with sun
clean bactericide-#1731, 30000PPM, Mirai Co. Ltd., Chiba, Kashiwa-shi, Japan). The
nutrient broth for the control treatment was prepared the same way [15].
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4.3. Cytotoxic Effects of Cell-Free Metabolites (CMRO6)

Pre-adipocytes (3T3-L1, ATCC-173, Manassas, VA, USA) at a density of 1 × 104/well
were seeded in 96-well cell culture plates containing 10% FBS-DMEM 30-2002 medium
(FBS-ATCC 30-2020 and DMEM ATCC 30-2002, Manassas, VA, USA) and incubated at
37 ◦C, 5% CO2 for 24 h. After 24 h, the cells were treated with different concentrations
of CMRO6 (0.98 µg/mL–500 µg/mL) for another 24 and 48 h under normal cell culture
conditions. After that, 10µL of EZ-cytox reagent (DoGenBio, Seoul, South Korea # EZ-1000)
was added to each well and incubated for 30 min to 60 min, and optical intensity was
measured at a 450 nm (i3 Spectramax (Molecular Device, San Jose, CA, USA [15].

4.4. Induction of Lipid Accumulation in 3T3-L1 Adipocytes

The 3T3-L1 pre-adipocytes (ATCC CL-173, ATCC, Manassas, VA, USA) were seeded
with a density of 1.5 × 104 and 3.0 × 104/well into 12- and 6-well culture plates, respec-
tively, and incubated at 37 ◦C, 5% CO2. After 48 h of confluence, differentiation cocktails
(1 µg/mL insulin, 0.5 mM IBMX in 0.5 M KOH, and 1 µM dexamethasone in ethanol,
Sigma-Aldrich, Saint Louis, MI, USA) in 10% FBS-DMEM were used to induce lipid ac-
cumulation and differentiation in 3T3-L1 adipocytes. Cells were then switched to insulin
medium for another 48 h. In order to determine how CMRO6 affects differentiation and
lipid accumulation, the cells were treated every two days with CMRO6 in 10% FBS-DMEM
from the day differentiation began to the end of the experiment [61].

4.5. Detection and Determination of Lipid Accumulation by Oil Red O Stain

The experimental cells were fixed in 10% formalin for 1 h and then washed with
40% isopropyl alcohol thrice. Then, each well was stained with 3 mL Oil Red O stain
(0.35% in isopropyl alcohol, Sigma-Aldrich, Saint Louis, MI, USA) and incubated for
15 min at room temperature, followed by three washes with PBS or water. The stained
lipid cells were observed under a microscope and photographed (Evos cell image system,
Fisher Scientific, Waltham, MI, USA). The stained lipids were then extracted from the
experimental cells using 100% isopropyl alcohol and measured at a wavelength of 490 nm.
Finally, by comparing the treatment to the control sample, the percentage of lipid content
was calculated [15].

4.6. Proteins Extraction and Immunoblot Analysis

Experimental proteins were extracted with cell lysis buffer (RIPA, Rockland, Waltham,
MI, USA) in the presence of phosphatase and protease inhibitor cocktails (Roche, Basel,
Switzerland and Sigma-Aldrich, Saint Louis, MI, USA, respectively). The total protein
content was determined using the BCA method (ThermoFisher Scientific, Waltham, MI,
USA). Equal amounts (15 µg/well) of experimental proteins were separated by SDS-PAGE
(Mini Protean Pre-casting gels, 12% BioRad, Hercules, CA, USA) and the separated proteins
were then transferred onto PVDF (polyvinylidene difluoride (PVDF)) membranes using the
Turbo Transfer system (BioRad, Hercules, CA, USA). The membranes were immunoblotted
with respective primary antibodies at 1:1000 dilutions (Cell Signaling Technology, Danvers,
MA, USA). A Western Breeze chemiluminescence kit (WB7106, Invitrogen, Waltham, MI,
USA) was used to detect the expression of the protein in experimental samples. ImageJ
software version 1.49 (32 bit, Wayne Rasband, National Institute of Health, Bethesda, MD,
USA) was used to determine the band intensity of proteins [15].

