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Abstract Repression of excessive increase and enlargement of adipocytes that is closely associated with obesity is effective in 

the prevention and treatment of metabolic syndrome. Generally, apoptosis is induced in cells via a wide variety of intracellular or 

extracellular substances, and recently, it has been suggested that the FoxO subfamily is involved in the induction of apoptosis. We 

aimed to elucidate the mechanism of FoxO-mediated apoptosis-induction in the adipocytes under the reactive oxygen species 

(ROS) stimulus. The treatment of differentiated and undifferentiated 3T3-L1 cells with glucose oxidase (GOD), an enzyme that 

generates H2O2, induced apoptosis and led to the accumulation of 8-OHdG. Apoptosis analysis revealed that GOD treatment 

induced apoptosis in differentiated 3T3-L1 cells less efficiently than in undifferentiated preadipocytes. GOD remarkably 

increased the levels of Bad, Bax, and Bim—the genes that are actively involved in cell apoptosis. GOD treatment also increased 

the expression of FoxO3a mRNA and protein. The introduction of FoxO3a-siRNA into 3T3-L1 cells suppressed the oxidative 

stress-induced expression of Bim mRNA, as well as the GOD-induced apoptosis. Furthermore, the expression of MnSOD, 

Cu/ZnSOD, and catalase, as well as of FoxO, increased significantly along with the progression of adipocyte differentiation. 

These results indicated that ROS-induced apoptosis in undifferentiated 3T3-L1 cells via the expression of FoxO3a, whereas FoxO 

expression suppressed the ROS-induced apoptosis in differentiated 3T3-L1 cells via the expression of ROS-scavenging enzymes. 
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Introduction 

 

Recently, the increased incidence of lifestyle-related diseases such as diabetes, high blood pressure, and hyperlipemia along with 

the increased incidence of obesity has become a serious social problem. The fatty tissue that causes obesity comprises 2 types of 

adipocytes. White adipocytes are distributed throughout the body and are responsible for storing energy in the form of 

triglycerides [1], while brown adipocytes exist around the neck, armpit, and shoulder blade and play a role in fever induction [2]. 

Brown adipocytes proliferate only during the fetal period, while white adipocytes can proliferate during the fetal, infancy, and 

adolescence periods and even after the adolescence stage under nutritious conditions. Hence, an excessive nutrition intake causes 

an increase in the number of white adipocytes and fatty tissue, resulting in obesity. Recently, it has been shown that white 

adipocytes are involved in the maintenance of homeostasis by acting as an internal secretary organ that produces adipocytokines 

such as leptin and adiponectin [3, 4]. In the case of enlarged adipocytes, adipocytokine secretion decreases and the production of 

tumor necrosis factor (TNF)-α, angiotensinogen, and plasminogen activator inhibitor-1 (PAI-1) increases [5-7]. Therefore, to 

prevent the occurrence and progression of obesity and fat-related diseases, it is essential to repress the fatty tissue and the number 

of white adipocytes. 

Generally, it is widely accepted that apoptosis induction occurs via 2 signaling pathways: the mitochondrial pathway that is 

mediated by Bcl2-associated X protein (Bax), BH3 interacting domain death agonist (Bid), and Bcl2-interacting mediator of cell 

death (Bim) [8, 9], and the death receptor pathway that is mediated by TNF receptor (TNFR), death receptor and TNF receptor 

superfamily member 6 (Fas) [10-12]. The former is activated under oxidative stress conditions, after exposure to ultraviolet rays, 

and under physical stress conditions such as heat shock [13-16], and the latter is activated by physiological ligands such as TNF-α, 

TNF-related apoptosis inducing ligand, and Fas ligand [17, 18]. The activation of any of the two pathways results in the apoptosis 

of tumor cells and unwanted cells. 

