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FoxO1 in the regulation of adipocyte autophagy and biology 

Longhua Liu 

ABSTRACT (ACADEMIC) 

Obesity is a rapidly growing epidemic in the USA and worldwide. While the molecular and 

cellular mechanism of obesity is incompletely understood, studies have shown that excess 

adiposity may arise from increased adipogenesis (hyperplasia) and adipocyte size (hypertrophy) . 

Emerging evidence underscores autophagy as an important mediator of adipogenesis and 

adiposity. We are interested in the upstream regulator of adipocyte autophagy and how it impacts 

adipocyte biology.  

Given that metabolic stress activates transcription factor FoxO1 in obesity, my dissertation 

project is designed to depict the role of FoxO1 in adipocyte autophagy and biology. We found 

that FoxO1 upregulation was concomitant with elevation of autophagy activity during 

adipogenesis. Inhibition of FoxO1 suppressed autophagy flux and almost completely prevented 

adipocyte differentiation. For the first time, we found that the kinetics of FoxO1 activation 

followed a series of sigmoid curves that showed multiple activation-inactivation transitions 

during adipogenesis. Our study provides critical evidence casting light on the controversy in the 

literature that either persistent inhibition or activation of FoxO1 suppresses adipogenesis. In 

addition, we identified two central pathways that FoxO1-mediated autophagy regulated 

adipocyte biology: (1) to control lipid droplet growth via fat specific protein 27 (FSP27) in 

adipocytes; and (2) to differentially regulate mitochondrial uncoupling proteins (UCP) that have 

been implicated in browning of white adipose tissue and redox homeostasis. Mechanistically, 

FoxO1 appears to induce autophagy through the transcription factor EB (Tfeb), which was



 

previously shown to regulate both autophagosome and lysosome. Chromatin 

immunoprecipitation assay demonstrated that FoxO1 directly bound to the promoter of Tfeb, and 

inhibition of FoxO1 attenuated the binding, which resulted in reduced Tfeb expression. 

To investigate the role of FoxO1 in vivo, we have developed mouse models to modulate FoxO1 

in adipose tissue using an inducible Cre-loxP system. Tamoxifen is widely used to activate the 

inducible Cre recombinase that spatiotemporally control target gene expression in animal 

models, but it was unclear whether tamoxifen itself may affect adiposity and confounds 

phenotyping. Part of my dissertation work was to address this important question.  We found that 

tamoxifen led to reduced fat mass independent of Cre, which lasted for 4-5 weeks. 

Mechanistically, Tamoxifen induced reactive oxygen species (ROS) and augmented apoptosis.  

Our data reveals a critical period of recovery following tamoxifen treatment in the study of 

inducible knockout mice.  

Together, my dissertation work demonstrates FoxO1 as a critical regulator of adipocyte 

autophagy via Tfeb during adipogenesis. FoxO1-mediated autophagy controls FSP27, lipid 

droplet growth, and mitochondrial uncoupling proteins. Further study of FoxO1-autophagy axis 

in obese subjects is of physiological significance, and the investigation is under way.  

 

 

 

 

 

 

 



 

 

FoxO1 in the regulation of adipocyte autophagy and biology 

Longhua Liu 

ABSTRACT (PUBLIC) 

Obesity incidence is rapidly growing in the USA and worldwide. The mechanism of obesity is 

incompletely understood at present. My dissertation project was designed to address the cellular 

aspect of obesity. The data suggest that FoxO1, a molecule that can regulate gene expression, 

controls fat cell formation and expansion, both of which have been shown to increase fat mass in 

obese individuals. My research also indicates that FoxO1 regulates the ability of fat cells to store 

lipids and expend energy in the form of heat. Mechanistic studies show that FoxO1 exerts the 

above mentioned functions by mediating autophagy, a process that plays important roles in 

cellular component recycling and modeling. To validate these findings in a more physiological 

setting, our research team and I have started to generate mouse model and study how the 

modulation of FoxO1 and autophagy may affect fat mass and energy expenditure. This exciting 

work is under way.  
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Chapter 1 Introduction  

Obesity (BMI>30) is a rapidly growing epidemic not only in the USA, but around the world1. In 

2014 there were more than 1.9 billion adults (aged 18 years and older) overweight, of those more 

than 600 million obese adults around the world, and more than 2.8 million adults die of 

overweight or obesity each year (www.who.int). It is estimated that about $210 billion per year is 

spent on the medical care of obesity-related illness in USA2. Prevention and treatment of obesity 

and its-related diseases are challenging tasks around the world. Characterized by excess 

adiposity, obese individuals tend to develop metabolic syndromes including insulin resistance, 

cardiovascular diseases, fatty liver diseases, and  type II diabetes3. Therefore, control of 

adiposity is very important to prevent obesity and related diseases. Although the molecular 

mechanism of obesity is not fully understood, excess adiposity may be attributed to increased 

adipogenesis (hyperplasia) and adipocyte size (hypertrophy)4, 5. Recent studies suggest that 

autophagy, a process that recycles or remodels cytoplasmic constituents, contributes to 

adipogenesis 6-8. However, it is unknown how adipocyte autophagy is regulated, and the pathway 

by which autophagy regulates adipocyte biology remains largely unclear. Previous research from 

our lab and others have shown that metabolic stress activates transcription factor FoxO1 

(forkhead box O1) in obesity9-11 Therefore, we hypothesize that FoxO1 may play an important 

role in adipocyte autophagy and biology. In this chapter, I will present a broader view of FoxO 

transcritpion  factors and their role in metabolic and autophagy regulation, followed by a brief 

proposal of my dissertation project.  
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1. The FoxO family 

The forkhead box O (FoxO) family is a subclass of winged helix/forkhead transcription factors. 

The mammalian FoxO family currently includes four members (FoxO1, FoxO3, FoxO4 and 

FoxO6), which are homologues of the Caenorhabditis elegans transcription factor Dauer 

Formation-16 (DAF-16)12-16. FoxOs consist of four domains, including a highly conserved DNA 

binding domain (DBD), a nuclear localization signal (NLS) domain, a nuclear export 

sequence (NES) domain and a C-terminal transactivation domain 17, 18. The expression of 

FoxOs is highly tissue-specific and they play different roles in specific tissues. FoxOs can 

regulate glucose and lipid metabolism in liver, muscle and adipose tissue responding to 

nutritional status or external stimuli19-21. FoxOs acted as transcriptional factors can regulate 

many specific genes expression to promote cell cycle arrest, resistant to oxidative stress and 

apoptosis, and activate autophagy to promote cell survival and extend the cellular lifespan22-27. 

FoxOs can be modified by many post-translational modifications, including phosphorylation, 

acetylation, ubiquitination, etc., and these modifications will affect the transcriptional activity of 

FoxOs11, 18. For instance, Insulin-phosphatidylinositol 3 kinase (PI3K)-Akt/protein kinase B 

(PKB) pathway can regulate the activity of FoxOs.  Akt/PKB, which is a serine-threonine kinase, 

can phosphorylate FoxOs at different sites, one of which is located at NLS, and inhibit the 

transcriptional activity of FoxOs by excluding FoxOs from nucleus11, 18, 28. Deacetylation of 

FoxO3 by Sirt1 can increase FoxO3’s induction of cell cycle arrest and resistance to cell stress, 

but inhibits FoxO3’s induction of cell death29. Ubiquitination of FoxOs will promote the 

degradation of FoxOs and affect their function in tumorigenesis30. S-phase kinase-associated 

protein 2 (SKP2), a subunit of the Skp1/Cul1/F-box protein ubiquitin complex, can ubiquitinate 

FoxO1 and increase the degradation of FoxO1 after its phosphorylation at Ser-256 by Akt. 30 The 
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ubiquitination of FoxO1by SKP2 will promote the tumorigenesis.30  These different forms of 

modification on FoxOs can regulate their activity or protein to adjust their physiological roles 

under certain conditions. 

2.  The role of FoxOs in metabolism 

2.1 FoxOs in adipose tissue 

Adipose tissue plays an important role in energy metabolism.  Not only can adipose tissue store 

energy in form of triglycerides, but it also can secrete various adipokines, such as adiponectin 

and leptin, to regulate energy homeostasis 11. The best studied FoxO isoform in adipose tissue is 

FoxO1, yet its role in adipogenesis and metabolism has been controversial and under 

investigation20, 31-38. 

2.1.1 Adipogenesis 

Adipogenesis is the process of fibroblast-like preadipocytes differentiating into mature lipid 

laden and insulin-responsive adipocytes, which includes roughly six stages: mesenchymal 

precursor, committed preadipocyte, growth-arrested preadipocyte, mitotic clonal expansion, cell-

cycle arrest and mature adipocyte39, 40. Adipogenesis is a very complicated, but well-orchestrated 

process which requires the regulation of many transcriptional factors, such as peroxisome 

proliferator-activated receptor gamma (PPARγ) and CCAAT/enhancer-binding proteins 

(C/EBPs). Although the details of adipogenesis are still not well studied, more and more 

activators or repressors have been identified, including Wingless and INT-1 proteins (Wnts ) and 

β-catenin, cell-cycle proteins, Krupel-like factors (KLFs ) , sterol regulatory element binding 

protein 1 (SREBP1), etc. 39, 40 (Figure 1). Previous studies have shown that PPARγ is both 
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required and sufficient to induce adipogenesis. PPARγ belongs to the nuclear factor superfamily 

of ligand activated transcription factors and includes three domains: the N-terminal domain, a 

DNA binding domain and a C-terminal ligand binding domain 41. Transcribed from alternative 

promoters, the PPARγ gene gives rise to two protein isoforms, PPARγ1 and PPARγ2. Both 

PPARγ1 and PPARγ2 are highly expressed in adipocytes, and PPARγ2 is almost adipocyte 

specific 42. PPARγ forms a heterodimer with retinoid X receptor (RXR ) to bind DNA on 

thousands of sites in mature adipocytes based on the genome-wide mapping data 43, 44. The 

endogenous PPARγ ligand is still unknown, although some lipid metabolites have been 

implicated as PPARγ ligands, including polyunsaturated fatty acids (FAs), eicosanoids and 15-

deoxy-Δ 12, 14- prostaglandin J2. However, these molecules either have low affinity for PPARγ 

or low expression in adipocytes, making them uncertain as endogenous PPARγ ligands45-47. 

Thiazolidinedione (TZD),  a potent insulin sensitizer, targets and activates PPARγ to regulate 

adipogenesis in the adipocyte 48. In the absence of ligand, PPARγ binds to target genes and 

represses transcription by interacting with corepressors such as nuclear receptor corepressor 

(NCoR), silencing mediator for retinoid and thyroid receptors (SMRT), and histone deacetylases. 

When the ligand binds, the conformation of PPARγ is changed. This switch allows the binding 

of coactivators, such as steroid receptor coactivators (SRCs) and peroxisome proliferator-

activated receptor-γ coactivator-1α (PGC-1α)41, 49. PPARγ is induced during adipogenesis in 

adipocyte cell lines such as 3T3-L1 50. PPARγ is also required for differentiation of adipose 

tissue in vivo.  Although PPARγ knockout caused embryonic lethality due to placental 

vascularization, a mice chimeric study showed that PPARγ deficient cells didn’t contribute to 

adipose tissue development51, 52. Furthermore, fat specific knockout PPARγ reduced BAT and 

WAT and PPARγ2 specific knockout showed that PPARγ1 could almost compensate the 
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function of PPARγ2 in the development of adipose tissue53-56. In conclusion, PPARγ is a major 

regulator for adipogenesis. 

CCAAT/enhancer-binding proteins (C/EBPs) belong to a family of basic-leucine zipper proteins, 

which include at least six protein isoforms (C/EBPα, β, γ, δ, ε and ζ) 57.  Many of the C/EBPs 

(i.e. α, β, δ) have shown to play important roles in adipogenesis 57.  C/EBPα and PPARγ are the 

two major regulators in adipogenesis. C/EBPα ChIP-chip study showed that 35-60% co-

localization of C/EBPα and PPARγ, which suggested that both C/EBPα and PPARγ were 

required for expression of certain genes43. Whole body knockout of the C/EBPα gene caused 

mice to die of hypoglycemia in 8 hours after birth and failed to accumulate lipid in adipocytes58. 