4.7. 2-Deoxy-D-Glucose (2DG) Uptake in Differentiated 3T3-L1

Glucose uptake was measured using a Promega glucose uptake-Glo assay kit based on
the protocol provided by the manufacturer (Promega Co. Madison, WI, USA # J1342). The
3T3-L1 cells were grown in the 96-well cell culture plate at a density of 20,000/well. The
differentiation was initiated by a differentiation induction medium (insulin, dexamethasone,
and IBMX) similar to the above-said protocol. Eight-day differentiated 3T3-L1 cells were
treated with CMRO6 or insulin for 2 h under 5% CO2 at 37 ◦C after overnight starvation.



Int. J. Mol. Sci. 2022, 23, 4727 10 of 13

Subsequently, the media was replaced with 50 µL of 2DG in PBS and incubated for 10 min
at 25 ◦C. Then, 25 µL of stop buffer was added, mixed well, and neutralized with 25 µL
neutralization buffer. Finally, 100 µL of detection reagent was added and incubated at 25 ◦C
for 1 h, and the luminescence was recorded with 0.3–1.0 s integration using a luminometer
(SpectraMax i3x Multimode Detector, Molecular Devices, San Jose, CA, USA).

4.8. Statistical Analysis

Statistical analysis was performed on experimental data with SPSS16.0 (SPSS version
16.0, SPSS Inc, Chicago, IL, USA). Statistical significance between control and experimen-
tal data was determined with a one-way ANOVA and post hoc test, and multivariate
comparison with the Duncan test and independent t-test, with p < 0.05 significance level.

5. Conclusions

Cell-free metabolites from Bacillus ginsengihumi-RO6 (CMRO6) inhibited lipogenesis
and adipogenesis by downregulating the expression of key transcriptional factors, which
included PPAR-γ, C/EBPα, C/EBPβ, and SREBP-1, and the key lipogenic enzymes, such as
FAS and ACC. CMRO6 inhibits the expression of adipogenic- and lipogenic-related genes
in adipocytes by downregulating phosphorylated p38MAPK and Erk44/42 expression.
Furthermore, CMRO6 induced significant increases in glucose uptake through increasing
phosphorylated Akt, AS160, and TBC1D1 expression, as well as increasing adiponectin
levels and decreasing FABP4 levels. In conclusion, the overall results suggest that CMRO6
from Bacillus ginsengihumi has the potential to prevent lipid accumulation as well as improve
glucose uptake by modulating p38MPAK, Erk44/42, and Akt signaling pathways. Despite
this, deeper investigation is still needed to clarify the potential role of Bacillus ginsengihumi
in the gastrointestinal tract as a probiotic.

Author Contributions: Conceptualization, S.I. and K.C.C.; methodology, S.I. and K.D.L.; formal
analysis, S.I., M.K., and D.K.; data curation, S.I., M.K. and C.-J.Y.; writing—original draft preparation,
S.I.; writing—review and editing, K.D.L., D.K., C.-J.Y. and K.C.C.; Software, S.I. and D.K., supervision,
K.C.C.; project administration, K.C.C.; funding acquisition, K.C.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by a Korea Innovation Foundation (INNIPOLIS) grant funded
by the Korean government (Ministry of Science and ICT) through a science and technology project
that opens the future of the region (Grant number: 2021-DD-UP-0380).

Institutional Review Board Statement: No applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The experimental data are available on request by corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xi, B.; Liang, Y.; He, T.; Reilly, K.H.; Hu, Y.; Wang, Q.; Yan, Y.; Mi, J. Secular trends in the prevalence of general and abdominal

obesity among Chinese adults, 1993–2009. Obes. Rev. 2012, 13, 287–296. [CrossRef] [PubMed]
2. Gallus, S.; Lugo, A.; Murisic, B.; Bosetti, C.; Boffetta, P.; La Vecchia, C. Overweight and obesity in 16 European countries. Eur. J.