Unlike the signaling cascade that is mediated by ligands/receptors, under physical stress conditions, the cell fate is determined 

on the basis of the level of stress. For example, although low-level oxidative stress induces damage in DNA, lipids, and proteins, 

activation of p53 causes cell cycle arrest and repair of the damaged substrates by the induction of p21 expression [19]. However, 

when cell damage is irreparable under excessive stress conditions, p53 induces the expression of apoptosis-inducible genes such 

as Bax, NADH oxidase (Noxa), and Bcl2 binding component 3 (Puma) and leads to apoptosis via the activation of the 

mitochondria-mediated signaling pathway [20-22]. Thus, the fate of damaged cells is strictly regulated by p53 under stress 

conditions.  

Recently, many reports have demonstrated that the forkhead-type transcription factor is actively involved in 

oxidative-stress-induced apoptosis. Forkhead-box class O (FoxO), the mammalian homolog of Daf-16 in nematodes, is divided 

into 4 subfamilies: FoxO1, FoxO3a, FoxO4, and FoxO6 [23-27]. FoxO is phosphorylated by Akt via the insulin-mediated 

signaling pathway, translocated from the nuclei to the cytosol by the 14-3-3 protein, and then inactivated [28]. FoxO is activated 

by various stimuli via the activation of c-Jun N-terminal kinase (JNK) and Silent mating type information regulation 2 homolog 

(Sirt) and is involved in various physiological functions such as cell cycle regulation, lifespan regulation, and tumor formation 

[29-31]. In addition, it has been reported that the FoxO subfamily facilitates the expression of antioxidative genes such as 

Mn-superoxide dismutase (MnSOD) [32-34]. 

Previously, we analyzed the expression of FoxO in the apoptosis-induced COS-7 and HeLa cells treated with H2O2. The 

results of that study indicated that H2O2 treatment induced the expression of FoxO1, the knockdown of FoxO3a suppressed 

H2O2-induced apoptosis, and FoxO induced the expression of apoptosis-inducible genes such as Bim and B-cell 

leukemia/lymphoma 6 (Bcl-6) [35]. Other investigators have shown that FoxO is one of the critical mediators of reactive oxygen 

species (ROS)-induced apoptosis [36-38]. These findings revealed that the transcription factor FoxO is actively involved in 

ROS-induced apoptosis. Although some reports demonstrated that mitochondria-mediated signaling pathway is partially involved 



in the ROS-induced apoptosis in adipocytes [39, 40], there is little information on the role of FoxO in apoptosis induction in 

adipocytes. We analyzed the physiological effects of ROS on apoptosis induction in preadipocyte/adipocytes and the role of 

FoxO. 

 

 

Materials and methods 

 

Cell line and reagents 

 

3T3-L1 was purchased from Health Science Research Resources Bank (Sennan, Osaka, Japan). Dulbecco's modified Eagle's 

medium (DMEM High-glucose) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal Bovine Serum (FBS) was 

purchased from Sanko-junyaku (Chiyoda, Tokyo, Japan).  

 

Cell culture 

 

3T3-L1 preadipocytes were cultured in DMEM containing 10% FBS at 37℃. Cells were plated at a density of 2.7×105 cells in 60 

mm culture dish, 2.0×104 cells/well in 48 well plates, 5.0×103 cells/well in 96 well plates and used for each assays. Differentiation 

of preadipocytes into adipocytes was induced as previously described [41]; briefly, cells were cultured to overconfluent and 

treated with DMEM containing 0.25 µM dexamethasone (Sigma-Aldrich), 0.5 mM 3-iso-butyl-1-methylxanthine (IBMX, 

Sigma-Aldrich) and 10 µg/ml insulin (Wako, Chuo, Osaka, Japan) for 2 days. Cells were cultured with DMEM containing 5 

µg/ml insulin for more 2 days and then cultured with DMEM for 4 days. 

 

Detection of 8-OHdG  

 

Cells were cultured in 48 well plates and treated with DMEM containing 60 mU/ml Glucose Oxidase (GOD, Sigma-Aldrich) for 

6 h. After GOD treatment [42], cells were fixed with 4% paraformaldehyde (PFA, Wako) in phosphate-buffered saline (PBS;pH 

7.4) for overnight. The intracellular accumulation of 8-OHdG was detected with DAKO LSAB Kit2 (Dako Japan, Bunkyo, Tokyo, 

Japan). 

