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Abstract: Genistein (4,5,7-trihydroxyisoflavone) is abundant in various dietary vegetables, espe-
cially soybeans, and is known to have not only an estrogenic effect but also an antiadipogenic effect.
Atorvastatin (dihydroxy monocarboxylic acid) is a statin used to prevent heart disease. Although
genistein and atorvastatin have been reported to possess antiadipogenic effects, their combined ef-
fects are still unclear. The aim of the current study was to explore whether the combination of
genistein and atorvastatin at low concentrations significantly suppresses adipogenesis in a murine
preadipocyte cell line (3T3-L1) compared to treatment with genistein or atorvastatin alone. Our re-
sults showed that cotreatment with 50 uM genistein and 50 nM atorvastatin significantly suppressed
preadipocyte differentiation, whereas when each compound was used alone, there was no inhibi-
tory effect. Additionally, cotreatment with genistein and atorvastatin significantly downregulated
adipogenic marker proteins, including mitogen-activated protein kinases (MAPKSs), peroxisome
proliferator-activated receptor y (PPARY), CCAAT/enhancer-binding protein alpha (C/EBPa), glu-
cocorticoid receptor (GR), and CCAAT/enhancer-binding protein 3 (C/EBPp). This is the first evi-
dence of the combined antiadipogenic effects of genistein and atorvastatin. Although additional
experiments are required, combinational treatment with genistein and atorvastatin may be an alter-
native treatment for menopause-associated lipid metabolic disorders and obesity.
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1. Introduction

Menopause is a stage in which menstruation stops owing to the aging of the ovaries
[1]. Decreased estrogen secretion from the ovaries affects lipid metabolism [2]. Estrogen
deficiency may downregulate the genes involved in fatty acid metabolism or lipid catab-
olism, which induces menopause-associated lipid metabolic disorders [3]. After meno-
pause, the energy expenditure controlled by estrogen receptor activation is imbalanced
and overall adiposity is increased, resulting in obesity [4,5].

Genistein (4,5,7-trihydroxyisoflavone), belonging to the isoflavone family, is abun-
dant in various dietary vegetables, especially soybeans and fava beans, which are known
as dietary phytoestrogens [6]. Genistein has been reported to show several biological ac-
tivities such as anticancer effect [7], neuroprotective effect [8], anti-inflammatory effect [9]
antiosteoporosis effects [10], and estrogenic [11] effect. It was also found that genistein
decreased body weight, serum triglyceride, and liver lipid accumulation in ovariecto-
mized rats, suggesting that genistein can effectively prevent adiposity and lipid disorders
caused by estrogen deficiency [12].
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Atorvastatin (dihydroxy monocarboxylic acid) is a statin-based representative med-
icine used as a primary treatment drug for dyslipidemia. It reduces the production of cho-
lesterol in hepatocytes, thereby decreasing the serum levels of LDL cholesterol and tri-
glycerides and increasing HDL cholesterol [13]. In addition, the antiadipogenic effect of
atorvastatin in 3T3-L1 cells has been reported [14]. However, compared to genistein, there
are few studies on the antiadipogenic effects of atorvastatin. After menopause, atorvas-
tatin is usually prescribed for a long period of time to maintain serum lipid levels within
the normal range. As the drug dose increases, there is a higher risk of side effects occur-
ring, such as muscle pain, cognitive disorders, and diabetes [15]. Therefore, finding adju-
vant drugs that can be used in combination with atorvastatin for adipogenesis may be an
effective treatment strategy for menopause-related dyslipidemia and obesity.

The aim of the present study was to investigate whether the combination of genistein
and atorvastatin would produce more effective antiadipogenic activity than genistein or
atorvastatin alone in 3T3-L1 cells. We also evaluated the combined effects of genistein and
atorvastatin on the regulation of the expression of key proteins involved in adipogenic
pathways.

2. Materials and Methods
2.1. Cell Line and Materials

The 3T3-L1 mouse preadipocyte cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). Dulbecco’s modified Eagle’s medium (DMEM)
was obtained from Cellgro (Manassas, VA, USA). Fetal bovine serum (FBS), penicil-
lin/streptomycin (P/S) antibiotics, and bovine calf serum (BCS) were purchased from
Gibco (Gaithersburg, MD, USA). The EZ-Cytox cell viability assay kit, a tetrazolium salt
(WST-1)-based colorimetric assay kit, was purchased from Daeil Lab Service (Seoul, South
Korea). Phosphate-buffered saline (PBS), 1-methyl-3-isobutylxanthine (IBMX), Oil Red O
solution, isopropanol, dexamethasone, formaldehyde solution, insulin, genistein, and
atorvastatin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary antibod-
ies, including phospho-ERK (P-ERK), ERK, phospho-JNK (P-JNK), JNK, phospho-P38 (P-
P38), P38, PPAR-y, C/EBP-a, C/EBP-p, GR, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and horseradish peroxidase (HRP)-labeled anti-rabbit secondary antibodies
were purchased from Cell Signaling Technology (Danvers, MA, USA). The ECL Plus Western
blotting detection reagents were purchased from GE Healthcare (Piscataway, NJ, USA).