Nutr. 2015, 54, 679–689. [CrossRef]
3. Baskin, M.L.; Ard, J.; Franklin, F.; Allison, D.B. Prevalence of obesity in the United States. Obes. Rev. Off. J. Int. Assoc. Study Obes.

2005, 6, 5–7. [CrossRef] [PubMed]
4. WHO. Obesity: Preventing and Managing the Global Epidemic; World Health Organization: Geneva, Switzerland, 2000.
5. Jung, Y.S.; Kim, Y.E.; Go, D.S.; Yoon, S.J. Projecting the prevalence of obesity in South Korea through 2040: A microsimulation

modelling approach. BMJ Open 2020, 10, e037629. [CrossRef] [PubMed]
6. Igel, L.I.; Saunders, K.H.; Fins, J.J. Why Weight? An Analytic Review of Obesity Management, Diabetes Prevention, and

Cardiovascular Risk Reduction. Curr. Atheroscler. Rep. 2018, 20, 39. [CrossRef]
7. Blüher, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288–298. [CrossRef]
8. WHO. Obesity; World Health Organization: Geneva, Switzerland, 2021.
9. Ghaben, A.L.; Scherer, P.E. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242–258. [CrossRef]

http://doi.org/10.1111/j.1467-789X.2011.00944.x
http://www.ncbi.nlm.nih.gov/pubmed/22034908
http://doi.org/10.1007/s00394-014-0746-4
http://doi.org/10.1111/j.1467-789X.2005.00165.x
http://www.ncbi.nlm.nih.gov/pubmed/15655032
http://doi.org/10.1136/bmjopen-2020-037629
http://www.ncbi.nlm.nih.gov/pubmed/33380475
http://doi.org/10.1007/s11883-018-0740-z
http://doi.org/10.1038/s41574-019-0176-8
http://doi.org/10.1038/s41580-018-0093-z


Int. J. Mol. Sci. 2022, 23, 4727 11 of 13

10. Lefterova, M.I.; Haakonsson, A.K.; Lazar, M.A.; Mandrup, S. PPARγ and the global map of adipogenesis and beyond. Trends
Endocrinol. Metab. TEM 2014, 25, 293–302. [CrossRef]

11. Khalilpourfarshbafi, M.; Gholami, K.; Murugan, D.D.; Abdul Sattar, M.Z.; Abdullah, N.A. Differential effects of dietary flavonoids
on adipogenesis. Eur. J. Nutr. 2019, 58, 5–25. [CrossRef]

12. Lazar, A.; Dinescu, S.; Costache, M. Adipose tissue engineering and adipogenesis—A review. Rev. Biol. Biomed. Sci. 2018, 1, 17–26.
[CrossRef]

13. Nakamura, F.; Ishida, Y.; Aihara, K.; Sawada, D.; Ashida, N.; Sugawara, T.; Aoki, Y.; Takehara, I.; Takano, K.; Fujiwara, S. Effect of
fragmented Lactobacillus amylovorus CP1563 on lipid metabolism in overweight and mildly obese individuals: A randomized
controlled trial. Microb. Ecol. Health Dis. 2016, 27, 30312. [CrossRef] [PubMed]

14. Miyoshi, M.; Ogawa, A.; Higurashi, S.; Kadooka, Y. Anti-obesity effect of Lactobacillus gasseri SBT2055 accompanied by inhibition
of pro-inflammatory gene expression in the visceral adipose tissue in diet-induced obese mice. Eur. J. Nutr. 2014, 53, 599–606.
[CrossRef] [PubMed]

15. Soundharrajan, I.; Kuppusamy, P.; Srisesharam, S.; Lee, J.C.; Sivanesan, R.; Kim, D.; Choi, K.C. Positive metabolic effects of
selected probiotic bacteria on diet-induced obesity in mice are associated with improvement of dysbiotic gut microbiota. FASEB J.
2020, 34, 12289–12307. [CrossRef] [PubMed]