 

MTT assay 

 

Cells were cultured in 96 well plates and treated with DMEM containing 60 mU/ml GOD. MTT assay was performed by treating 

the cells with DMEM containing 5 mg/ml Thiazolyl Blue Tetrazolium Bromide (MTT, Sigma-Aldrich) for 3 h. MTT formazan 

were extracted with 0.04 N HCl in isopropanol and then absorbance at 570 nm was measured with a microplate reader (Ultramark, 

BIO-RAD, Arakawa, Tokyo, Japan) to assess the cell viability. 

 

Staining of apoptotic cells 

 

Cells were cultured in 96 well plates and treated with DMEM containing 60 mU/ml GOD with or without 100 U/ml Catalase 

(CAT, Wako). The staining of apoptotic cells was performed using APOPercentage Apoptosis Assay Kit (Biocolor, Carrickfergus, 

Antrim, UK). The cells were treated by dye mixture (DMEM containing 5% APOPercentage dye and GOD with or without CAT) 

for 30 min. Then cells were observed under microscope and the intracellular dye was extracted with dye release reagent. The 



absorbance at 550-645nm was measured with Ultramark to assess the level of apoptotic cells. 

 

Hoechst staining 

 

Cells were cultured in 60 mm dish and treated with DMEM containing 60 mU/ml GOD for 6 h. Then cells were fixed with 4% 

PFA in PBS for overnight. Cells were treated with 1mM Hoechst 33258 (Sigma-Aldrich) and then observed under fluorescent 

microscope (350 nm). 

 

Western Blotting 

 

Cells were cultured in 60 mm dish and treated by DMEM containing 60 mU/ml GOD for 3 h. Cells were lysed in a buffer 

（50mM Tris-HCl, 2% SDS, 6% 2-mercaptoethanol, 10% glycerol，1 mM PMSF, 2 µg/ml Leupeptin） and homogenized with a 

supersonicator (UP-50H, B. Braun Biotech International GmbH, Melsungen, Germany) for 2 min. The cell lysates were separated 

with SDS-PAGE and blotted on a PVDF membrane (OPTIRAN BA-S85 NC, Schleicher＆Schuell BioScience, Keene, NH, USA). 

The membrane was blocked with 5% skim milk for 60 min and incubated with a primary antibody in TBS-T (10mM Tris-HCl, 

0.15M NaCl, 0.1% Tween20) for overnight at 4℃. Then membrane was incubated with secondary antibody for 1 h at RT. The 

membranes were treated with the LumiGLO reagent （Cell Signaling Technology, Danvers, MA, USA） and the protein bands 

were analyzed using chemiluminescence (Las1000, FUJI FILM, Minato, Tokyo, Japan) and Image Gauge Software (FUJI FILM).  

 

Preparation of nuclear and cytosolic fractions 

 

Cells were cultured in 60 mm dish and treated with DMEM containing 60 mU/ml GOD for 3 h. The nuclear and cytosolic 

fractions were prepared using the methodology reported by Masuda et al. [43]. Briefly, cells were lysed in buffer A (10mM 

HEPES, 15mM KCl, 2mM MgCl2, 0.1mM EDTA，1mM DTT, 0.5mM PMSF, 10µg/ml Leupeptin) and centrifuged. The cell 

pellet was resuspended in buffer B （0.2% NP-40, 10mM HEPES, 15mM KCl, 2mM MgCl2, 0.1mM EDTA，1mM DTT, 0.5mM 

PMSF, 10µg/ml Leupeptin） and centrifuged. The supernatant was used as cytosolic fraction. The pellet was resuspended in buffer 

S (0.25M Sucrose, 10mM HEPES, 15mM KCl, 2mM MgCl2, 0.1mM EDTA，1mM DTT, 0.5mM PMSF, 10µg/ml Leupeptin) and 

centrifuged. The pellet was resuspended in buffer D （50mM HEPES, 400mM KCl, 0.1mM EDTA，10%Glycerol, 1mM DTT, 

0.5mM PMSF, 10µg/ml Leupeptin） and mixed well. The sample was incubated on ice for 30 min and then centrifuged. The 

supernatant was used as nuclear fraction.   