2.2. Cell Culture and Adipogenic Differentiation

The murine preadipocyte cell line (3T3-L1, American Type Culture Collection, Ma-
nassas, VA, USA) was grown in DMEM containing 10% BCS and 1% P/S antibiotics. For
adipocyte differentiation, the culture medium was replaced with DMEM containing 10%
FBS, 1% P/S antibiotics, 0.5 mM IBMX, 1 uM dexamethasone, and 5 pg/mL insulin. After
incubation for two days, the culture medium was replaced with DMEM containing 10%
FBS, 1% P/S antibiotics, and 5 pug/mL insulin every two days. The cells were incubated in
DMEM containing 10% FBS and 1% P/S antibiotics every two days until the end of the
experiment on day 8, as previously described [16]. During the process of adipogenic dif-
ferentiation, genistein (25, 50 and 100 uM) and atorvastatin (25, 50 and 100 nM) were in-
cluded individually or in combination (50 uM of genistein and 50 nM atorvastatin) in the
culture medium.

2.3. Measurement of Cell Viability

The 3T3-L1 preadipocytes were grown in DMEM containing 10% BCS and 1% P/S
antibiotics for 24 h and then treated with genistein (25, 50 and 100 pM) and atorvastatin
(25, 50 and 100 nM) individually or in combination (50 pM of genistein and 50 nM atorvas-
tatin). After 24 h, cell viability was investigated using the EZ-Cytox cell viability assay kit
following previously described methods [17].
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2.4. Oil Red O Staining

Oil Red O staining was performed on day 8 of cell differentiation. Cells were fixed in
4% paraformaldehyde solution. After 1 h, the fixed cells were gently washed with PBS
three times and stained with Oil Red O solution (0.5%) in isopropanol. After 1 h, the
stained cells were washed with distilled water three times. Oil Red O solution-stained
lipid droplets were imaged using a light microscope and extracted with 100% isopropa-
nol. The optical density was recorded at 520 nm using a microplate reader (PowerWave
XS; Bio-Tek Instruments, Winooski, VT, USA).

2.5. Western Blot Analysis

The Western blot analysis was performed on day 8 of cell differentiation. Equal
amounts of protein lysate from the 3T3-L1 cells were resolved by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The samples were then transferred to nitro-
cellulose membranes. The membranes were probed with primary antibodies (1:1000) at
room temperature for 1 h and probed with the HRP-labeled anti-rabbit secondary anti-
body (1:2000) under the same conditions. The probed blots were detected using ECL Plus
Western blotting detection reagents. The protein expression of p-ERK, ERK, P-JNK, JNK,
P-P38, P38, PPAR-y, C/EBP-a, C/EBP-$3, GR, and GAPDH was analyzed using a chemilu-
minescence system (FUSION Solo, PEQLAB Biotechnologie GmbH, Erlangen, Germany),
as previously described [18,19].

2.6. Statistical Analysis

Statistical significance was determined using a one-way analysis of variance
(ANOVA) and multiple comparisons with Bonferroni correction. Statistical significance
was set at p < 0.05. All analyses were performed using SPSS Statistics ver. 19.0 (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Inhibitory Effects of Genistein and Atorvastatin on Adipogenesis in 3T3-L1 Preadipocytes