And poly(I:C) induced whole body knockout C/EBPα cause hypophaga, weight loss, fat mass 

loss in white adipose tissue, and death 1 month after injection of poly(I:C) 59. These studies 

showed that C/EBPα played important roles in maintenance the function of adipocytes. It was 

shown that overexpression of PPARγ can induce adipogenesis in C/EBPα-deficient cells; 

however, C/EBPα can’t promote adipogenesis in PPARγ-deficient cells, indicating that C/EBPα 

is dispensable in adipogenesis60. C/EBPβ was shown to be required in adipogenesis both in vitro 

and vivo studies. Mouse embryo fibroblasts (MEFs) from C/EBPβ –deficient mice can’t 

differentiate into mature adipocytes, while ectopic expression of C/EBPβ in MEFs from C/EBPβ 

–deficient mice restored adipogenesis61. About 85% of C/EBPβ, δ double knockout mice died at 

the early neonatal stage with no accumulation of droplets in brown adipose tissue (BAT) and 

reduced white adipose tissue (WAT)62, but loss of both C/EBPα and C/EBPβ can reduce 

adipocyte-specific genes, such as aP2 and adiponectin, which means that C/EBPs play an 

important role in adipogenesis43. 
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In addition to PPARγ and C/EBPs (α, β, δ), many other transcription factors play emerging roles 

in adipogenesis. For instance, cAMP response element binding protein (CREB ), which belongs 

to the bZIP transcription factor family, was able to promote adipogenesis in 3T3-L1 cells when 

expressed in a constitutively active CREB form, while a dominant-negative CREB alone blocked 

adipogenesis 63. Further research showed that CREB induced the expression of C/EBPβ to 

regulate the adipogenesis64, and CREB was activated in adipocytes in the obese condition. 

Transgenic mice with a dominant-negative CREB transgene promoted insulin sensitivity in diet-

induced or genetic obesity65. The above mentioned data showed that CREB could promote 

adipogenesis. Glucocorticoid Receptor (GR), which is a member of steroid receptor family of 

nuclear receptors, also plays important role in adipogenesis through transient function with other 

enhancers to induce gene expression including PPARγ266. Further studies have shown that GR 

can recruit cell cycle and apoptosis regulator 1 (CCAR1) , which is a transcription co-regulator, 

to the GR binding regions (GBRs ) of PPAR to induce the expression of PPARγ; while CCAR1 

deficient inhibited  adipogenesis in mouse mesenchymal stem cell and 3T3-L1 cells 67. Recently, 

a study showed that Foxa3 was a direct target of GR in adipose tissue68. Signal transducer and 

activator of transcription 5A (STAT5A), a member of STAT family of transcription factors, is 

also required for adipogenesis. Overexpression of wild-type STAT5A could promote 

adipogenesis, while dominant-negative STAT5A attenuated adipogenesis in adipocytes69. A 

further study showed that STAT5A associated with GR to promote adipogenesis 70. Other 

proteins are involved in the process of adipogenesis as activators or repressors, such as the KLFs, 

Krox20, SREBP-1c, thyroid hormone receptor (TR), Wnts, β-catenin and cell cycle proteins 39, 

71. All of these regulators should be fine-tuned to control the process of adipogenesis. The 
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dysfunction of one or more regulators may cause dysfunction of adipogenesis and related obesity 

and metabolic diseases, such as type 2 diabetes. 

2.1.2 FoxO1 regulates adipogenesis 

FoxO1 is regulated by insulin through phosphorylated Akt and plays an important role in 

adipocyte differentiation (Figure 2). Overexpressing a constitutively active form of FoxO1 

inhibits the differentiation of preadipocytes, while dominant-negative FoxO1 rescues the 

differentiation of fibroblast from insulin-receptor knockout mice20. FoxO1 haploinsufficiency 

can protect mice from diet-induced diabetes. A further study showed that FoxO1 can disrupt the 

DNA binding of PPARγ/RXRα complex to inhibit the differentiation34. FoxO1 can transrepress 

PPARγ by direct protein-protein interaction, which can be disrupted by insulin-induced 

phosphorylation of FoxO136. Furthermore, FoxO1 can inhibit the expression of PPARγ1 and 

PPARγ2 in rat primary adipocytes and increase the expression of Glut 4, thereby improving 

insulin sensitivity35. Overexpression of a mutant FoxO1 in adipose tissue-specific FoxO1 

transgenic mice can increase Glut 4 and improve glucose tolerance and insulin sensitivity72. 

Other studies have shown that the acetylation of Foxo1 also affects the FoxO1 activity in 

adipocyte differentiation. Overexpression of Sirt2, which is a cytoplasmic predominant sirtuin in 

adipocytes, decreases the acetylation of FoxO1 and reduces the expression of PPARγ, CEBPα 

and other genes involved in terminal adipocyte differentiation as well as inhibits differentiation. 

Knockdown of Sirt2 promotes adipogenesis73. Resveratrol increases Sirt1, but decreases FoxO1 

and PPARγ2 and inhibits differentiation. However, nicotinamide can decrease Sirt1 mRNA but 

increase FoxO1 and PPARγ2 to stimulate the differentiation in pig preadipocytes74. However, 

other studies show that FoxO1 is required during adipocyte differentiation. Knockdown of 
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FoxO1 using adenovirus FoxO1-siRNA inhibits the differentiation of 3T3-L1 preadipocyte and 

is accompanied by decreased PPARγ and CEBPα, especially when exposing cells to FoxO1-

siRNA before the differentiation induction32. Epigallocatechin gallate (EGCG) treatment can 

inhibit the adipocyte differentiation via FoxO1 and SREBP1-c inactivation 31. These seemly 

controversial data indicate the complex role of FoxO1 in adipocyte differentiation, especially in 

different stages of adipogenesis. 

2.2 FoxOs in liver 

The liver is a major organ for glucose and lipid metabolism (Figure 3). Plasma glucose levels are 

maintained well through glucose production and uptake by peripheral tissues such as the liver, 

adipose tissue, and skeletal muscle in normal conditions 9. During a fasting period, the liver will 

break down glycogen and increase gluconeogenesis to increase the glucose levels; while under 

postprandial condition, the liver can store glucose through glycogen synthesis and reduce 

glucose level in the bloodstream 11. Glucose-6-phosphatase (G6Pase), fructose-1, 6-

biophosphatase and phosphoenolpyruvate carboxykinase (PEPCK) are three major 

gluconeogenic enzymes in liver. Overexpression of a constitutively active form of FoxO1 in the 

liver of transgenic mice increases fasting glucose levels and glucose intolerance. The genes 

involved in gluconeogenesis, such as G6Pase and PEPCK, are also increased; while de novo 

lipogenesis is decreased after re-feeding21. Inhibition of FoxO1 expression using antisense 

oligonucleotides (ASOs) in mouse hepatocytes can decrease mRNA levels of G6Pase and 

PEPCK and lipolysis, while increasing insulin sensitivity and glucose tolerance in mice with 

diet-induced obesity75. Recently, similar results have shown that liver-specific ablation of insulin 

receptor (LIRKO) increases glucose intolerance and insulin resistance, while liver-specific 
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double knockout insulin receptor and FoxO1 (LIRFKO) rescue glucose tolerance, reduce hepatic 

glucose production, and decrease gluconeogenic gene expression, such as G6Pase and PEPCK 76. 

The above-mentioned data show that FoxO1 can increase hepatic glucose production through 

upregulating G6Pase and PEPCK.  

FoxOs also play roles in lipid metabolism. Adenoviral delivery of FoxO1 to mouse liver can 

induce steatosis through increasing triglyceride accumulation but decreasing fatty acid 

oxidation77. Another study showed that in HepG2 cells, FoxO1 can induce the expression of 

microsomal tryglyceride transfer protein (MTP), by directly binding to the MTP promoter 78. 

MTP is a rate-limiting protein involved in very-low-density lipoprotein (VLDL) production. 

Overexpression of a constitutively active FoxO1 in mice can incease the expression of MTP, 

VLDL production, and plasma triglyceride levels 78. Adenovirus-mediated FoxO1 delivered to 

hepatocytes stimulates the expression of apoC-III through directly binding to the promoter of 

apoC-III, which plays an important role in triglyceride metabolism, and results in increased 

triglyceride levels in the plasma and fat intolerance 79. A mutation or deletion of the FoxO1 

binding site on the apoC-III promoter can abolish the insulin response and FoxO1-mediated 

stimulation. A further study showed that PPARα interacts with FoxO1 to regulate the apoC-III 

expression 80. Intrestingly, it was shown that FoxO1 deletion in the liver using Cre/LoxP genetic 

approch decreases glucose concentration in blood but has little effect on lipid homeostasis. 

Deletion both FoxO1 and FoxO3 decreases glucose concentrations and elevates serum 

tryglyceride and cholesterol concentration, which indicates that FoxO3 has a role in lipid 

metabolism 81. A further study showed that FoxO3 can recruit Sirt6 to regulate sterol response 

element-binding protein 2 (SREBP2) by binding to the Srebp2 gene promoter where Sirt6 can 
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deacetylates lysine 9 and 56 on histone H3, and further cholesterol homestasis 82. It was shown 

that FoxO1 can increase insulin sensitivity by inhibiting tribbles homolog 3(Trb3), which 

prevents the phosphorylation of Akt by binding to it, to increase the phosphorylation of Akt77.  

Above data show the important roles of FoxOs in the regulation of glucose and lipid metabolism. 

2.3 FoxOs in muscle 

Skeletal muscle is a major peripheral tissue that is responsible for insulin-mediated energy 

homeostasis, which contributes more than 30% of resting metabolic rate and 80% whole body 

glucose uptake 83. FoxO1 plays important roles in regulating glucose and lipid metabolism in 

skeletal muscle (Figure 4). Under starvation or glucocorticoid treatment, FoxO1 is induced and 

pyruvate dehydrogenase kinase 4 (PDK4) is upregulated by FoxO1 which can directly bind to 

the promoter of PDK4 and further inhibit glucose oxidation19. A further study shows that the 

effect of RXRγ on enhanced glucose tolerance may be at least in part due to upregulated Glut1 in 

skeletal muscle84. Another study showed that ectopic expression of FoxO1 increased the gene 

expression of lipoprotein lipase (LPL), which plays an important role in lipid usage in skeletal 

muscle85. Overexpression of FoxO1 using inducible constructs in C2C12 cells increases the fatty 

acid translocase FAT/cluster of differentiation 36 (CD36), Acyl-CoA oxidase (ACO) and 

PPARδ, and enhances the uptake of oleate and oleate oxidation86. These effects of enhanced FA 

utilization induced by FoxO1 can be abolished by the CD36 inhibitor. SREBP1c also plays a role 

in regulation of lipid metabolism via FoxO1. RXRα or RXRγ, together with liver X receptor α 

(LXRα), can activate the promoter of SREBP1c87.  Overexpression of RXRγ in skeletal muscle 

increases SREBP1c and triglyceride concentrations; and overexpression of FoxO1 decreases the 

expression of RXRγ and SREBP1c87. The above-mentioned data show that FoxO1 prevents the 
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RXR/LXR-mediated SREBP1c in the regulation of lipogenesis. AMP-activated protein kinase 

(AMPK), which is a master regulator of glucose and lipid metabolism, can upregulate FoxOs 

(including FoxO1 and FoxO3a) and atrogin-1 as well as muscle RING finger enzyme-1 (MuRF-

1) and leads to a further increase in the protein degradation in skeletal muscle 88. Short-term cold 

stimulation can reduce the phosphorylation of Akt and increase the activity of FoxO1, which 

increases the expression of atrogin-1 and MuRF-1, thereby increasing the protein degradation in 

skeletal muscle89. Overexpression of FoxO1 in skeletal muscle can reduce the body weight and 

skeletal muscle mass, decrease type I muscles. Overexpression of FoxO1 can also increase the 

expression of cathepsin L, which is a lysosomal proteinase, leading to increased protein 

degradation in skeletal muscle90.  Hence, Not only do FoxOs play important roles in switching 

from glucose oxidation to fatty acid utilization, but they also increase muscle atrophy in skeletal 

muscle. 