16. Heo, J.; Seo, M.; Park, H.; Lee, W.K.; Guan, L.L.; Yoon, J.; Caetano-Anolles, K.; Ahn, H.; Kim, S.Y.; Kang, Y.M.; et al. Gut microbiota
Modulated by Probiotics and Garcinia cambogia Extract Correlate with Weight Gain and Adipocyte Sizes in High Fat-Fed Mice.
Sci. Rep. 2016, 6, 33566. [CrossRef] [PubMed]

17. Ogawa, A.; Kadooka, Y.; Kato, K.; Shirouchi, B.; Sato, M. Lactobacillus gasseri SBT2055 reduces postprandial and fasting serum
non-esterified fatty acid levels in Japanese hypertriacylglycerolemic subjects. Lipids Health Dis. 2014, 13, 36. [CrossRef]

18. Elshaghabee, F.M.F.; Rokana, N.; Gulhane, R.D.; Sharma, C.; Panwar, H. Bacillus As Potential Probiotics: Status, Concerns, and
Future Perspectives. Front. Microbiol. 2017, 8, 1490. [CrossRef]

19. Choi, J.H.; Pichiah, P.B.; Kim, M.J.; Cha, Y.S. Cheonggukjang, a soybean paste fermented with B. licheniformis-67 prevents weight
gain and improves glycemic control in high fat diet induced obese mice. J. Clin. Biochem. Nutr. 2016, 59, 31–38. [CrossRef]

20. Lu, X.; Jing, Y.; Zhou, X.; Zhang, N.; Tai, J.; Cao, Y. Bacillus licheniformis Zhengchangsheng® Inhibits Obesity by Regulating the
AMP-Activated Protein Kinase Signaling Pathway. Probiotics Antimicrob. Proteins 2021, 13, 1658–1667. [CrossRef]

21. Cao, G.T.; Dai, B.; Wang, K.L.; Yan, Y.; Xu, Y.L.; Wang, Y.X.; Yang, C.M. Bacillus licheniformis, a potential probiotic, inhibits
obesity by modulating colonic microflora in C57BL/6J mice model. J. Appl. Microbiol. 2019, 127, 880–888. [CrossRef]

22. Li, Y.; Liu, M.; Liu, H.; Wei, X.; Su, X.; Li, M.; Yuan, J. Oral Supplements of Combined Bacillus licheniformis Zhengchangsheng®

and Xylooligosaccharides Improve High-Fat Diet-Induced Obesity and Modulate the Gut Microbiota in Rats. Biomed Res. Int.
2020, 2020, 9067821. [CrossRef]

23. Lee, Y.; Yoshitsugu, R.; Kikuchi, K.; Joe, G.H.; Tsuji, M.; Nose, T.; Shimizu, H.; Hara, H.; Minamida, K.; Miwa, K.; et al.
Combination of soya pulp and Bacillus coagulans lilac-01 improves intestinal bile acid metabolism without impairing the effects
of prebiotics in rats fed a cholic acid-supplemented diet. Br. J. Nutr. 2016, 116, 603–610. [CrossRef]

24. Ghoneim, M.A.M.; Hassan, A.I.; Mahmoud, M.G.; Asker, M.S. Effect of polysaccharide from Bacillus subtilis sp. on cardiovascular
diseases and atherogenic indices in diabetic rats. BMC Complement. Altern. Med. 2016, 16, 112. [CrossRef] [PubMed]

25. Choi, Y.; Kim, D.-S.; Lee, M.-C.; Park, S.; Lee, J.-W.; Om, A.-S. Effects of Bacillus Subtilis-Fermented White Sword Bean Extract on
Adipogenesis and Lipolysis of 3T3-L1 Adipocytes. Foods 2021, 10, 1423. [CrossRef]

26. Calvo-Garrido, C.; Roudet, J.; Aveline, N.; Davidou, L.; Dupin, S.; Fermaud, M. Microbial Antagonism Toward Botrytis Bunch
Rot of Grapes in Multiple Field Tests Using One Bacillus ginsengihumi Strain and Formulated Biological Control Products. Front.
Plant Sci. 2019, 10, 105. [CrossRef] [PubMed]