 

FoxO knockdown by siRNA 

 

Adenovirus for RNAi of FoxO were constructed; Ad-FoxO1Si (FoxO1-siRNA), Ad-FoxO3aSi (FoxO3a-siRNA), Ad-NCSi 

(siRNA for non specific siRNA) [44]. Adenovirus was amplified according to the procedure described by TaKaRa. The cells 

plated in 60 mm dish at 6.0 x 105 cells were infected by adenovirus (1000 plaque-forming units (PFU)/cell) and incubated for 4 

days.  

 

Reverse transcription-PCR and real-time PCR analysis 

 

Cells were cultured on each plates, and the total RNA was extracted by a standard acid-GTC-phenol extraction method 

reported by Chomczynski et al [45]. After DNase treatment of RNA, the cDNA was synthesized by M-MLV Reverse 



Transcriptase (Takara Bio, Otsu, Shiga, Japan), and subjected for PCR using the primers indicated in Table 1. Real-time PCR 

was performed using SYBR Premix Ex Taq (Takara) and Thermal Cycler Dice RealTime System TP800 (Takara) with the 

condition (40 cycles at 95℃  for 5 sec and at 60℃  for 30 sec) using the following primers; β-actin (forward, 

5’-CTGTGCTGCTCACCGAGG-3’; reverse, 5’-TGCCACAGGATTCCATAC-3’), Bim (forward, 

5’-CAACACAAACCCCAAGTCC-3’; reverse, 5’-CTGTGCAATCCGTATCTCC-3’). PCR was performed in triplicate using 4 

independent samples.  

 

Image analysis and statistical analysis 

 

Image analysis was performed using ImageJ, a public domain Java-based image-processing program inspired by NIH Image [46]. 

Results are expressed as mean ± standard deviation. Comparisons between groups were made with the Student’s t-test. 

Differences were considered significant when P < 0.05. 

 

 

Results 

 

Oxidative stress-induced cell death in 3T3-L1 cells was suppressed by differentiation  

 

The efficiency of ROS to induce cell death was assessed using both undifferentiated and differentiated 3T3-L1 cells. These cells 

were subjected to oxidative stress and then observed under a microscope; subsequently, cell viability was analyzed. Glucose 

oxidase (GOD) was used as a source of oxidative stress for stably supplying H2O2. Accumulation of 8-OHdG—the marker of 

DNA damage induced by ROS—was increased after treating the cells with 60 mU/ml GOD for 6 h. 8-OHdG abundantly 

accumulated in the differentiated cells with or without GOD treatment (Fig. 1a). The 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay revealed that the cell viability at 9 h incubation 

decreased to 6% of that at 0-h incubation in preadipocytes, whereas it reduced to 33% of that at 0-h incubation in differentiated 

cells (Fig. 1b). These results suggested that differentiated 3T3-L1 cells acquired resistance to oxidative stress. 

 

Oxidative stress-induced apoptosis in 3T3-L1 cells was suppressed by differentiation  

 

To determine whether ROS stress induced apoptosis, we analyzed the GOD-treated cells by APOPercentage apoptosis assay. The 

absorbance, which represents the quantity of dye taken up by apoptotic cells, increased more significantly in preadipocytes than in 

differentiated adipocytes. GOD-induced apoptosis in the 3T3-L1 cells was completely suppressed by the addition of 100 U/ml 

catalase (Fig. 2a). H2O2 treatment obviously induced the intake of the dye, suggesting that ROS induced apoptosis in the 3T3-L1 

cells (Fig. 2b). Hoechst 33258 staining revealed that GOD-induced apoptosis decreased as differentiation progressed in 3T3-L1 

cells (Fig. 2c). These results demonstrated that apoptosis was induced in 3T3-L1 by GOD treatment and that differentiated 

3T3-L1 cells acquired resistance to oxidative stress. 