2.4 FoxOs in pancreatic β cells 

The pancreas plays a critical role in glucose homeostasis and contains at least five different types 

of cells: α-cell, β-cell, δ-cell, ε-cell and PP-cell 91. β cells can sense the blood glucose 

concentration and secrete insulin to regulate glucose homeostasis. Generally, β cells can uptake 

and metabolize glucose, thereby increasing the cellular ratio of ATP/ADP to close the K+-ATP 

channel and depolarize the cell. Depolarization of the cell leads to the opening of the voltage-

dependent Ca2+channel and a subsequent increase the cytosolic Ca2+concentration, leading to the  

release of insulin 92. Previous studies show that insulin signaling is required to maintain β cell 

mass. Mice with insulin receptor substrate-2 knockout (IRS2KO) develop β cell failure. While 

haploinsufficiency of FoxO1 can reverse β cell failure in IRS2KO mice through the increase in β 
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cell proliferation as well as increase the expression of pancreas/duodenum homeobox gene-1 

(Pdx1), which is a pancreatic transcription factor 93.Overexpressing a constitutively active form 

of FoxO1 decreases the Pdx1 expression by acting as a repressor of Foxa2-dependent Pdx1 

transcription. These data show that insulin signaling can increase the expression of Pdx1 to 

maintain β cell mass through inhibition of FoxO1. A further study showed that the deletion of 

FoxO1 in the domain of the Pdx1 promoter (P-FoxO1-KO) improved glucose tolerance under 

high-fat high-sucrose diet (HFHSD). Additionally, this led to an increased β cell mass. Mice with 

P-FoxO1-KO crossed with db/db showed more severe glucose intolerance than in the control 

mice, indicating that FoxO1 functions as a double-edged sword in the pancreas94. FoxO1 can 

also regulate β cell function, survival, and compensation through the inhibition of PPARγ and its 

target genes, such as Pdx1 and pyruvate carboxylase95. Impaired FoxO1 may cause or exacerbate 

diabetes95. Controversially, upregulated FoxO1 in β-cell-specific FoxO1-transgenic mice can 

increase β-cell mass, improve glucose tolerance, and protect the mice from HFD-induced glucose 

disorder96. Furthermore, FoxO1 plays other roles in β cell function. It was shown that FoxO1 can 

protect β cell from oxidative stress by increasing two insulin2 gene transcription factors, NeuroD 

and MafA, through forming a complex with promyelocytic leukemia protein (Pml) and Sirt1. 

Acetylated FoxO1 can bind to Pml and prevent FoxO1 from degradation. While Sirt1 can 

deacetylate FoxO1 and accelerate its degradation, thereby prevent unchecked FoxO1 

transcription97. Another study shows that the c-Jun N-terminal kinase (JNK) pathway can 

regulate FoxO1 translocation from the cytosol to the nucleus. Overexpression of JNK can induce 

the nuclear localization of FoxO1, while inhibiting JNK can decrease the oxidative stress-

induced FoxO1 nuclear localization98. Generally, more studies are needed to elucidate the 
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complicated roles of FoxO1 in β cell function, proliferation, and compensation, especially under 

different physiological conditions, such as diabetes. 

3. FoxOs regulate autophagy 

3.1 Autophagy 

Autophagy (from the Latin words “auto,” means oneself and “phagy,” meaning to eat) refers to 

physiological degradative processes during which cytosolic components are degraded in bulk. 

This  includes the degradation of proteins, lipids, sugars, and some organelles (mitochondria, 

peroxisomes, ribosomes, et c) 99. Generally, there are three types of autophagy, including 

microautophagy, macroautophagy, and chaperone-mediated autophagy. Microautophagy is the 

process where the lysosome membrane engulfs part of cytoplasm. Macroautophagy is the 

degradative process that involves a formation of autophagosome. Finally, chaperone-mediate 

autophagy is a selective degradative process that can specifically degrade proteins recognized by 

the chaperone protein Hsc70. Macroautophagy (referred to as autophagy hereafter) is a self-

protective mechanism for cells under nutrition deprivation. 

Autophagy is a well-regulated degradative system and many factors are involved in this process, 

which can be divided into several steps: initiation; elongation; maturation; autophagosome-

lysosome fusion and degradation 99 (Figure 5). Although the sources of isolation membranes are 

still not fully understood, endoplasmic reticulum (ER) is the most important isolation membrane 

contributor to initiate the autophagy under starvation. The Golgi complex, endosome, 

mitochondria, plasma and nuclear membranes are also possible membrane sources100. Under 

starvation, following the induction of autophagy, a Ω-like shape domain on ER is formed which 
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termed as omegasome. Phoshpatidylinositol 3-phosphate (PI3P), autophagy related protein 14 L 

(Atg14L), beclin1, vacuolar proteins 34(Vps34) and Unc-51-like kinase 1(ULK1) are required 

for the formation of omegasome101-106. Among many factors involved in the initiation of 

autophagy, Atg1/Unc-51-like kinase (ULK) complex plays a central role. In mammals, ULK1-

atg13- the focal adhesion kinase family interacting protein of 200 kD (FIP200)-atg101 kinase 

complex is negatively regulated by the mammalian target of rapamycin complex 1 (mTORC1) 

depending on nutrient status. For instance, under nutrient sufficiency, high mTOR activity can 

phosphorylate ULK1 at Ser757 to prevent ULK1 activity and disrupt the ULK1-AMPK 

interaction, resulting in inhibition of autophagy107. Under starvation, AMPK can phosphorylate 

ULK1 at Ser317 and Ser777 directly and activate ULK1 to induce autophagy.  Ser467 and Ser 

555 on ULK1 can be also phosphorylated by AMPK to promote autophagy108. 

Following the formation of the isolation membrane, it will elongate to engulf cytosol 

components. During the elongation of autophagy, Atg12-Atg5 translocates to the outside of the 

isolation membrane and detaches from the membrane before or after the autophagosome is 

formed completely109. The Atg12-Atg5 complex is required for targeting microtubule-associated 

protein 1A/1B-light chain 3-phosphatidylethanolamine conjugate (LC3) (a mammalian homolog 

of Atg8) onto the isolation membrane. LC3 is synthesized as a preform of ProLC3, which can be 

cleaved by Atg4 to expose the C-terminal Gly of LC3 (LC3-I). LC3I can conjugate with PE to 

form LC3-II (LC3-PE) activated by Atg7 (E1-like enzyme) and Atg3 (E2-like enzyme)110. 

During the elongation to maturation of autophagosome, the amount of LC3-II is increased. Atg4 

can then delipidate LC3-II to LC3-I on the surface of autohpagosome to recycle LC3-I. 
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Following the maturation of autophagosome, the outer membrane can fuse with the lysosome to 

form an autolysosome.  The process of fusion can be positively regulated by UVRAG-Vps34-

beclin1 PI3K complex, but can be also negatively regulated by Rubicon- UVRAG-Vps34-

beclin1 PI3K complex101, 102. The engulfed cytosolic components, including part of LC3-II which 

locates on the intra-autophagosome surface, can be degraded by hydrolyses in the autolysosome. 

During the degradation process, the amount of LC3-II will be decreased. 

In addition to nonselective autophagy, selective autophagy is also physiologically important. 

P62/SQSTM1, an important ubiquitin and LC3-binding protein as an autophagy adaptor, can be 

selectively degraded by the autolysosome111, 112.When autophagy is impaired, P62 accumulates 

in the cell and serves as an important biomarker for autophagy. Based on the different organelles 

or cytosol components involved in selective degradation, the selective autophagy family includes 

mitophagy (specifically for mitochondria), pexophagy (for peroxisomes), ribophagy (for 

ribosomes) and etc. For most of these selective autophagy processes, P62 is a critical autophagy 

adaptor113. 

3.2 FoxOs regulate autophagy in liver 

FoxO1 plays an important role in hepatic lipid metabolism partly through the autophagy pathway 

(Figure 3).  FoxOs can regulate a key autophagy-related regulator, Atg14, through binding at its 

promoter, which has been revealed through luciferase reporter analysis and chromatin 

immunoprecipitation (ChIP)114. Either knockdown Atg14 or liver-specific FoxO1/3/4 triple 

knockout elevated triglycerides in the liver and serum114. Overexpression of Atg14 improved 

hepertriglyceridemia in liver-specific FoxO1/3/4 triple knockout mice114. A ketogenic amino 

acid (KAA) replacement diet ameliorated autophagy deficiency in HFD-fed mice accompanied 
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by decreased FoxO3, increased Sirtuin 1(Sirt1), and inhibition of the phosphorylation of the 

mammalian target of rapamacin (mTOR) 115. Metformin alleviated hepatosteatosis through Sirt1-

mediated, AMP-activated kinase (AMPK)-independent autophagy machinery116. 

3.3 FoxOs regulate autophagy in muscle 

During fasting or denervation, FoxO3 can be activated to induce autophagy in skeletal muscle 

and cause muscle atrophy both in vitro and in vivo 117, 118 (Figure 4). Phosphorylation of Akt can 

block FoxO3 to induce autophagy. However, rapamycin, which is a specific mTOR inhibitor, 

cannot rescue the effect of Akt on FoxO3 and autophagy, which indicates that FoxO3 can induce 

autophagy in an mTOR-independent way. FoxO3 regulates the expression of many autophagy-

related genes, including LC3 and Bnip3117, 118. Recently, triple FoxO1, 3, 4 muscle-specific 

knockout mice were generated to study the role of FoxOs in autophagy119. It was shown that 

FoxOs (FoxO1, 3, 4) knockouts can prevent muscle loss after fasting through inhibition of 

autophagy and protein ubiquitination. Inhibition of FoxOs decreases many important autophagy-

related genes such as LC3, Gabarapl, Binp3, and P62/SQSTM1. A further study shows that 

FoxO1, 3, 4 are redundant in regulation of autophagy in skeletal muscle119. More studies show 

that histone deacetylase 6 (HDAC6) is a downstream target of FoxO3 in autophagy120. During 

denervation, HDAC6 is upregulated during muscle atrophy and FoxO3 can directly bind to the 

HDAC6 promoter to regulate the expression of HDAC6, while knockdown of HDAC6 using 

shRNA reduces muscle atrophy120. The role of FoxOs and the insulin or insulin-like growth 

factor-1 (IGF-1) signaling pathway in autophagy is further confirmed in vivo. Muscle-specific 

knockout of the insulin receptor (M-IR-/-), but not the IGF-1 receptor (M-IGF1R-/-), displays a 

moderate reduction in muscle mass, while both IR and IGF-1R knockout mice (MIGIRKO) 
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shows a marked reduction of muscle mass 121. However, combined muscle-specific knockout 

FoxO1, 3, 4 in MIGIRKO mice reverses the increased autophagy and rescues the muscle mass 

loss 121. These results further confirm the importance of insulin or IGF-1 mediated FoxOs’ 

activity in autophagy in skeletal muscle. More studies show that PGC1α and PGC1β can block 

the effect of FoxO3 or starvation on autophagy to prevent muscle atrophy, which indicates that 

exercise can increase the expression of PGC1α to inhibit FoxO3 activity to prevent muscle 

atrophy122. Interestingly, Wei et al showed that Mammalian Sterile 20-like kinase 1 (MST1) can 

regulate FoxO3 activity through phosphorylation of FoxO3 at Ser207123. MST1 kinase is 

upregulated in fast twitch skeletal muscles immediately after denervation. Activated MST1 

increases FoxO3 phosphorylation at Ser207 and promotes FoxO3’s nuclear translocation to 

induce autophagy. Notably, MST1-mediated phosphorylation of FoxO3 at Ser 207 can promote 

FoxO3 nuclear translocation, while pAkt–mediated phosphorylation of FoxO3 at Thr32, Ser253, 

and Ser315 can inhibit FoxO3 nuclear translocation. This difference may be due to the 

phosphorylation occurring at different sites which may lead to impaired interactions with protein 

14-3-3. 

In addition to the effects that phosphorylation has on FoxO3 activity and localization, the 

acetylation of FoxO3 also plays a role. During fasting, the expression of Sirt1 is decreased 

dramatically in type II skeletal muscle which leads to increased atrophy124. Maintenance of Sirt1 

can prevent atrophy induced by fasting or denervation in the skeletal muscle of mice. 