To determine the cytotoxicity of genistein, atorvastatin, and cotreatment with
genistein and atorvastatin in 3T3-L1 preadipocytes, we used the EZ-Cytox cell viability
assay kit. The cell viability assay showed that concentrations up to 100 uM genistein, 100
nM atorvastatin, and cotreatment (up to 100 M genistein + 100 nM atorvastatin) did not
affect the viability of 3T3-L1 preadipocytes after 24 h of incubation (data not shown). Their
concentrations were used to determine their inhibitory effects on adipogenesis in 3T3-L1
preadipocytes. The differentiation of 3T3-L1 preadipocytes into mature adipocytes accom-
panied by intracellular lipid accumulation was evaluated using Oil Red O staining. As
shown in Figure 1 C, treatment with 100 uM genistein alone, 100 nM atorvastatin alone,
and cotreatment with 50 uM genistein and 50 nM atorvastatin significantly inhibited the
differentiation of 3T3-L1 preadipocytes into mature adipocytes. Cells treated with 50 pM
genistein alone showed a slight, but not significant, inhibition (26.62 + 4.64% reduction)
of the formation of red-labeled lipid droplets. Treatment with 50 nM atorvastatin alone
showed a slight, but not significant, inhibitory effect (23.81 + 2.81% reduction). However,
cotreatment with 50 uM genistein and 50 nM atorvastatin resulted in a greater inhibition
(59.47 + 2.92% reduction) of the formation of red-labeled lipid droplets compared with
either 50 pM genistein or 50 nM atorvastatin alone. Each treatment with 100 uM genistein
and 100 nM atorvastatin, as well as the combined treatment of the 50 pM genistein and 50
nM atorvastatin, gave the same effect.
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Figure 1. Inhibitory effects of genistein and atorvastatin on adipogenesis in 3T3L-1 preadipocytes.
(A) Chemical structure of genistein and atorvastatin. (B) Images of the Oil Red O staining of differ-
entiated 3T3L-1 cells photographed under an inverted microscope with 20X magnification on day 8
after treatment with genistein and/or atorvastatin. (C) Quantification of Oil Red O staining ex-
pressed as the percentage of the untreated control (n = 3 independent experiments, * p < 0.05, Krus-
kal-Wallis nonparametric test). Data are the mean + SEM.

3.2. Effect of Genistein and Atorvastatin on the Expression of Proteins Involved in Adipogenesis
in Differentiated 3T3L-1 Cells

To examine how genistein and atorvastatin inhibited adipogenesis in 3T3-L1 cells,
we used a Western blot analysis to examine the expression of adipogenic marker proteins,
including extracellular signal-regulated kinase (ERK), c-Jun-N-terminal kinase (JNK), P38,
peroxisome proliferator-activated receptor y (PPARY), CCAAT/enhancer-binding protein
alpha (C/EBPa), glucocorticoid receptor (GR), and CCAAT/enhancer-binding protein 3
(C/EBPp). Treatment with either 50 uM genistein or 50 nM atorvastatin slightly inhibited
the expression of adipogenic marker proteins in differentiated 3T3L-1 cells compared with
the untreated controls. Cotreatment with genistein and atorvastatin suppressed the ex-
pression of these proteins even further (Figure 2A-H). This suggested that the cotreatment
of genistein and atorvastatin was effective in downregulating adipogenic marker proteins
during adipocyte differentiation for eight days.
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Figure 2. Inhibitory effects of genistein and atorvastatin on the expression of proteins involved in
adipogenesis in differentiated 3T3L-1 cells. (A) The protein expression of phospho-extracellular sig-
nal-regulated kinase (P-ERK), ERK, phospho-c-Jun-N-terminal kinase (P-JNK), JNK, phospho-P38
(P-P38), P38, peroxisome proliferator-activated receptor y (PPARy), CCAAT/enhancer-binding pro-
tein alpha (C/EBPa), C/EBPp, glucocorticoid receptor (GR), and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) in differentiated 3T3L-1 cells on day 8 after treatment with genistein and/or
atorvastatin. (B—H) Analysis of the ratios of the band intensities of P-ERK, P-JNK, P-P38, PPARy,
C/EBPa, C/EBP@, and GR compared with differentiated 3T3L-1 cells without treatment (n = 3 inde-
pendent experiments, * p < 0.05, Kruskal-Wallis nonparametric test). Data are the mean + SEM.

4. Discussions

In the present study, we evaluated whether the combination of genistein and atorvas-
tatin produced more effective antiadipogenic activity in 3T3-L1 cells than genistein or
atorvastatin alone. We found that, when administered individually, 100 uM genistein and
100 nM atorvastatin significantly decreased the differentiation of 3T3-L1 preadipocytes,
whereas 50 uM genistein and 50 nM atorvastatin had little effect. These results are con-
sistent with those of the previous studies. It was previously suggested that atorvastatin
exhibited a maximal inhibitory effect on the differentiation of 3T3-L1 preadipocytes at 100
nM [20]. In addition, the differentiation of 3T3-L1 preadipocytes was almost inhibited by
100 uM genistein [21,22]. However, no study has hitherto examined the combined effects
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of genistein and atorvastatin on the differentiation of 3T3-L1 preadipocytes. We found
that cotreatment with 50 uM genistein and 50 nM atorvastatin caused greater inhibition
of the differentiation of 3T3-L1 preadipocytes than 50 uM genistein or 50 nM atorvastatin
alone. This indicated that cotreatment with genistein reduced the effective concentration
of atorvastatin on the inhibition of adipogenesis. Thus, its combined effects may lead to
reduced side effects, such as muscle pain or liver damage, after the long-term administra-
tion of atorvastatin to patients [23].