 

Expression of FoxO3a mRNA and protein increased by oxidative stress 

 

Previously, we reported that the expression of FoxO1, one of the subtypes of the FoxO subfamily, increased in other types of cells 

that were subjected to oxidative stimulus [35]. In this study, we confirmed whether ROS enhanced the expression of FoxO in 

undifferentiated and differentiated adipocytes. In the undifferentiated and differentiated adipocytes treated with GOD for 3 h, the 



expression of FoxO3a mRNA increased significantly, while that of FoxO4 mRNA increased slightly (Fig. 3a). Increased 

expression of FoxO3a protein similar to the levels of its mRNA expression was observed in both cells treated with GOD (Fig. 3b). 

And slightly increased expression of FoxO1 and FoxO4 proteins were observed in differentiated adipocytes only (Fig. 3b). 

 

Nuclear and cytoplasmic levels of FoxO3a protein increased by oxidative stress 

 

To examine the intracellular localization of FoxO under oxidative stress conditions, we analyzed the expression of FoxO1 and 

FoxO3a protein in the nuclear and cytosolic fractions of the 3T3-L1 cells. In undifferentiated GOD-treated 3T3-L1 cells, the level 

of FoxO3a protein increased in both the nuclear and cytosolic fractions (Fig. 4a). Similar expression pattern for FoxO3a was 

observed in GOD-treated differentiated 3T3-L1 cells. Moreover, the level of FoxO1 protein increased in the nuclei only (Fig. 4b). 

These results indicated that FoxO3a was included in the apoptosis signaling pathway induced by oxidative stress in preadipocytes 

and adipocytes. 

 

GOD stimulation induced apoptosis by increasing Bim expression via FoxO3a activation  

 

Previously, we [35] and other researchers [36, 37] have demonstrated that the FoxO subfamily induces apoptosis by inducing the 

expression of apoptotic genes such as Bim. We identified the genes that showed increased expression under oxidative stimulus in 

3T3-L1 cells. 3T3-L1 preadipocytes were treated with 60 mU/ml of GOD for 3 h, and the expression of genes involved in 

apoptosis was analyzed. The mRNA expression of Bad, Bax, and Bim was increased in GOD-treated cells (Fig. 5a). To 

demonstrate whether the genes encoding these mRNAs were the actual targets of FoxO3a, we investigated the mRNA expression 

of Bad, Bax, and Bim in FoxO3a-RNAi-transfected cells. GOD-induced mRNA expression of Bim was suppressed by FoxO3a 

RNAi, while that of Bad and Bax was unaffected (Fig. 5b, c). Furthermore, GOD-induced apoptosis was suppressed by the 

knockdown of FoxO3a (Fig. 5d). These results demonstrated that ROS induced the expression of Bim via the activation of 

FoxO3a, thereby inducing apoptosis in 3T3-L1 cells.  

 

Resistance against oxidative stress was acquired by differentiated 3T3-L1 cells via the activation of FoxO 

 

We considered that the suppression of GOD-induced apoptosis in differentiated 3T3-L1 cells was caused by the FoxO-mediated 

increase in the expression of antioxidative genes. Therefore, we compared the expression of antioxidative genes (such as MnSOD, 

Cu/ZnSOD, catalase, and glutathione peroxidase (GPX1)) and the expression of the members of the FoxO subfamily (such as 

FoxO1, FoxO3a, and FoxO4) in undifferentiated and differentiated 3T3-L1 cells. The results of RT-PCR revealed that the 

expression of antioxidative genes and FoxO subfamily members significantly increased with the differentiation of adipocytes (Fig. 

6a). Western blot analysis revealed a similar tendency of MnSOD protein expression (Fig. 6b). The results of RT-PCR revealed 

that the expression of MnSOD and GPX1 mRNA as well as of the FoxO1 increased in GOD-treated cells (0.2 mU/ml of GOD for 

4 days) (Fig. 6c). The increase in the expression of these mRNAs was completely suppressed by FoxO1 RNAi, while FoxO3a 

knockdown had no effect on the expression of these mRNAs (data not shown). These results suggest that differentiated 3T3-L1 

cells acquire resistance against oxidative stress by increasing the expression of antioxidative genes (such as MnSOD, Cu/ZnSOD, 

catalase, and GPX1). In addition, GOD induced the FoxO1-mediated expression of MnSOD and GPX1. 