Overexpression of Sirt1 can block the activity of FoxO1 and FoxO3 during atrophy and further 

prevent the induction of expression of autophagy genes. Sirt1-mediated FoxO1 and FoxO3 

deacetylation inhibits their activity to induce autophagy during fasting or denervation in skeletal 
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muscle. During denervation, acetylation of FoxO1 is increased, leasing to an increase in the 

cytosolic localization of FoxO3 and its degradation via the proteasome system125. However, 

Hussain et al show that, in the diaphragm and limb muscles of humans, prolonged controlled 

mechanical ventilation (CMV) triggers autophagy, which is associated with increased gene 

expression of FoxO1, but not FoxO3126. 

Recently, it was shown that calcitonin gene-related peptide (CGRP) can decrease FoxOs-

mediated autophagy through protein kinase A (PKA)/CREB signaling in vitro and in vivo in 

skeletal muscle127. CGRP can elevate cAMP levels, stimulate PKA/CREB signaling, and 

increase FoxO1 phosphorylation to reduce the FoxO1 activity on autophagy-related gene 

expression in a concentration-dependent manner, while PKA inhibitors can abolish the effect of 

CGRP on FoxO1, 3, 4 and autophagy127. 

3.4 FoxOs regulate autophagy in heart 

FoxO transcription factors were found to regulate autophagy in the heart under starvation or 

ischemia/reperfusion in mice. In cultured rat neonatal cardiomyocytes, overexpression of either 

FoxO1 or FoxO3 reduced cell size and induced the autophagy pathway, showing increased genes 

LC3, Gabarapl and atg12.These effects of overexpression of either FoxO1 or FoxO3 were 

similar to the condition of glucose deprivation128. Moreover, FoxO1 and FoxO3 directly bound 

to the promoters of Gabarapl and atg12. Inhibition of FoxO1 activity by overexpression of 

dominate negative FoxO1 (Δ256) reversed the effect of starvation on cardiomyocyte size128. 

Under cellular stress, such as starvation or ischemia/reperfusion in vivo, autophagy was induced 

accompanied with increased FoxO1 and FoxO3 activity. Thus, FoxO1 and FoxO3 regulated 

autophagy and cell size in cardiomyocytes128. A further study showed that Sirt1 induced 
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deacetylation of FoxO1, while the upregulation of Rab7 also played a role in starvation-induced 

autophagy in cardiomyocytes129. FoxO3 induced autophagy via AMPK signaling pathway under 

conditions of hypoxia in H9C2 cells 130. Insulin suppressed autophagy-related genes such as LC3 

and Gabarapl in cardiomyocytes through phosphorylation of Akt and downstream FoxO3, while 

acute insulin deficiency caused by Streptozotocin (STZ) and increased autophagy genes LC3 and 

Gabarapl  as well as the muscle-specific Ub-ligases atrogin-1 and MuRF1 131. A further study 

showed that cardiac sympathetic neuron (SN) ablation caused a reduction in cardiomyocyte size 

through FoxO-mediated atrogin-1 and MuRF1 but decreased stimulation of cardiomyocyte β2-

adrenoceptor (AR)132. Consistently, β2-AR agonist clenbuterol treatment prevented atrophy in 

denervated mice, while β2-AR knockout mice showed cardiac atrophy132. FoxO transcription 

factors played roles in oxidative stress resistance in cardiomyocytes. FoxO1 and FoxO3 and their 

target genes’ activities were promoted by oxidative stress. Overexpression of FoxO1 and FoxO3 

reduced reactive oxidative species (ROS) and cell death, while dominate-negative FoxO1 (Δ256) 

increased ROS and cell death significantly in cardiomyocytes. Cardiomyocyte-specific FoxO1/3 

knockout mice subjected to myocardial infarction (MI) showed reduced cardiac function and 

increased ROS and cell death compared to control.  Thus, FoxO1 and FoxO3 promote 

cardiomyocyte survival under oxidative stress133. A further study confirmed the role of FoxO1 in 

protecting cardiomyocytes from oxidative stress in cardiomyocyte H9C2 cells 134.  

3.5 FoxOs regulate autophagy in cancers 

FoxOs can regulate autophagy to inhibit colorectal cancer growth135. Previous studies show that 

the activity of p38α is required for proliferation and survival of colorectal cancer cell (CRC). 

P38α can increase the expression of hypoxia-inducible factor 1α (HIF1α) and its target glycolytic 
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rate-limiting genes such as GLUT1, Hexokinase (HK) 1/2, Pyruvate kinase isozymes M2 

(PKM2) and Lactate dehydrogenase A (LDHA). Blockage of p38α using a p38α inhibitor 

SB202190 can decrease the expression of HIF1 α and its target genes, while activation of FoxO3 

and its target autophagy-related genes, such as MAP1LC3, GABARAPL1, ATG 12, BNIP3, and 

BNIP3L induces autophagy and inhibits colorectal cancer growth. Similar results are also shown 

in ovarian cancer cells136. Histone deacetylase inhibitors (HDACIs) can induce autophagy 

through increasing the expression of FoxO1 and its transcriptional activity in HCT116 colon 

cancer cells137. Knockdown FoxO1 using FoxO1-specific siRNA can block HDACIs –induced 

autophagy. These data show that FoxO1 and FoxO3 can induce autophagy in different cancer 

cells. Interestingly, it is shown that cytosolic FoxO1 is required for its induction of FoxO1 and 

tumor suppressor activity which is independent of its transcriptional activity in different cancer 

cell lines (such as HCT116, Hela and H1299 cells)138. Under oxidative stress or serum starvation, 

cytosolic FoxO1 can dissociate with Sirt 2 which leads to the acetylation of FoxO1. The 

acetylated FoxO1 binds to Atg7 to induce autophagy.138 Furthermore, FoxO3 can induce 

autophagy in a FoxO1-dependent way at least in the HEK293T human embryonic kidney cell 

line and mouse embryonic fibroblast (MEF) cell lines139.  Controversially, other study shows that 

FoxO3 can negatively regulate autophagy in PC3 prostate cancer cells, HCT116 colon, and 

MDA-MB-231 breast cancer cell lines, as FoxO3 inhibits the expression of FoxO1 140. These 

controversial data from different research groups indicate that the roles of FoxO1 and FoxO3 in 

autophagy of cancer cells are complicated and may be due to their cell-type dependent 

expression pattern or specific signaling pathways. 
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3.6 FoxOs regulate autophagy in immunity 

The role of DAF-16 (a homologous protein of FoxO) in pathogen resistance via autophagy was 

initially illustrated in C. elegans. Overexpression of DAF-16 increased autophagy in TJ356 

animals (a strain of C. elegans) indicated by an increased number of GFP::LGG1 punctuate 

dots141. This DAF-16 overexpressed TJ356 showed resistance to Salmonella infection, while this 

pathogen resistance was blocked by the autophagy genes bec-1 and lgg-1 RNAi141. Thus, DAF-

16 (FoxO) transcription factor induced autophagy to resistant pathogen infection. 

Recently, one study showed that FoxO1-mediated autophagy was required for natural killer (NK) 

cell maturation. Strong autophagy was found in immature NK (iNK) cells, while autophagy 

deficiency in NK-specific Atg5 knockout mice (Atg5flox/flox, NKp46-Cre) resulted in damaged 

mitochondria and an increase in ROS, as well as cell death 142. Interestingly, phosphorylated 

FoxO1 in the cytoplasm of iNK interacted with Atg7 to induce autophagy, which is independent 

of the transcriptional activity of FoxO1 142. Of note, another group showed that FoxO1 regulated 

NK maturation negatively143. Further studies are needed to confirm the role of FoxO1 in NK 

maturation. 

3.7 FoxOs regulate autophagy in aging 

It was shown that dFoxO regulates autophagy to affect longevity in Drosophila 27 . While the 

characterization of muscle aging in Drosophila is ongoing, accumulation of protein aggregates 

and overexpression of dFoxO in the muscle can delay the accumulation of protein aggregates, at 

least partly through autophagy27. Both dFoxO and its target- 4E-BP can delay aging-related 

muscle function decay and expand lifespan in Drosophila. Other studies show that dFoxO may 

activate autophagy through inhibition of the Activin signaling pathway to expand the lifespan in 
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Drosophila144. DFoxO1 can bind and repress dawdle, an Activin ligand, to prevent the inhibition 

of the Smad binding element on autophagy-related gene Atg8a, leading to an increased 

lifespan144. During human joint aging from 23-90, the expression of FoxO1 and FoxO3 are 

markedly decreased in the superficial zone of cartilage. In the cartilage during osteoarthritis 

(OA), the activity of FoxO is highly inhibited with increased phosphorylation of FoxO1 and 

increased cytosolic localization145. Since FoxOs can activate autophagy in many tissues, it is 

possible that FoxOs-mediated autophagy is decreased during the aging of knee joints. 

3.8 FoxOs regulate autophagy in neurology 

FoxO is shown to play a role in the elimination of neural stem cells (neuroblasts) in 

Drosophila146. Inhibition of FoxO and reaper family proapoptotic genes can increase the survival 

of neuroblasts and maintain neurogenesis in adult mushroom body (mb),which is  possibly 

through autophagy and apoptosis, since inhibition of autophay-related gene Atg1 and apoptosis 

can also promote neuroblast survival 146. FoxO1-mediated autophagy is also required for the 

survival of neurons in mice or MEFs147. The cJun N-terminal kinase (JNK) may act as a negative 

regulator of FoxO1-dependent autophagy in neurons. Triple ablation of Jnk1, Jnk2 and Jnk3 in 

neurons can increase the nuclear localization of FoxO1 and its target gene Bnip3 to activate 

autophagy and increase the neuron lifespan147. 

4. Dissertation proposal 

As mentioned above, obesity and its related diseases are pressing health issues around the world. 

Understanding the molecular and cellular mechanism of obesity is the key to developing 

effective strategy to treat or prevent the diseases. Recent studies suggest that adipose tissues 

from obese and type 2 diabetic subjects have higher autophagy activity148-154. Consistently, 
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genetic inhibition of autophagy by targeting autophagy related 5 (Atg5) or Atg7 in adipose tissue 

can reduce adipocyte size and prevent mice from diet-induced obesity6-8. Ablation of Atg5 or 

Atg7 also prevents adipocyte differentiation8, 155. Whereas these data underline autophagy as an 

important regulator of adiposity, the mechanism of autophagy induction remains elusive, and it is 

largely unclear how altered autophagy affects adipocyte biology. Given that FoxO1 is activated 

in obesity and type 2 diabetes9-11, we hypothesize that FoxO1 may regulate adipocyte autophagy. 

Indeed, FoxO transcription factors were recently shown to mediate autophagy in liver, skeletal 

muscle, heart and cancer cells114, 118, 128, 138. However, a role of FoxO1 in adipocyte autophagy 

has not been established. This dissertation project was designed to investigate the effects of 

FoxO1 inhibition on adipocyte autophagy and adipocyte differentiation using 3T3L1 cell line 

and primary adipocytes (stromal vascular fractions). Research efforts were also made to explore 

the pathway by which FoxO1 regulates autophagy, and the pathway that FoxO1-autophagy axis 

regulates adipocyte biology.  
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Figures: 

                                                                                                                                  Figure 1 

 

Figure 1 Multiple transcription factors regulate the process of adipogenesis. Adipogenesis is 

the process of preadipocytes differentiating into mature adipocytes, which requires many 

different factors. PPARγ is a major positive regulator of adipogenesis. Many other factors, such 

as PGC1α, SRCs, GR, STAT5A and CCAR1, can promote adipogenesis through PPARγ; CEBPs 

(α, β, δ) can also promote adipogenesis; while Krox20 and CREB can increase adipogenesis 

through activating CEBPβ. However, β-catenin and KLF2 can suppress adipogenesis via 

inhibition of PPARγ. CREB: cAMP response element binding protein; C/EBP: 

CCAAT/enhancer-binding protein; CCAR1: cell cycle and apoptosis regulator 1; GR: 

Glucocorticoid Receptor; KLF: Krupel-like factor; PGC-1α: peroxisome proliferator-activated 

receptor-γ coactivator-1α; PPARγ: peroxisome proliferator-activated receptor gamma; RXR: 

retinoid X receptor; SRCs: steroid receptor coactivators; STAT5A: Signal transducer and 

activator of transcription 5A. 