27. Calvo, H.; Roudet, J.; Gracia, A.P.; Venturini, M.E.; Fermaud, M. Comparison of efficacy and modes of action of two high-potential
biocontrol Bacillus strains and commercial biocontrol products against Botrytis cinerea in table grapes. OENO One 2021, 55,
229–243. [CrossRef]

28. Cho, Y.; Shamim Rahman, M.; Kim, Y.-S. Obesity Regulation through Gut Microbiota Modulation and Adipose Tissue Browning.
J. Life Sci. 2019, 29, 922–940. [CrossRef]

29. Long, X.; Zeng, X.; Tan, F.; Yi, R.; Pan, Y.; Zhou, X.; Mu, J.; Zhao, X. Lactobacillus plantarum KFY04 prevents obesity in mice
through the PPAR pathway and alleviates oxidative damage and inflammation. Food Funct. 2020, 11, 5460–5472. [CrossRef]

30. Coleman, O.I.; Haller, D. Bacterial Signaling at the Intestinal Epithelial Interface in Inflammation and Cancer. Front. Immunol.
2018, 8, 1927. [CrossRef] [PubMed]

31. Hossain, M.; Park, D.S.; Rahman, M.S.; Ki, S.J.; Lee, Y.R.; Imran, K.M.; Yoon, D.; Heo, J.; Lee, T.J.; Kim, Y.S. Bifidobacterium
longum DS0956 and Lactobacillus rhamnosus DS0508 culture-supernatant ameliorate obesity by inducing thermogenesis in
obese-mice. Benef. Microbes 2020, 11, 361–373. [CrossRef]

32. den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef]

33. Ruiz-Ojeda, F.J.; Rupérez, A.I.; Gomez-Llorente, C.; Gil, A.; Aguilera, C.M. Cell Models and Their Application for Studying
Adipogenic Differentiation in Relation to Obesity: A Review. Int. J. Mol. Sci. 2016, 17, 1040. [CrossRef]

34. Yamaguchi, J.; Tanaka, T.; Saito, H.; Nomura, S.; Aburatani, H.; Waki, H.; Kadowaki, T.; Nangaku, M. Echinomycin inhibits
adipogenesis in 3T3-L1 cells in a HIF-independent manner. Sci. Rep. 2017, 7, 6516. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tem.2014.04.001
http://doi.org/10.1007/s00394-018-1663-8
http://doi.org/10.31178/rbbs.2018.1.1.3
http://doi.org/10.3402/mehd.v27.30312
http://www.ncbi.nlm.nih.gov/pubmed/27221805
http://doi.org/10.1007/s00394-013-0568-9
http://www.ncbi.nlm.nih.gov/pubmed/23917447
http://doi.org/10.1096/fj.202000971R
http://www.ncbi.nlm.nih.gov/pubmed/32701200
http://doi.org/10.1038/srep33566
http://www.ncbi.nlm.nih.gov/pubmed/27658722
http://doi.org/10.1186/1476-511X-13-36
http://doi.org/10.3389/fmicb.2017.01490
http://doi.org/10.3164/jcbn.15-30
http://doi.org/10.1007/s12602-021-09792-6
http://doi.org/10.1111/jam.14352
http://doi.org/10.1155/2020/9067821
http://doi.org/10.1017/S0007114516002270
http://doi.org/10.1186/s12906-016-1093-1
http://www.ncbi.nlm.nih.gov/pubmed/27037095
http://doi.org/10.3390/foods10061423
http://doi.org/10.3389/fpls.2019.00105
http://www.ncbi.nlm.nih.gov/pubmed/30804972
http://doi.org/10.20870/oeno-one.2021.55.3.4688
http://doi.org/10.5352/JLS.2019.29.8.922
http://doi.org/10.1039/D0FO00519C
http://doi.org/10.3389/fimmu.2017.01927
http://www.ncbi.nlm.nih.gov/pubmed/29354132
http://doi.org/10.3920/BM2019.0179
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.3390/ijms17071040
http://doi.org/10.1038/s41598-017-06761-4
http://www.ncbi.nlm.nih.gov/pubmed/28747725