 

 

Discussion 

 



Obesity is caused by corpulence and the overproduction of white adipocytes, which are involved in energy preservation and 

internal secretion, and is deeply associated with the development of metabolic syndrome accompanied by diabetes, high blood 

pressure, and hyperlipemia due to the derangement of adipocytokines secretion. Suppression of corpulence and overproduction of 

white adipocytes is supposed to be effective in the prevention and treatment of metabolic syndrome. Therefore, we investigated 

the induction of apoptosis in adipocytes under oxidative stress conditions. 

Apoptosis is a form of natural cell death that is required for the removal of unwanted cells. Recently, we [35] and other 

researchers [36-38] have demonstrated that FoxO subfamily is associated with the induction of apoptosis. In this study, we aim to 

elucidate the role of FoxO subfamily in the induction of apoptosis in preadipocytes and adipocytes under oxidative stress 

conditions. Thus far, many studies have demonstrated that the FoxO subfamily is involved in the expression of apoptotic genes 

[38, 47, 48]. Because oxidative stimulus-induced apoptosis was suppressed by the knockdown of FoxO3a and the level of FoxO1 

protein increased along with apoptosis progression [35], we assumed that these two proteins could be actively involved in 

ROS-induced apoptosis signaling pathway. In this study, we demonstrated that the level of FoxO3a protein increased with 

apoptosis progression in 3T3-L1 cells that were treated with GOD (Fig. 3), suggesting that the oxidative stimulus induced 

apoptosis via the activation of FoxO3a. Although a previous study reported that ROS facilitated the nuclear localization of 

FoxO3a [48], we demonstrated that the level of FoxO3a protein increased in both the nuclei and cytosol of the 3T3-L1 cells (Fig. 

4). We assume that the translocation of FoxO3a from the nuclei to cytosol had already begun in the cells at 3 h after GOD 

treatment. 

Majority of the apoptotic signals integrated in the mitochondria facilitate apoptosis via the translocation of apoptotic proteins 

into the cytosol. The release of apoptotic proteins is regulated by a protein family, namely, Bcl-2 family. A member of the Bcl-2 

family Bim, one of the BH3-only proteins, is usually located in the cytosol and is transferred to the mitochondria when apoptosis 

is induced [49]. The expression of Bim is induced by the activation of FoxO3a in response to an apoptotic stimulus [48]. Our 

study revealed that the expression of Bad, Bax, and Bim mRNA was increased by FoxO3a when GOD induced apoptosis in 

3T3-L1 cells (Fig. 5a). Moreover, knockdown of FoxO3a mRNA by FoxO3a-siRNA suppressed the expression of Bim (Fig. 5b, 

c) and GOD-induced apoptosis (Fig. 5d). These results demonstrated that the increase in Bim expression via FoxO3a activation is 

significantly involved in the GOD-induced apoptosis in 3T3-L1 cells. 

Interestingly, the expressions of MnSOD, Cu/ZnSOD, catalase, and GPX1 mRNA increased remarkably along with the 

differentiation of 3T3-L1 cells (Fig. 6a), indicating that differentiated 3T3-L1 cells acquired resistance against oxidative stimulus 

(Fig. 1, 3). It is generally considered that the expression of the abovementioned enzymes is regulated by FoxO subfamily [32-34]. 