 

27 

 

                                                                                                                                    Figure 2 

 

Figure 2 A paradoxical views of FoxO1 regulating adipogenesis. (A) FoxO1 may transrepress 

PPARγ by forming complex with PPARγ, thereby inhibiting adipogenesis; insulin can promote 

adipogenesis by inhibitingFoxO1. (B) FoxO1 is required for adipogenesis. Knockdown of 

FoxO1 reduces PPARγ and CEBPα expression, and prevents adipogenesis.  RXR: retinoid X 

receptor. 
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                                                                                                                                      Figure 3 

 

Figure 3 FoxOs regulate glucose and lipid metabolism in the liver. Under postprandial 

condition, insulin signaling pathway is activated to inhibit FoxO1 and FoxO3. In fasting state, 

FoxO1 is activated to upregulate gluconeogenesis through G6Pase and PEPCK. FoxO1 can 

activate MTP/VLDL pathway and promote lipogenesis through apoC-III, thereby increasing 

triglyceride level in serum. However, other evidence suggests FoxOs can regulate autophagy via 

Atg14 that decreases triglyceride level in serum. Moreover, FoxO1 was shown to enhance 

insulin sensitivity by inhibiting Trb3. FoxO3 can reduce cholesterol level through Sirt6 and 

inhibition of SREBP2.  Atg14: autophagy related 14; G6Pase: Glucose-6-phosphatase; MTP: 

microsomal triglyceride transfer protein; PEPCK: phosphoenolpyruvate carboxykinase; Sirt6: 
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Sirtuin 6; SREBP2: sterol response element-binding protein 2; Trb3: tribbles homolog 3; VLDL: 

very-low-density lipoprotein. 

                                                                                                                                             Figure 4 

 

Figure 4 The role of FoxOs regulating muscle and metabolism. Under starvation, denervation 

or cold condition, FoxOs (such as FoxO1 and FoxO3) are activated and can switch from glucose 

oxidation to fatty acid utilization. Activation of FoxOs inhibits glucose oxidation via PDK4 and 

RXR/LXRα complex, which also reduces SREBP1C-mediated lipogenesis. By contrast, FoxOs 

increase lipid utilization through activating FAT, CD36, ACO, PPARδ and LPL. It has been 

shown that FoxOs regulate muscle mass through autophagy (LC3, Gabarapl, Atg12, Bnip3 and 

HDAC6), and ubiquitin-proteasome pathway (Atrogin, MuRF-1 and Cathepsin L). Aactivation 

of autophagy and ubiquitin-proteasome pathways by FoxOs leads to muscle atrophy.  The 
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upstream regulators of FoxOs include AMPK, MST1, PGC1, Sirt1, PKA and CREB. ACO: 

Acyl-CoA oxidase; AMPK: AMP-activated protein kinase; CD36: cluster of differentiation 36; 

FAT: fatty acid translocase; HDAC6: histone deacetylase 6; LPL: lipoprotein lipase; LXRα: liver 

X receptor α; MST1:  Mammalian Sterile 20-like kinase 1; MuRF-1: muscle RING finger 

enzyme-1; PDK4: pyruvate dehydrogenase kinase 4; PKA:  protein kinase A. 

                                                                                                                                             Figure 5 

 

Figure 5  The process of autophagy. Autophagy (macroautophagy) is a physiological 

degradative process, which can degrade cytosolic components (such as dysfunctional proteins, 

organelles). Autophagy can be generally divided into several steps: initiation, elongation, 

maturation, fusion and degradation. Under nutrient sufficiency, mTORC1 inhibits ULK1 

complex and prevents the initiation of autophagy. During starvation, AMPK activates ULK1 

complex and induces autophagy by recruiting Atg14-beclin1-Vps34 complex. Atg12-Atg5 

complex and LC3-II are important for elongation and maturation stages. At the end of 
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maturation, autophagosome is fused with lysosome to form autolysosome, where the engulfed 

cytosolic components (including part of intra-autophagosome located LC3-II) are degraded. 

AMPK: AMP-activated protein kinase; Atgs: autophagy related proteins; FIP200: the focal 

adhesion kinase family interacting protein of 200 kD;  

LC3: microtubule-associated protein 1A/1B-light chain 3-phosphatidylethanolamine conjugate; 

mTORC1: mammalian target of rapamycin complex 1; ULK1: Unc-51-like kinase 1; Vps34: 

vacuolar proteins 34. 
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Abstract: Hyperplasia (i.e., increased adipogenesis) contributes to excess adiposity, the 

hallmark of obesity that can trigger metabolic complications. As FoxO1 has been implicated in 

adipogenic regulation, we investigated the kinetics of FoxO1 activation during adipocyte 

differentiation, and tested the effects of FoxO1 antagonist (AS1842856) on adipogenesis. We 

found for the first time that the kinetics of FoxO1 activation follows a series of sigmoid curves, 

and reveals the phases relevant to clonal expansion, cell cycle arrest, and the regulation of 

PPARγ, adiponectin, and mitochondrial proteins (complexes I and III). In addition, multiple 

activation-inactivation transitions exist in the stage of terminal differentiation. Importantly, 

persistent inhibition of FoxO1 with AS1842856 almost completely suppressed adipocyte 

differentiation, while selective inhibition in specific stages had differential effects on 

adipogenesis. Our data present a new view of FoxO1 in adipogenic regulation, and suggest 

AS1842856 can be an anti-obesity agent that warrants further investigation. 

Keywords: FoxO1, AS1842856, mitochondria, adipogenesis, obesity 
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Introduction 

Obesity is a rapidly growing epidemic.1-3 Characterized by excess adiposity, obese individuals 

show aberrant glucose and lipid metabolism.4 The resultant glucotoxicity and lipoxicity have 

been found to impair endocrine (e.g., insulin secretion and signaling pathway) and 

cardiovascular functions, linking obesity to higher risks of type 2 diabetes mellitus (T2DM) and 

heart diseases.4 Thus, control of adiposity and glycemia is critical to prevent obesity and related 

metabolic complications. 

It has been recognized that hyperplasia  an increase in de novo adipocyte formation (i.e., 

adipogenesis) contributes to excess white adipose tissue in obese subjects.3 During the 

development of adipose tissue, pre-adipocytes or precursor/stem cells differentiate into mature 

adipocytes through complex adipogenic programs that regulate signaling transduction, 

transcriptional regulation, cell cycle and mitochondrial metabolism. 5-10  The transcription factor 

forkhead box O1 (FoxO1) regulates an array of genes and integrates insulin signaling with 

metabolic homeostasis, which has been shown to play an important role in adipogenesis.5, 11-15 In 

particular, FoxO1 controls adipogenesis through interacting with peroxisome proliferator-

activated receptor gamma (PPARγ) and the cell cycle inhibitor p21 (CDKN1A).15-18 FoxO1 

haploinsufficiency protects mice from diet induced insulin resistance and diabetes.15, 19 In the 

liver, activated FoxO1 can regulate lipid metabolism by manipulating mitochondrial function, 20, 

21 and it also increases blood glucose by upregulating glucose 6-phosphatase (G6P) and 

phosphoenolpyruvate carboxykinase (PEPCK), the gluconeogenic enzymes that promote glucose 

production.22 These multiple roles in regulating metabolism demonstrate the great potential to 

target FoxO1 for new therapeutics for obesity and T2DM.5 
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A selective FoxO1 antagonist, 5-amino-7-(cyclohexylamino)-1-ethyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid (commercially AS1842856), was discovered recently.23 It 

can potently inhibit the DNA binding of FoxO1 and its transactivation.23-25 In hepatic cells, 

AS1842856 inhibits glucose production by suppressing G6P and PEPCK mRNA levels, and 

administration of AS1842856 to diabetic db/db mice significantly reduces fasting blood 

glucose.23 However, the effect of AS1842856 on adipogenesis has not been examined. In the 

present study, we targeted FoxO1 with AS1842856 and investigated its effects on adipogenesis. 

We found that persistent inhibition of FoxO1 by AS1842856 almost completely inhibited 

adipogenesis, which was accompanied with significant suppression of the adipogenic regulator 

PPARγ and mitochondrial proteins (complexes I and III). By contrast, selective inhibition at 

different stages of adipocyte differentiation imposed differential effects on adipogenesis, 

suggesting that FoxO1 plays stage-dependent roles in adipogenesis. Indeed, we found for the 

first time that the kinetics of FoxO1 activation and inactivation follows a series of sigmoid 

curves, which reveals the phases specifically relevant to clonal expansion, cell cycle arrest and 

PPARγ and mitochondrial regulation. Furthermore, additional sigmoid phases exist in the late 

stage of kinetics, which warrants future investigation.  

 

Results and Discussion 

Persistent inhibition of FoxO1 by AS1842856 prevented adipocyte 

differentiation. Following an established protocol we cultured 3T3L1 preadipocytes in basal 

media (days 0-2, BMI), and adipocyte differentiation was induced with differentiation media I 
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(days 3-4, DMI) and differentiation media (days 5-6, DMII), and then the cells were maintained 

in basal media (days 7-12, BMII) (Figure 1s, A).26  BMI and BMII are the same chemically but 

different in cell differentiation stages. Compared with the preadipocytes, the fully differentiated 

cells (mature adipocytes) showed significant accumulation of lipid droplets and strong oil red O 

staining (Figure 1, A-B; Figure 1s, B-C). However, persistent treatment of cells with AS1842856 

(days 0-12) almost completely prevented the adipogenesis (Figure 1, C-D; Figure 1s, D). In line 

with AS1842856 predominantly blocking dephosphorylated FoxO1 and interfering with its 

interaction with DNA binding sites to suppress Foxo1-mediated transactivation,23 treatment of 

the cells with AS1842856 locked FoxO1 in a state of being highly dephosphorylated, and the 

phosphorylation level was less than 10% of that in untreated adipocytes (p<0.0001; Figures 1, E, 

F). In addition, the level of total FoxO1 protein was reduced by 52% (p<0.05) (Figure 1, E, G). 

Therefore, AS1842856 induced prevention of adipogenesis was associated with its inhibitory 

effects on FoxO1. 

 

AS1842856 reduced PPARγ protein levels. The transcription factor PPARγ plays a key 

role in adipogenesis,27 and its expression and activity can be regulated by FoxO1.5, 16-18 To test 

whether AS1842856 affects PPARγ, we measured the protein level of PPARγ after induction of 

differentiation (Figure 2, A-B). In fully differentiated (or mature) adipocytes, the expression of 

PPARγ was about 10 fold greater (p<0.0001) than in pre-adipocytes. However, treatment of cells 

with AS1842856 (days 0-12) significantly suppressed PPARγ (Figure 2, A-B). Loss of PPARγ 

function may account largely for AS1842856 induced inhibition of adipogenesis (Figure 1, C). 

Consistently, adiponectin  the adipokine that is secreted predominantly by mature adipocytes6, 
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7  was highly expressed in the fully differentiated cells but barely detected in AS1842856 

treated cells (Figure 2, A, B). These data suggest that suppression of adipogenesis by 

AS1842856 involves interference with the FoxO1-PPARγ axis. 

 

AS1842856 reduced mitochondrial protein levels. Mitochondria underpin 

adipogenesis and adipocyte function.6, 7 As FoxO1 was implicated in mitochondrial regulation,12, 

20 we asked if AS1842856 interferes with mitochondrial function in adipocytes. Western blot 

analysis of mitochondrial proteins revealed 2.6-fold (p<0.01) upregulation of respiration chain 

complex I (C1) and 3.9-fold (p<0.01) elevation of complex III (C3) in matured adipocytes when 

compared with pre-adipocytes (Figure 2, A, C-D). However, treatment with AS1842856 

substantially reduced the levels of C1 (24%, p<0.05) and C3 (46%, p<0.01) when compared with 

the fully differentiated adipocytes, indicative of an impaired mitochondrial function or efficiency 

(Figure 2, A, C-D).  Thus, inhibition of FoxO1 by AS1842856 seems to prevent adipogenesis by 

interfering with mitochondrial function in addition to PPARγ expression.    

 

FoxO1 underwent sigmoid activation during adipocyte differentiation. FoxO1 

can repress PPARγ expression and transrepress its transactivation,15-18 implying that silencing 

FoxO1 may stimulate PPARγ and promotes adipogenesis. However, persistent inhibition of 

FoxO1 (days 0-12) with AS1842856 markedly suppressed PPARγ and prevented adipogenesis, 

suggesting FoxO1 activation was indispensable for adipogenesis (Figures 1-2; Figure 1s). In line 

with this, silencing FoxO1 in preadipocytes with siRNA severely prevents the cells from 
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differentiation.14 To better understand the physiological role of FoxO1, we studied the kinetics of 

FoxO1 activation (i.e., dephosphorylation) and inactivation (i.e., phosphorylation) during 3T3L1 

cell differentiation.5 As shown in Figure 3, A-B, FoxO1 activation followed a series of sigmoid 

curves, revealing 3 inactivation peaks (days 1, 5 and 9) and 3 activation peaks (days 3, 7 and 10). 