Int. J. Mol. Sci. 2022, 23, 4727 12 of 13

35. Siersbaek, R.; Nielsen, R.; Mandrup, S. PPARgamma in adipocyte differentiation and metabolism–novel insights from genome-
wide studies. FEBS Lett. 2010, 584, 3242–3249. [CrossRef] [PubMed]

36. Semple, R.K.; Chatterjee, V.K.; O’Rahilly, S. PPAR gamma and human metabolic disease. J. Clin. Investig. 2006, 116, 581–589.
[CrossRef] [PubMed]

37. Linhart, H.G.; Ishimura-Oka, K.; DeMayo, F.; Kibe, T.; Repka, D.; Poindexter, B.; Bick, R.J.; Darlington, G.J. C/EBPalpha is
required for differentiation of white, but not brown, adipose tissue. Proc. Natl. Acad. Sci. USA 2001, 98, 12532–12537. [CrossRef]

38. Fajas, L.; Schoonjans, K.; Gelman, L.; Kim, J.B.; Najib, J.; Martin, G.; Fruchart, J.C.; Briggs, M.; Spiegelman, B.M.; Auwerx, J.
Regulation of peroxisome proliferator-activated receptor gamma expression by adipocyte differentiation and determination factor
1/sterol regulatory element binding protein 1: Implications for adipocyte differentiation and metabolism. Mol. Cell Biol. 1999, 19,
5495–5503. [CrossRef]

39. Tanaka, T.; Yoshida, N.; Kishimoto, T.; Akira, S. Defective adipocyte differentiation in mice lacking the C/EBPbeta and/or
C/EBPdelta gene. EMBO J. 1997, 16, 7432–7443. [CrossRef] [PubMed]

40. Cristancho, A.G.; Lazar, M.A. Forming functional fat: A growing understanding of adipocyte differentiation. Nat. Rev. Mol. Cell
Biol. 2011, 12, 722–734. [CrossRef]

41. Gregoire, F.M.; Smas, C.M.; Sul, H.S. Understanding adipocyte differentiation. Physiol. Rev. 1998, 78, 783–809. [CrossRef]
42. Paulauskis, J.D.; Sul, H.S. Cloning and expression of mouse fatty acid synthase and other specific mRNAs. Developmental and

hormonal regulation in 3T3-L1 cells. J. Biol. Chem. 1988, 263, 7049–7054. [CrossRef]
43. Wise, L.S.; Green, H. Participation of one isozyme of cytosolic glycerophosphate dehydrogenase in the adipose conversion of 3T3

cells. J. Biol. Chem. 1979, 254, 273–275. [CrossRef]
44. Schwiertz, A.; Taras, D.; Schäfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in Lean and Overweight

Healthy Subjects. Obesity 2010, 18, 190–195. [CrossRef] [PubMed]
45. Wang, J.; Tang, H.; Zhang, C.; Zhao, Y.; Derrien, M.; Rocher, E.; van-Hylckama Vlieg, J.E.T.; Strissel, K.; Zhao, L.; Obin, M.; et al.

Modulation of gut microbiota during probiotic-mediated attenuation of metabolic syndrome in high fat diet-fed mice. ISME J.
2015, 9, 1–15. [CrossRef] [PubMed]

46. Takemura, N.; Okubo, T.; Sonoyama, K. Lactobacillus plantarum strain No. 14 reduces adipocyte size in mice fed high-fat diet.
Exp. Biol. Med. 2010, 235, 849–856. [CrossRef]

47. Lin, H.V.; Frassetto, A.; Kowalik, E.J., Jr.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.;
et al. Butyrate and Propionate Protect against Diet-Induced Obesity and Regulate Gut Hormones via Free Fatty Acid Receptor
3-Independent Mechanisms. PLoS ONE 2012, 7, e35240. [CrossRef]

48. den Besten, G.; Bleeker, A.; Gerding, A.; van Eunen, K.; Havinga, R.; van Dijk, T.H.; Oosterveer, M.H.; Jonker, J.W.; Groen, A.K.;
Reijngoud, D.-J.; et al. Short-Chain Fatty Acids Protect Against High-Fat Diet–Induced Obesity via a PPARγ-Dependent Switch
From Lipogenesis to Fat Oxidation. Diabetes 2015, 64, 2398–2408. [CrossRef] [PubMed]