There was a remarkable increase in the expression of FoxO1 mRNA and a slight increase in the levels of FoxO3a and FoxO4 

mRNA as the 3T3-L1 cells differentiated (Fig. 6a). Although the knockdown of FoxO1 expression suppressed the GOD-induced 

expression of MnSOD and GPX1 mRNA (Fig. 6c), transfection of cells with FoxO3a siRNA did not affect their expression (data 

not shown). These results suggested that FoxO1-mediated induction of MnSOD, Cu/ZnSOD, catalase, and GPX1 expression is 

critically involved in acquiring resistance against oxidative stress that was observed in differentiated 3T3-L1 cells. It looks that 

differentiated cells were dyed more thickly than undifferentiated cells (Fig. 1a). Although we have no evidence to explain why 

8-OHdG was accumulated abundantly in differentiated cells, it is possible that ROS that was generated endogenously during the 

differentiation accumulated and affected continuously to the DNA. As the result of endogenous ROS stress, the expression of 

FoxO and antioxidant enzymes was increased more abundantly in differentiated cells than in undifferentiated cells. Otherwise, 

ROS sensitive cells were possibly killed by the endogenous ROS during differentation. 

In this study, we demonstrated that ROS-induced apoptosis was suppressed in 3T3-L1 cells by the activation of antioxidative 

enzymes whose expression was partially regulated by FoxO1 through cell differentiation. In addition, we demonstrated that 

oxidative stimulus induced apoptosis in 3T3-L1 cells via the FoxO3a-meadited increase in the expression of Bim. These results 

indicate that FoxO subfamily critically regulates apoptosis via 2 approaches: induction and suppression of apoptosis. Further 



studies are required to elucidate how FoxO switches these roles in 3T3-L1 cells during differentiation. Because previous study 

reported that induction of adipocyte apoptosis sometimes causes insulin intolerance, adipocyte apoptosis doesn't always 

give beneficial amelioration of metabolic syndrom [50]. However, we believe that by elucidating the molecular mechanisms of 

apoptosis in adipocytes, a promising therapeutic method for controlling obesity and diabetes can be established in the future.  
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Legends to Figures 

 

Fig. 1 GOD caused cell death of undifferentiated and differentiated 3T3-L1. a 3T3-L1 cells were cultured to 80% confluent and 

differentiation was induced by DMI method. Cells were treated by 60 mU/ml GOD for 6 h. After fixation by 4% PFA, 8-OHdG 

was detected with anti-8-OHdG antibody. b Undifferentiated and differentiated 3T3-L1 cultured in 96 well plate were treated by 

60 mU/ml GOD for each period, and then replaced with medium containing 5 mg/ml MTT. The level of MTT formazan was 

measured to analyze the cell viability. Data represent mean±SD of three separate experiments. Undif undifferentiated cell; Dif 

differentiated cell. 

 

Fig. 2 GOD induced apoptosis of undifferentiated and differentiated 3T3-L1. a Undifferentiated and differentiated 3T3-L1 

cultured in 96 well plate were treated by 60 mU/ml GOD with or without 100 U/ml catalase for each period. The efficiency of 

apoptosis was examined by measuring the dye accumulating in cell. Data represent mean±SD of three separate experiments. (*p 

< 0.05 and **p < 0.01 vs. the sample treated with same condition without catalase). b Differentiated cells were treated by 4mM 

H2O2 for 6 h and stained with dye. c Undifferentiated and differentiated cells cultured in 60 mm dish were treated by 60 mU/ml 

GOD for 6 h. After fixing with 4% PFA, the chromatin condensation was analyzed by Hoechst 33258 staining. Undif 



undifferentiated cell; Dif differentiated cell. 

 

Fig. 3 GOD induced mRNA expression of FoxO3a. Undifferentiated and differentiated cells cultured in 60 mm dish were treated 

with 60 mU/ml GOD for 3 h and total RNA and protein were extracted. The expression levels of FoxO were examined using 

RT-PCR (a) and Western blotting (b) in both cells. Band densities were quantified with the ImageJ, and it was shown in a graph as 

a relative value against control (0h). Undif undifferentiated cell; Dif differentiated cell. 

 

Fig. 4 GOD increased FoxO3a protein expression in nuclear and cytosol. Undifferentiated (a) and differentiated cells (b) cultured 

in 60 mm dish were treated with 60 mU/ml GOD for 3 h. The nuclear and cytosolic extracts were prepared as described in 

‘‘Materials and Methods’’. The localization of FoxO1 and FoxO3a protein were detected by Western blotting. Band densities 

were quantified with the ImageJ, and it was shown in a graph as a relative value against control (0h). 