FoxO1 was most inactive on day 1 (IP1), when the cells reentered into cell cycle with clonal 

expansion (Figure 3, B).15 By contrast, FoxO1 reached the first activation peak (AP1) on day 3, 

when postmitotic growth arrest takes place (Figure 3, B).15 These data strongly support the 

notion that FoxO1 regulates the cell cycle.5, 15  

The second inactivation phase took place during days 3-5 and peaked on day 5 (IP2), which was 

accompanied with gradual upregulation of PPARγ and adiponectin (Figure 3, B; Figure 4, A-B). 

Concomitantly, the expression of mitochondrial C1 and C3 increased (Figure 4, A, C). 

Interestingly, the expression of PPARγ and mitochondrial proteins was minimally changed in 

phase IP1 (days 0-2; Figure 4, A-C). Thus, phase IP2 seems to be relevant primarily to PPARγ 

and mitochondrial regulation, while phase IP1 to clonal expansion.  

A third inactivation peak (IP3) appeared on day 9, before which FoxO1 activation reached the 

second maximum (AP2) on day 7 and after which was AP3 on day 10 (Figure 3, B). 

Interestingly, the expression of PPARγ and adiponectin continuously increased in the phase 

transition of IP2  AP2 (days 5-7; Figure 4, A-B), so did mitochondrial proteins C1 and C3 

(Figure 4, A, C). The observation of additional transitions (IP2 AP2, AP2 IP3 and 

IP3AP3) is novel, which fall into the same stage of “terminal differentiation” (days 4-12),15 

and warrants further study to advance our understanding of FoxO1 in adipogenic regulation. 
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AS1842856 had stage-dependent effects on adipogenesis. To test the importance of 

the additional transitions of IP2AP3 for adipogenesis, we added AS1842856 (0.1 µM) to BMII 

at the end of day 6, locking FoxO1 in an inhibited state during days 7-12 (Figure 2s, A). As 

controls, mature adipocytes showed significant accumulation of lipid droplets and strong Oil red 

O staining, which were not observed in the pre-adipocytes (Figure 5, A-B; Figure 3s, A-B). By 

contrast, treatment of the cells with AS1842856 from day 7 to day 12 potently prevented 

adipogenesis regardless of differentiation induction (Figure 5, C; Figure 3s, C). Thus, FoxO1 re-

activation and the progression to IP2→AP3 are critical for adipogenesis. We then moved the 

treatments to earlier stages (Figure 2s, B-D). Addition of AS1842856 (0.1 µM) to DMI led to a 

similar phenotype than to BMII (Figure 5, D; Figure 3s, D). However, when it was supplemented 

in BMI and DMII, AS1842856 suppressed adipogenesis to a lesser extent than in BMII, 

suggestive of a milder disturbance of FoxO1 action in adipogenesis (Figure 5, E-F; Figure 3s, E-

F).  

Aligning stages BMI, DMI, DMII and BMII with FoxO1 activation trajectory (Figure 2s, E), one 

can see the same primary mark in stages BMI and DMII, i.e., to inactivate FoxO1 at IP1 and IP2, 

respectively. Evidently, addition of AS1842856 to media BMI and DMII promotes FoxO1 

inactivation in stages BMI and DMII, in concert with the physiological role of FoxO1 thus 

favorable for adipogenesis. However, AS1842856 prevents FoxO1 re-activation in the late stages 

of BMI (day 2) and DMII (day 6), which counteracts the physiological role of FoxO1 and may 

account at least in part for the overtly mild suppression of adipogenesis (Figure 5, E-F; Figure 3s, 

E-F). By contrast, the primary mark in stages DMI and BMII is FoxO1 activation at AP1 and 
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AP2 (Figure 2s, E). Supplement of AS1842856 in media DMI and BMII prevents FoxO1 from 

reactivation, thereby largely inhibiting adipogenesis (Figure 5, C-D; Figure 3s, C-D). Thus, a 

finely tuned activity of FoxO1 is critical for its physiological role in adipogenesis.  

 

Conclusion 

Our data suggest targeting FoxO1 with the selective antagonist AS1842856 dramatically 

suppresses adipogenesis. Antagonizing FoxO1 with AS1842856 also reduces the expression of 

mitochondrial proteins and adiponectin, supporting the notion that mitochondrial function is 

critical for adipocyte differentiation.6, 7 Since excess adipogenesis contributes to obesity 

development, AS1842856 may be an anti-obesity candidate that warrants further investigation. It 

should be noted that the expression and activation of FoxO1 during adipocyte differentiation is 

fairly dynamic other than steady-state, which may explain the controversy arising from stable 

overexpression of FoxO1.13-15 As FoxO1 activation and inactivation must follow sigmoid curves 

during the differentiation process, however, it is reasonable to observe that adipocytes 

overexpressing of constitutively active FoxO1 fail to differentiate.15 The presence of multiple 

activation-inactivation transitions in the stage of “terminal differentiation” (days 4-12) suggests a 

complex regulation of FoxO1, and molecular events involved in these transitions remain largely 

unknown and warrant future study. 
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Materials and Methods 

Materials 3T3-L1 preadipocytes (ATCC® CL-173™) were purchased from ATCC (Manassas, 

VA). Dulbecco’s modified Eagle’s (DMEM) medium was from Corning Inc (Manassas, VA). 

Fetal bovine serum (FBS) was from GeneMate (Kaysville, UT). Dexamethasone, 3-isobutyl-1-

methylxanthine (IBMX) and rosiglitazone were purchased from Cayman chemical (Ann Arbor, 

MI). Penicillin/streptomycin (P/S) was from GE Healthcare Life Sciences HyClone Laboratories 

(Logan, UT). Insulin was from Sigma-Aldrich (St. Louis, MO). FoxO1 inhibitor AS1842856 was 

from EMD Millipore (San Diego, CA).  

 

Cell culture and differentiation induction 3T3-L1 preadipocytes were cultured in basal 

media (i.e., DMEM media supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml 

streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere of 5% CO2. The media were 

replaced every two days. Differentiation of 3T3-L1 cells was induced as described previously 

with slight modification (Figure 1s).26 Briefly, 3T3-L1 cells were grown to confluence (day 0), 

and maintained in fresh basal media (BMI) for two days (days 1-2). On the end of day 2, BMI 

medium was changed to differentiation medium I (DMI): DMEM supplemented with 10% FBS, 

P/S (1 ×), IBMX (0.5 mM), dexamethasone (1 μM), insulin (1 μg/ml) and rosiglitazone (2 μM). 

On the end of day 4, DMI medium was changed to differentiation medium II (DMII): DMEM 

supplemented with 10% FBS, P/S (1 ×), and insulin (1 μg/ml). On the end of day 6, DMII 

medium was changed to basal media (BMII), and the cells were maintained in BMII (replaced 

with fresh basal medium every two days) until fully differentiated (day 12). As a control, 

preadipocytes were maintained in BMI till day 12, and the medium was replaced fresh one every 
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two days. Images of the cells were captured on day 12 with a Nikon ECLIPSE TS100 

microscope. 

 

AS1842856 Treatments AS1842856 has an IC50 of 0.033 μM to inhibit FoxO1 and can 

potently block FoxO1 at a final concentration of 0.05-1 μM without showing cytotoxicity.23-25 

We tested 0.1 μM and 1 μM, and found AS1842856 severely suppressed adipogenesis at both 

concentrations, thus choosing to use 0.1 μM for the treatments if not specified elsewhere. 

AS1842856 or the vehicle 0.1% DMSO as a treatment control was supplemented through the 

whole procedure of BMI→DMI→DMII→BMII (Figure 1s), or in the individual stage of BMI, 

DMI, DMII, BMII (Figure 2s). Other than the treatment stages, the cells were maintained in 

media identical to the protocol as described above. Images of the cells were captured on day 12 

with a Nikon ECLIPSE TS100 microscope.  

 

Oil Red O staining The Oil Red O working solution was freshly prepared by mixing 0.35% 

stock solution with dH2O (6:4) and filtered, and the staining was conducted as described.26 At the 

end of differentiation procedure (day 12), the media were removed and the cells were washed 

once with phosphate buffered saline (PBS), and fixed in 4% formaldehyde at room temperature 

for 10 min and then at 4°C overnight. Subsequently, the cells were washed once with dH2O, once 

with 60% isopropanol, and air dried. Oil Red O working solution was added and the staining at 

room temperature lasted for 1 h. Afterwards, the stained cells were washed with dH2O for 4 
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times, and the images were captured with a Nikon ECLIPSE 80i microscope. Oil Red O retained 

in the cells was extracted with isopropanol, and quantified by the absorbance (O.D.) at 510 nm.28  

 

Western Blot For cell lysates, the cells were washed with ice-cold PBS (Caisson Labs) and 

lysed with a Bullet Blender® (Next Advance, Inc.), in PLC lysis buffer: 20, 29 (30 mM Hepes, pH 

7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM 

NaPPi, 100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor cocktail (Roche), 1 

mM PMSF, 10 μM TSA (Trichostatin A, Selleckchem) and 5 mM Nicotinamide (Alfa Aesar). 

Total protein concentrations of the cell lysates were determined using the DC protein assay (Bio-

Rad). Western blot and image analysis were conducted as described previously.20 Antibody 

catalog numbers and vendors are as follows:  C1 (A31857) and C3 (A21362) from Invitrogen; 

PPARγ (MA5-14889) and β-actin (MA5-15739) from Pierce; Adiponectin (2789s), phospho-

FoxO1 (9464) and FoxO1 (9454) from Cell Signaling Technology.  

 

Statistical analyses All results are expressed as means ± s.d. and are analyzed by analysis of 

variance (ANOVA) to determine p values; p < 0.05 was considered statistically significant. 
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carboxylic acid 

BMI: basal media I 
BMII: basal media II  
C1: mitochondrial complex I 
C3: mitochondrial complex III 
DMI: differentiation media I  
DMII: differentiation media II 
FoxO1: forkhead box O1  
G6P: glucose 6-phosphatase 
PEPCK: phosphoenolpyruvate carboxykinase 
PPARγ: peroxisome proliferator-activated receptor gamma  
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Figure 1 Persistent inhibition of FoxO1 by AS1842856 largely suppressed adipogenesis. (A-

B) Microscopy images of preadipocytes that were maintained in basal medium (A), and that 

underwent differentiation induced with the protocol as described in Materials and Methods (B). 