49. den Besten, G.; Gerding, A.; van Dijk, T.H.; Ciapaite, J.; Bleeker, A.; van Eunen, K.; Havinga, R.; Groen, A.K.; Reijngoud, D.-J.;
Bakker, B.M. Protection against the Metabolic Syndrome by Guar Gum-Derived Short-Chain Fatty Acids Depends on Peroxisome
Proliferator-Activated Receptor γ and Glucagon-Like Peptide-1. PLoS ONE 2015, 10, e0136364. [CrossRef] [PubMed]

50. Vieira, A.; Teixeira, M.; Martins, F. The Role of Probiotics and Prebiotics in Inducing Gut Immunity. Front. Immunol. 2013, 4, 445.
[CrossRef]

51. Furuhashi, M.; Tuncman, G.; Görgün, C.Z.; Makowski, L.; Atsumi, G.; Vaillancourt, E.; Kono, K.; Babaev, V.R.; Fazio, S.; Linton,
M.F.; et al. Treatment of diabetes and atherosclerosis by inhibiting fatty-acid-binding protein aP2. Nature 2007, 447, 959–965.
[CrossRef]

52. Saito, N.; Furuhashi, M.; Koyama, M.; Higashiura, Y.; Akasaka, H.; Tanaka, M.; Moniwa, N.; Ohnishi, H.; Saitoh, S.; Ura, N.; et al.
Elevated circulating FABP4 concentration predicts cardiovascular death in a general population: A 12-year prospective study. Sci.
Rep. 2021, 11, 4008. [CrossRef]

53. Duncan, B.B.; Schmidt, M.I.; Pankow, J.S.; Bang, H.; Couper, D.; Ballantyne, C.M.; Hoogeveen, R.C.; Heiss, G. Adiponectin and the
development of type 2 diabetes: The atherosclerosis risk in communities study. Diabetes 2004, 53, 2473–2478. [CrossRef] [PubMed]

54. Wang, Y.; Meng, R.-W.; Kunutsor, S.K.; Chowdhury, R.; Yuan, J.-M.; Koh, W.-P.; Pan, A. Plasma adiponectin levels and type 2
diabetes risk: A nested case-control study in a Chinese population and an updated meta-analysis. Sci. Rep. 2018, 8, 406. [CrossRef]
[PubMed]

55. Arias, E.B.; Zheng, X.; Agrawal, S.; Cartee, G.D. Whole body glucoregulation and tissue-specific glucose uptake in a novel Akt
substrate of 160 kDa knockout rat model. PLoS ONE 2019, 14, e0216236. [CrossRef]

56. Bogan, J.S. Regulation of glucose transporter translocation in health and diabetes. Annu. Rev. Biochem. 2012, 81, 507–532.
[CrossRef] [PubMed]

57. Zhang, T.; Sawada, K.; Yamamoto, N.; Ashida, H. 4-Hydroxyderricin and xanthoangelol from Ashitaba (Angelica keiskei)
suppress differentiation of preadiopocytes to adipocytes via AMPK and MAPK pathways. Mol. Nutr. Food Res. 2013, 57,
1729–1740. [CrossRef] [PubMed]

58. Tang, Q.Q.; Otto, T.C.; Lane, M.D. Mitotic clonal expansion: A synchronous process required for adipogenesis. Proc. Natl. Acad.
Sci. USA 2003, 100, 44–49. [CrossRef]