To further explore these effects, we evaluated the combined effects of genistein and
atorvastatin on the regulation of the expression of key proteins involved in adipogenic
pathways. The combination of 50 uM genistein and 50 nM atorvastatin, compared to 50
UM genistein or 50 nM atorvastatin alone, produced stronger inhibition of the adipogenic
marker proteins, including the MAPKs (ERK, JNK, and P38), PPARy, C/EBPa, GR, and
C/EBPf. Our results are in agreement with those of previous studies, where treatment
with either 100 pM genistein or 100 nM atorvastatin alone inhibited adipogenesis via the
inhibition of C/EBP( and PPARYy in 3T3L-1 cells [20,21,24]. However, the detailed antiad-
ipogenic mechanisms of genistein and atorvastatin and their combined effects are not yet
completely clear. The MAPKs (ERK, JNK, P38), PPARy, C/EBPa, GR, and C/EBPf are
linked to each other and play an important role in each stage of adipocyte differentiation [25].

In response to adipogenic signals, ERK, P38, and GR have been shown to promote
the nuclear localization of C/EBP{3 [26-28]. Glucocorticoids are steroid hormones that pro-
mote adipocyte differentiation via intracellular GR [29]. The transcription factor C/EBPB
is a key early regulator of adipogenesis [30]. It induces the activation of two master adi-
pogenic transcription factors, PPAR-y and C/EBPa [31]. Although the role of JNK in the
stages of adipogenesis is uncertain, previous studies have shown that PPARy transcrip-
tional activity is modulated by JNK [32,33]. In the terminal differentiation of adipocytes,
the transcriptional crosstalk between PPARy and C/EBPa promotes the accumulation and
storage of lipids in the adipocytes. In addition, they maintain a fully differentiated state
[34-36].

The lack of estrogen after menopause induces lipid profile changes, which increases
the risk of developing dyslipidemia, obesity, metabolic syndrome, and type 2 diabetes
[31]. In a previous study, genistein exhibited excellent estrogen-like activity and estrogen
receptor binding ability [32]. It has also been widely reported to have antiadipogenic ef-
fects [15,18,33-35]. Moreover, genistein treatment effectively modulated the plasma lipid
indices in postmenopausal women with hyperlipidemia [36]. In this study, the combina-
tion of genistein and atorvastatin showed effects on the inhibition of adipogenesis in 3T3-
L1 cells, and we assumed that genistein could be an adjuvant drug of atorvastatin for
dyslipidemia and metabolic syndrome induced by a lack of estrogen.

Taken together, our data demonstrate that the antiadipogenic activity of genistein is
synergized by cotreatment with atorvastatin. These antiadipogenic effects were associated
with PPARY and C/EBPa by regulating the MAPKSs (ERK, JNK, and P38), GR, and C/EBPf3
in 3T3-L1 adipocyte differentiation (Figure 3). Although further studies are needed,
genistein and atorvastatin may be useful in the development of therapies for menopause-
associated lipid metabolic disorders. However, lack of knowledge on natural product—
drug interactions is a limitation of the current study that needs to be clarified in future
animal experiments. Many cardiovascular drugs such as statins have been known to act
as substrates and inhibitors of the solute carrier transporters and the ATP-binding cassette
transporters. In addition, a growing number of studies on natural products (e.g., Gingko
biloba, danshen) show that they are also substrates and inhibitors of drug transporters.
Thus, assessment of natural product-drug interactions is important when considering
clinical application [37,38].
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Figure 3. Schematic illustration of the underlying mechanism of the antiadipogenic effect of
genistein and atorvastatin in 3T3-L1 preadipocytes.

5. Conclusions

Collectively, genistein and atorvastatin were previously reported to possess antiadi-
pogenic effects. In addition, our results provide interesting information that the cotreat-
ment of genistein and atorvastatin showed more potent inhibitory effects on adipogenesis
than individual treatments, where cotreatment with genistein and atorvastatin, compared
with genistein or atorvastatin alone, showed stronger inhibition of protein expression, in-
cluding MAPKs (ERK, ERK, JNK, and P38), C/EBPa, C/EBP@, PPARy, and GR, which
suggests greater antiadipogenic activity. Although further studies are needed to evaluate
the antiadipogenic effects of genistein and atorvastatin on in vivo metabolism, this study
provides a potentially useful therapeutic combination for menopausal patients at risk of
lipid metabolic disorders and obesity.
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