 

Fig. 5 GOD induced apoptosis by increasing bim expression via FoxO3a. a Undifferentiated adipocytes cultured in 60 mm dish 

were treated with 60 mU/ml GOD for 3 h and total RNA was extracted. The Bad, Bax and Bim mRNA levels were examined 

using RT-PCR. b Undifferentiated adipocytes cultured in 60 mm dish were infected by adenovirus (Ad-FoxO1Si, Ad-FoxO3aSi, 

Ad-NCSi) as described ‘‘Materials and Methods’’. After incubation for 96 h, cells were treated with 60 mU/ml GOD for 3 h and 

total RNA was extracted. The Bad, Bax and Bim mRNA level were examined using RT-PCR. c Undifferentiated adipocytes 

infected with Ad-FoxO3aSi were treated with 60 mU/ml GOD for 3 h and total RNA was extracted. The mRNA level of Bim was 

examined using real-time PCR. Data represent mean±SD of three separate experiments. (*p < 0.05 vs. N.C. treated with same 

condition). d Undifferentiated adipocytes infected by Ad-FoxO3aSi were treated with 60 mU/ml GOD for 6 h. After fixation with 

4% PFA, the chromatin condensation was analyzed using Hoechst 33258 staining. 

 

Fig. 6 Gene expression of antioxidative enzymes in 3T3-L1 cells. a Undifferentiated and differentiated cells were cultured in 60 

mm dish and total RNA was extracted. The mRNA levels of each gene were examined by RT-PCR. b Undifferentiated and 

differentiated cells were cultured and total protein was extracted. The protein level of MnSOD was examined by western blotting. 

Band densities were quantified with the ImageJ, and it was shown in a graph as a relative value against control (Undif). c 

Undifferentiated 3T3-L1 infected by Ad-FoxO1Si were treated with 0.2 mU/ml GOD for 4 days and total RNA was extracted. 

The mRNA levels of each genes were examined by RT-PCR. Undif undifferentiated cell; Dif differentiated cell. 
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Table 1. Primers for RT-PCR. PCR was performed using the primers indicated as below under optimal amplification conditions 

(95 °C for 5 min; 22-40 cycles of 95 °C for 1 min, 57 °C for 30 sec, 72 °C for 1 .5 min; 72 °C for 7 min) for each gene. The PCR 

amplification of each cDNA was performed independently using three samples in triplicate. 

 

Name    Forward                                     Reverse 

β-actin    5’-CCGGGACCTGACGGACTACCTCATGAAGAT-3’      5’-AATAGTGATGACTTGGCCGTCAGGCAGCTC-3’ 

FoxO1    5’-CAGCGTAGACGCCATCTT-3’          5’-CAGCGTAGACGCCATCTT-3’ 

FoxO3a    5’-GACCTGCTGGATAACATC-3’          5’-GTTTGCATAGACTGGCTG-3’ 

FoxO4    5’-CTTCTCTTTGCAGCATCC-3’          5’-TCCATGAGGTCACTGATG-3’ 

Bad     5’-CCAGAGTTTGAGCCGAGT-3’          5’-TTCCTAAGGCCTCGAAAG-3’ 

Bax     5’-TCATCCAGGATCGAGCAG-3’          5’-TGTCCAGCCCATGATGGT-3’ 

Bim     5’-ATGGCAAAGCAACCTTCTG-3’          5’-TCAATGCATTCTCCACACC-3’ 

MnSOD     5’-AACGCGCAGATCATGCAG-3’          5’-TGAAGGTAGTAAGCGTGC-3’ 

Cu/ZnSOD    5’-TTAACTGAAGGCCAGCAT-3’          5’-CAGATGAGTCTGAGACTC-3’ 

Catalase    5’-TTGGCCTCACAAGGACTA-3’          5’-GGCAATGTTCTCACACAG-3’ 

GPX1     5’-CATTGAGAATGTCGCGTC-3’          5’-GCCTTAGGAGTTGCCAGA-3’  

 

 