(C) Microscopy images of cells that were treated with AS1842856 (0.1 µM, days 0-12) and 
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underwent differentiation induction as in (B). All the images were captured on day 12, with the 

microscope set at 100X. (D) Measurement of extracted Oil red O retained in cells by the 

absorbance (O.D.) at 510 nm (n=6). (E) Representative western blot showing that AS1842856 

inhibited FoxO1 through binding the de-phosphorylated sites, and to a lesser extent suppressed 

FoxO1 protein expression. β-actin was probed as the loading control. DI, differentiation 

induction; AS, AS1842856. (F-G) Densitometric analysis of western blot images with NIH 

ImageJ software; n=3-5. * p<0.05, and ***, p<0.0001. 
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Figure 2 AS1842856 suppressed PPARγ and mitochondrial protein expression. (A) Western 

blots showing the effect of AS1842856 on PPARγ, adiponectin, mitochondrial proteins C1 and 

C3. β-actin was probed as the loading control. DI, differentiation induction; AS, AS1842856. (B-

D)  Densitometric analysis of western blot images with NIH ImageJ software; n=3-5. * p<0.05; 

**, p<0.01; and ***, p<0.0001. 
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Figure 3 The kinetics of FoxO1 activation followed a series of sigmoid curves during 

adipogenesis. (A) Western blots showing FoxO1 expression (i.e., tFoxO1), activation (i.e., 

dephosphorylation) and inactivation (i.e., phosphorylation) during adipogenesis. β-actin was 

probed as the loading control. (B) Densitometric analysis of western blot images with NIH 

ImageJ software; n=3-5. AP, activation peak; IP, inactivation peak. * p<0.05; and ***, p<0.0001. 
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Figure 4
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Figure 4 Kinetics of FoxO1-regulated protein expression during adipogenesis. (A) Western 

blots showing the expression of PPARγ, adiponectin, mitochondrial proteins C1 and C3. β-actin 

was probed as the loading control. (B) Densitometric analysis of western blot images for PPARγ 

and adiponectin with NIH ImageJ software. (C) Densitometric analysis of western blot images 

for C1 and C3 with NIH ImageJ software. n=3-5. * p<0.05; NS, not significant. 
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Figure 5
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Figure 5 Effects of phase-specific FoxO1 inhibition on adipogenesis. (A-B) Images of cells 

that were maintained in basal medium (A), and that underwent differentiation induced with the 

protocol as described in Materials and Methods (B). (C) Images of cells that were treated with 

AS1842856 during stage BMII (days 7-12) and underwent differentiation induction as in (B). (D) 

Images of cells that were treated with AS1842856 during stage DMI (days 3-4) and underwent 

differentiation induction as in (B). (E) Images of cells that were treated with AS1842856 during 

stage BMI (days 1-2) and underwent differentiation induction as in (B). (F) Images of cells that 

were treated with AS1842856 during stage DMII (days 5-6) and underwent differentiation 

induction as in (B). The final concentration of AS1842856 was 0.1 µM. All the images were 

captured on day 12, and the microscope was set at 100X. (G) Measurement of extracted Oil red 

O retained in cells by the absorbance (O.D.) at 510 nm (n=6). Treatments of ‘A’-‘F’ refer to the 

individual treatments as described in panels A-F. * p<0.05; **, p<0.01; and ***, p<0.0001. 
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Figure 1s Effects of persistent FoxO1 inhibition on adipogenesis. (A) A diagram showing the 

conditions for cell culture, differentiation induction, and AS1842856 treatment. The grey color 

indicates the media as specified in Materials and Methods, while the yellow color refers to the 

modified media that contain AS1842856. BMI, basal medium I; DMI, differentiation medium I; 

DMII, differentiation medium II; BMII, basal medium II; AS, AS1842856. (B-D) Oil red O 

staining and microscopy images of preadipocytes that were maintained in basal medium (B), and 

that underwent full differentiation induced with the protocol as described in Materials and 

Methods (C), and that were treated with AS1842856 (0.1 µM) throughout the cell culture (days 

0-12) and underwent differentiation induction (D). All the images were captured on day 12, with 

the microscope set at 100X. 
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Figure 2s Phase-specific inhibition of FoxO1 by AS1842856. (A) A diagram showing the 

primary marks of FoxO1 regulation during adipogenesis. The phases in pink indicate a primary 

mark of inactivation, while the phases in green suggest a primary mark of activation. (B) A 

diagram showing the phase-specific treatment with AS1842856. The grey color indicates the 

media as specified in Materials and Methods, while the yellow color refers to the modified media 

that contain AS1842856. AS, AS1842856; BMI, basal medium I; DMI, differentiation medium I; 

DMII, differentiation medium II; BMII, basal medium II. 
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F

igure 3s Examining effects of AS on adipogenesis by Oil Red O staining. (A-B) Staining of 

cells that were maintained in basal medium (A), and that underwent differentiation induced with 

the protocol as described in Materials and Methods (B). (C) Staining of cells that underwent 

differentiation induction as in (B) and were treated with AS1842856 during stage BMII (days 7-
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12). (D) Staining of cells that underwent differentiation induction as in (B) and were treated with 

AS1842856 during stage DMI (days 3-4). (E) Staining of cells that underwent differentiation 

induction as in (B) and were treated with AS1842856 during stage BMI (days 1-2). (F) Staining 

of cells that underwent differentiation induction as in (B) and were treated with AS1842856 

during stage DMII (days 5-6). The final concentration of AS1842856 was 0.1 µM. All the 

images were captured on day 12, and the microscope was set at 100X. 
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Abstract: Obesity and related metabolic disorders constitute one of the most pressing heath 

concerns worldwide. Increased adiposity is linked to autophagy upregulation in adipose tissues. 

However, it is unknown how autophagy is upregulated and contributes to aberrant adiposity. 

Here we show a FoxO1-autophagy-FSP27 axis that regulates adipogenesis and lipid droplet (LD) 

growth in adipocytes. Adipocyte differentiation was associated with upregulation of autophagy 

and fat specific protein 27 (FSP27), a master regulator of adipocyte maturation and expansion by 

promoting LD formation and growth. However, FoxO1 specific Inhibitor AS1842856 potently 

suppressed autophagy, FSP27 expression, and adipocyte differentiation. In differentiated 

adipocytes, AS1842856 significantly reduced FSP27 level and LD size, which was recapitulated 

by autophagy inhibitors (bafilomycin-A1 and leupeptin, BL). Similarly, AS1842856 and BL 

dampened autophagy activity and FSP27 expression in explant cultures of white adipose tissue. 

To our knowledge, this is the first study addressing FoxO1 in adipose autophagy, shedding light 

on the mechanism of increased autophagy and adiposity in obese individuals. Given that 

adipogenesis and adipocyte expansion contribute to aberrant adiposity, targeting the FoxO1-

autophagy-FSP27 axis may lead to new anti-obesity options.  

Keywords: FoxO1, autophagy, adipogenesis, lipid droplet, FSP27, adipocyte expansion.  
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Introduction 

Obesity (a body mass index of > 30) is a pandemic in the US.1-3 Obesity and its associated 

comorbidities including diabetes, heart disease, hypertension, liver disease, and infertility, 

exacerbate medical conditions and significantly increase healthcare costs.1, 4 By reducing life 

expectancy by 6 years at a body mass index (BMI) of 35-40, and 10 years at a BMI greater than 

40, obesity has been one of the leading causes of death, which accounts for over 300,000 deaths 

per year in the US.5 Thus, understanding the molecular mechanism of aberrant adiposity is of 

critical importance to treat obesity and related medical complications.  

Aberrant expansion of adipose tissue may arise from an increase in adipocyte size (hypertrophy) 

or in adipocyte numbers (hyperplasia).6 Recent studies show that expanded adiposity is 

associated with augmented autophagy in the adipose tissue from obese and type 2 diabetic 

humans and rodents.7-14 Genetic suppression of autophagy by targeting autophagy related 5 

(Atg5) or Atg7 in adipose tissue reduces adipocyte size, increases energy expenditure, and 

protects mice against diet-induced obesity.15-17 Moreover, deletion of Atg5 suppresses 

adipogenesis (de novo formation of adipocytes).17, 18 Consistently, pharmacological inhibition of 

autophagy prevented body weight gain and fat mass expansion, protecting against metabolic 

syndrome such as glucose intolerance and insulin resistance.15, 19 These findings underscore 

autophagy as an important player in adiposity regulation.    

To date it is unknown how autophagy is upregulated in adipose tissue and increases adiposity in 

obese subjects. Recent studies have implicated the transcription factor FoxO1 in autophagy 

regulation.22-25 However, FoxO1 functions in a tissue-dependent way, and a role of FoxO1 in 
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adipose autophagy has not been reported.20-24. In this study we found that FoxO1 specific 

antagonist (AS1842856)3, 25 potently suppressed autophagy and adipocyte differentiation, which 

was associated with downregulation of FSP27. In terminally differentiated adipocytes, targeting 

FoxO1 or autophagy with inhibitors significantly reduced FSP27 level and LD size. Ex vivo data 

from mouse white adipose tissues validated the existence of FoxO1-autophagy-FSP27 axis, 

which may regulate lipid droplet growth, adipocyte maturation and expansion. Further study of 

this regulatory pathway may lead to new anti-obesity option by preventing hyperplasia or 

adipocyte hypertrophy.  

 

Results 

FoxO1 antagonist suppressed autophagy during adipocyte differentiation. 

Following  an established protocol,3 we induced 3T3L1 adipocyte differentiation and confirmed 

maturation of adipocytes by oil red O staining and analyzed adipogenic regulator PPARγ and 

adipocyte function marker adiponectin (Figure 1). Compared with preadipocytes, mature 

adipocytes showed significant lipid accumulation (Figure 1, A) and upregulation of PPARγ and 

adiponectin (Figure 1, B, E, F). Beclin 1, a critical autophagy promoter,26 was upregulated in 

mature adipocytes, and it was accompanied by downregulation of p62 (or sequestosome 1, 

SQSTM1), a protein which is exclusively degraded by autophagy (Figure 1, B, C, D).10, 27, 28 To 

measure autophagic flux, preadipocytes and mature adipocytes were treated with bafilomycin-A1 

and leupeptin to inhibit autophagosome acidification and lysosomal proteases, respectively, 

followed by western blot analysis of p62.10, 27, 28 Treatment with bafilomycin A1 and leupeptin 

prevented p62 from degradation by autophagy in a time-dependent manner (Figure 1s, A). A 12-
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hr treatment restored p62 level in mature adipocytes (Figure 1s, B). In addition, the rate of p62 

restoration was significantly higher in mature adipocytes than in preadipocytes, suggesting a 

higher turnover of p62 via autophagy (Figure 1s, C-F).10 Intriguingly, inhibition of FoxO1 with a 

specific antagonist (AS1842856),3, 25 prevented autophagy-mediated degradation of p62 during 

preadipocyte differentiation (Figure 1, B, D), and suppressed autophagy inducer beclin 1 and 

adipocyte maturation (Figure 1, A-C, E, F). These findings suggest that FoxO1-mediated 

autophagy is an important mechanism during 3T3L1 differentiation.  

 

FoxO1 antagonist reduced LD size in adipocytes. Adipocyte maturation is 

characterized by lipid accumulation and LD growth in the cells.29 Inhibition of FoxO1 prevents 

preadipocyte differentiation, resulting in minimal lipid accumulation and LD formation (Figure 

1). This prompted us to ask whether FoxO1 regulates LD in mature (or terminally differentiated) 

adipocytes. To address this question, fully differentiated 3T3L1 adipocytes were treated with 

FoxO1 inhibitor AS1842856 or the vehicle (DMSO) for 4 days, followed by analysis of lipid 

accumulation, LD number and size, and western blot analysis of cell lysates (Figure 2). 

Consistent with the effects observed during preadipocyte differentiation (Figure 1), inhibition of 

FoxO1 in mature adipocytes suppressed autophagy, lowering beclin 1 level but increasing p62 

abundance (Figure 2, A, B). In addition, treatment of FoxO1 antagonist AS1842856 led to 

smaller but more numerous LDs, although the total lipid content in the cells was not significantly 

changes (Figure 2, C, D, E). These results suggest that FoxO1 plays an important role in the 

regulation LD growth.  
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Targeting autophagy with BL phenocopied the effects of FoxO1 antagonist on 

adipogenesis and LD size. To determine whether inactivation of autophagy per se prevents 

adipocyte differentiation and reduces LD size, we used well-established autophagosome 

inhibitors BL (i.e., bafilomycin A1 and leupeptin) to treat 3T3L1 preadipocyte during 

differentiation (Figure 3, A-E). As expected, BL potently suppressed autophagy (Figure 3, B-D). 

Intriguingly, BL treatment drastically prevented preadipocyte differentiation, as indicated by 

marginal lipid accumulation and indiscernible PPARγ expression (Figure 3, A, B, E). When 

terminally differentiated adipocytes were treated with BL for 4 days, LD size was significantly 

reduced (54 µm2 vs 36 µm2, p<0.0001) and LD number was increased by 72.7% (p<0.0001), 

while the total lipid content was not changes by BL treatment (Figure 3, F-H). These data 

recapitulated the effects of FoxO1 antagonist and suggest that targeting the FoxO1-autophagy 

axis with inhibitors accounts largely for the suppressed adipogenesis and reduced LD size in 

adipocytes (Figures 1-3).  