59. Bost, F.; Aouadi, M.; Caron, L.; Binétruy, B. The role of MAPKs in adipocyte differentiation and obesity. Biochimie 2005, 87, 51–56.
[CrossRef]

http://doi.org/10.1016/j.febslet.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20542036
http://doi.org/10.1172/JCI28003
http://www.ncbi.nlm.nih.gov/pubmed/16511590
http://doi.org/10.1073/pnas.211416898
http://doi.org/10.1128/MCB.19.8.5495
http://doi.org/10.1093/emboj/16.24.7432
http://www.ncbi.nlm.nih.gov/pubmed/9405372
http://doi.org/10.1038/nrm3198
http://doi.org/10.1152/physrev.1998.78.3.783
http://doi.org/10.1016/S0021-9258(18)68602-8
http://doi.org/10.1016/S0021-9258(17)37913-9
http://doi.org/10.1038/oby.2009.167
http://www.ncbi.nlm.nih.gov/pubmed/19498350
http://doi.org/10.1038/ismej.2014.99
http://www.ncbi.nlm.nih.gov/pubmed/24936764
http://doi.org/10.1258/ebm.2010.009377
http://doi.org/10.1371/journal.pone.0035240
http://doi.org/10.2337/db14-1213
http://www.ncbi.nlm.nih.gov/pubmed/25695945
http://doi.org/10.1371/journal.pone.0136364
http://www.ncbi.nlm.nih.gov/pubmed/26292284
http://doi.org/10.3389/fimmu.2013.00445
http://doi.org/10.1038/nature05844
http://doi.org/10.1038/s41598-021-83494-5
http://doi.org/10.2337/diabetes.53.9.2473
http://www.ncbi.nlm.nih.gov/pubmed/15331562
http://doi.org/10.1038/s41598-017-18709-9
http://www.ncbi.nlm.nih.gov/pubmed/29321603
http://doi.org/10.1371/journal.pone.0216236
http://doi.org/10.1146/annurev-biochem-060109-094246
http://www.ncbi.nlm.nih.gov/pubmed/22482906
http://doi.org/10.1002/mnfr.201300020
http://www.ncbi.nlm.nih.gov/pubmed/23681764
http://doi.org/10.1073/pnas.0137044100
http://doi.org/10.1016/j.biochi.2004.10.018


Int. J. Mol. Sci. 2022, 23, 4727 13 of 13

60. Gwon, S.Y.; Ahn, J.Y.; Jung, C.H.; Moon, B.K.; Ha, T.Y. Shikonin suppresses ERK 1/2 phosphorylation during the early stages of
adipocyte differentiation in 3T3-L1 cells. BMC Complement. Altern. Med. 2013, 13, 207. [CrossRef]

61. Soundharrajan, I.; Kim, D.H.; Srisesharam, S.; Kuppusamy, P.; Choi, K.C. R-Limonene Enhances Differentiation and 2-Deoxy-D-
Glucose Uptake in 3T3-L1 Preadipocytes by Activating the Akt Signaling Pathway. Evid. Based Complement. Altern. Med. 2018,
2018, 4573254. [CrossRef]

http://doi.org/10.1186/1472-6882-13-207
http://doi.org/10.1155/2018/4573254

	Introduction 
	Results 
	Cytotoxic Effects of Cell-Free Metabolites from B. ginsengihumi (CMRO6) on 3T3-L1 Pre-Adipocytes 
	Differentiation and Lipid Accumulation 
	CMRO6 Competes against Rosiglitazone (RGZ)-Induced Lipid Accumulation and PPAR-2 Expression 
	CMRO6 Downregulates the Adipogenesis- and Lipogenesis-Related Key Markers 
	CMRO6 Regulates Differentiation and Lipid Accumulation via Modulating p38MAPK and Erk1/2 Signaling Pathways 
	CMRO6 Induced Glucose Uptake via Akt-Dependent Signaling Pathway 

	Discussion 
	Materials and Methods 
	Isolation of Bacillus ginsengihumi 
	Microbial Metabolite Production and Lyophilization 
	Cytotoxic Effects of Cell-Free Metabolites (CMRO6) 
	Induction of Lipid Accumulation in 3T3-L1 Adipocytes 
	Detection and Determination of Lipid Accumulation by Oil Red O Stain 
	Proteins Extraction and Immunoblot Analysis 
	2-Deoxy-D-Glucose (2DG) Uptake in Differentiated 3T3-L1 
	Statistical Analysis 

	Conclusions 
	References