 

FSP27 was regulated by the FoxO1-autophagy axis in adipocytes. Fat-specific 

protein 27 (FSP27) controls formation of large unilocular LDs by promoting LD clustering or 

fusion.30-32 To examine whether FSP27 is responsible for the effects of FoxO1-autophagy axis on 

LD, we analyzed FSP27 in mature adipocytes treated with AS1842856, BL, or the vehicle 

(DMSO). Inhibition of FoxO1 with AS1842856 led to a 65% reduction in FSP27 protein level, 

an effect that is recapitulated by autophagy inhibitors BL (Figure 4, A). This may account for the 

reduced LD size in mature adipocytes (Figure 2, D, E; Figure 3, G, H), as downregulation of 

FSP27 prevents LD clustering or fusion.30-32 In preadipocytes (day 0), FSP27 level was not 
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detectable but gradually upregulated during differentiation, reaching a plateau at day 10 through 

day 12 (Figure 4, B, C). However, treatment of preadipocytes with AS1842856 significantly 

suppressed FSP27 upregulation (Figure 4, D), consistent with AS1842856 induced absence of 

LD during adipocyte differentiation (Figure 1). Thus, the FoxO1-autophagy axis may regulate 

LD formation and expansion via FSP27. 

 

The FoxO1-autophagy-FSP27 axis functioned in SVF primary cells. To examine if 

primary adipocytes share the FoxO1-autophagy-FSP27 regulatory pathway with 3T3L1 cell line, 

we isolated vascular fractions (SVF) from mouse adipose tissues as described previously.33, 34 As 

observed in 3T3L1 cells, beclin 1 (4.2- fold, p<0.0001) and FSP27 (3.9-fold, p<0.001) were 

upregulated in differentiated SVF, which was associated with significant lipid accumulation and 

adiponectin expression (Figure 5). Inhibition of FoxO1 by AS1842856 suppressed the markers of 

autophagy (beclin 1, Figure 5-A,B) and adipogenesis (adiponectin expression, Figure 5-A,C; and 

lipid accumulation measured by Abs 510, Figure 5-D) (Figure 5, A-D). Accordingly, FSP27 

upregulation was prevented in SVF treated with AS1842856 despite the presence of 

differentiation inducer (Figure 5, E-F). These findings suggest that FoxO1-autophagy-FSP27 

axis is an important mechanism regulating adipocyte differentiation and LD size in both 3T3L1 

cell line and SVF primary cells.  

 

FoxO1-autophagy axis regulated FSP27 in white adipose tissue. To validate the 

findings in cells, we examined the FoxO1-autophagy-FSP27 axis in explant cultures of mouse 

white adipose tissues (Figure 6). When the explant cultures of adipose tissues were treated with 

FoxO1 inhibitor AS1842856, it significantly suppressed autophagy-mediated p62 degradation, 
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resulting in a 2.3-fold increase in p62 level (p<0.05, Figure 6-A, B). Similarly, treatment with the 

autophagosome inhibitors BL led to a 2.0-fold elevation of p62 (p<0.05, Figure 6-A, B). In line 

with the FoxO1-autophagy-FSP27 regulatory pathway, the AS1842856- and BL-induced 

suppression of autophagy was associated with downregulation of FSP27 (75% by AS1842856, 

p<0.001; and 61% by BL, p<0.001; Figure 6, C, D). Therefore, the FoxO1-autophagy-FSP27 

axis represents a common mechanism regulating adipogenesis and LD expansion. Given that 

silencing adipose FSP27 reduces adiposity and protects against diet-induced obesity in mice,30, 35-

37  targeting this regulatory pathway may lead to effective anti-obesity strategies. 

 

Discussion 

The transcription factor FoxO1 plays an important role in metabolic regulation and cell quality 

control.20, 21  Previous studies demonstrated that FoxO1 activation dysregulates mitochondrial 

function and glucose and lipid metabolism in the liver; thus, ablation of FoxO1 in the liver 

reverses the adverse changes of mitochondria and metabolism.38-42 We and others found that 

FoxO1 also regulated adipogenesis,3, 43, 44  a process which may promote adipose expansion via 

hyperplasia.6, 29, 45 Moreover, aberrant adiposity may result from adipocyte or LD hypertrophy.29, 

45 In this study, we showed for the first time that FoxO1 regulates LD size and number via an 

autophagy-FSP27 axis. Given that FoxO1 is activated by insulin resistance 20, 46, 47, the FoxO1-

autophagy-FSP27 axis may promote LD and adipocyte expansion in obese insulin resistant 

subjects, thereby casting new light on the mechanism of augmented autophagy in adipose tissues 

from obese subjects.7-12 To the best of our knowledge, this is also the first study investigating the 

role of FoxO1 in the regulation of adipose autophagy.  
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Autophagic pathway begins with engulfment of cytoplasmic material by the phagophore (i.e., 

isolation membrane), which sequesters the cytoplasmic material in double-membraned vesicles 

(i.e., autophagosomes or autophagic vacuoles).23 Among the multiple stages of autophagy, 

FoxO1 has been implicated in the steps of initiation, vesicle nucleation, and vesicle elongation.21, 

23 The autophagy genes which are regulated by FoxO1 include Becn1 (encoding beclin1) and 

Map1lc3 (encoding LC3).23 In line with this, we found that inhibition of FoxO1 reduced the 

protein level of beclin 1, which suppressed the degradation of p62 by autophagy (Figures 1-2, 

Figures 5-6). The FoxO1-induced changes in autophagy seem to regulate LD formation and 

growth via FSP27 (Figures 4-6). While we cannot exclude the possibility that FoxO1 directly 

regulates FSP27, targeting either FoxO1 or autophagy with inhibitors similarly led to 

downregulation of FSP27, suggesting that FSP27 is a downstream effector of the FoxO1-

autophagy axis (Figures 4-6). Like the adipogenic regulator PPARγ, FSP27 increases with 

autophagy during adipogenesis (Figure 1, Figures 4-5).3 Given that activation of autophagy 

stabilizes PPARγ that promotes adipogenesis,18 it would be of interest for future studies to 

investigate whether the FoxO1-autophagy axis increases FSP27 by affecting its stability.   

Taken together, our study reveals a FoxO1-autophagy-FSP27 axis that regulates adipogenesis 

and LD expansion. Silencing FoxO1 can potently reduce autophagy activity and FSP27 level, 

suppressing adipocyte differentiation and LD growth. Given that LD expansion contributes to 

adipocyte hypertrophy and adipose expansion,6, 29, 45 further study is warranted to targeting the 

FoxO1-autophagy axis to treat obesity. 
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Materials and methods 

Mice. Male C57BL6/J mice were purchased from Jackson Laboratory (Bar Harbor, Main) and 

housed as previously described.2 Briefly, the mice were housed in plastic cages on a 12-h light–

dark cycle, with free access to water and food. All the procedures followed NIH guidelines and 

were approved by the Virginia Tech Institutional Animal Care and Use Committee. 

 

SVF isolation and culture. Primary preadipocytes (SVF) were isolated and cultured as 

previously described.33, 34 Briefly, subcutaneous white adipose tissues from C57BL6/J mice (8-

12 week old) were dissected, minced, and digested. Cells were suspended in growth media 

(DMEM/F12 containing 10% FPS and P/S), filtered through a 100-micron cell strainer, and 

centrifuged at 500 x g for 5 minutes. The pellet was then disrupted and resuspended in the 

growth media, and filtered through a 40-micron cell strainer. After centrifuge (500 x g) for 5 

minutes, the pellet was resuspended in growth media and plated on 10 cm dishes. After 

subculture on 6-well plates, differentiation was induced as described previously.33, 34   

 

3T3L1 cell culture and treatment. 3T3L1 preadipocytes (ATCC CL-173, Manassas, VA, 

USA) were cultured as previously described.2, 3 Briefly, the cells were cultured in basal media 

(DMEM media supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml 

streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere of 5% CO2. The media were 

replaced every 2 days. 3T3L1 preadipocytes were grown to confluence (day 0), and further 

maintained in fresh basal media for 2 days (days 1–2). At the end of day 2, the medium was 

changed to differentiation medium I:  DMEM supplemented with 10% FBS, P/S (1 × ), IBMX 
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(0.5 mM), dexamethasone (1 μM), insulin (1 μg/ml), and rosiglitazone (2 μM). At the end of day 

4, the medium was changed to differentiation medium II: DMEM supplemented with 10% FBS, 

P/S (1 ×), and insulin (1 μg/ml). At the end of day 6, the medium was changed to basal media, 

and the cells were maintained in basal medium (replaced with fresh basal medium every 2 days) 

until fully differentiated (day 10). Control preadipocytes were maintained in basal media and 

supplied with fresh medium every other day till day 10. Depending on the experimental design, 

treatment with inhibitors (e.g., AS1842856 or bafilomycin A1 plus leupeptin) started on day 0 

through day 10 (during differentiation), or on day 10 through day 14 (after adipocyte 

maturation). Images of the cells were captured on day 10 (if not specified elsewhere) with a 

Nikon ECLIPSE TS100 microscope (Melville, NY, USA), and the size and number of LDs were 

analyzed with the NIH ImageJ software (Bethesda, MD, USA) as described previously.48  

 

Oil red O staining. The Oil Red O working solution was freshly prepared by mixing 0.35% 

stock solution with dH2O (6:4) and filtered, and the staining was conducted as described.3 At the 

end of differentiation (day 10), the media were removed and the cells were washed once with 

phosphate buffered saline (PBS), and fixed in 4% formaldehyde at room temperature for 10 min 

and then at 4°C overnight. Subsequently, the cells were washed once with dH2O, once with 60% 

isopropanol, and air dried. Oil Red O working solution was added and the staining at room 

temperature lasted for 1 h. Afterwards, the stained cells were washed with dH2O for 4 times, and 

the images were captured with a Nikon ECLIPSE 80i microscope. Oil Red O retained in the cells 

was extracted with isopropanol, and quantified by the absorbance at 510 nm on a Synergy™ H4 

Hybrid Multi-Mode Microplate Reader (BioTek Instruments, Inc). 3   
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Autophagy flux assay. For cell culture, preadipocytes (day 10) and mature adipocytes (day 

10) in basal media were treated with bafilomycin A1 (inhibitor of autophagosome acidification, 

at 0.1 µM) plus leupeptin (the inhibitor of lysosomal proteases, at 10 µg/ml) for 0, 2, 4, 8, and 12 

hr; and the cell lysates were prepared as previously described.2, 3 For ex vivo assay, adipose 

tissues were minced into small tissue fragments (2–3 mm3) and pre-incubated for 1 h in a CO2 

incubator (37°C,5% CO2) in DMEM medium supplemented with 2 mM glutamine, 1% (vol/vol) 

antibiotic solution, and 10% (vol/vol) fetal bovine serum. Tissue fragments were then incubated 

for an additional 4 h in the same medium in the presence and absence of bafilomycin-A1 and 

leupeptin. Tissue lysates were prepared as we described previously, 2, 3 p62, the protein 

exclusively degraded by autophagy, was detected to assess autophagy flux by western blotting 

and image analysis.10, 27, 28 

 

Western blotting. To prepare tissue lysates, snap-frozen adipose tissues were weighed and 

homogenized with a Bullet Blender (Next Advance, Averill Park, NY, USA) in PLC lysis buffer 

(30 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM 

EGTA, 10 mM NaPPi, 100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor 

cocktail (Roche), 1 mM PMSF. 2, 3 For cell lysates, the 3T3L1 preadipocytes and mature 

adipocytes (at day 10) were washed with ice-cold PBS and homogenized with the Bullet 

Blender. Total protein concentrations of the lysates were determined using the DC protein assay 

(Bio-Rad). Western blotting and image analysis were conducted as described previously.2, 3 

Antibody catalog numbers and vendors are as follows: FSP27 (CIDE 3) (PA1-4316), PPARγ 

(MA5-14889), GAPDH (MA5-15738) and β-actin (MA5-15739) antibodies from Pierce 
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(Rockford, IL, USA); p62 (SQSTM1) (#5114) antibody from Cell Signaling Technology 

(Beverly, MA, USA); and adiponectin (AB3269P) and Beclin 1 (MABN16) antibodies from 

EMD Millipore (Billerica, MA, USA). 

 

Statistical analyses. All results are expressed as means ± SD. and are analyzed by analysis of 

variance (ANOVA) to determine p values; p < 0.05 was considered statistically significant. 
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Abbreviations:  

AS1842856: 5-amino-7-(cyclohexylamino)-1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxylic acid  

BL: bafilomycin-A1 and leupeptin  
BMI: body mass index 
FSP27: fat specific protein 27 
FoxO1: forkhead box O1   
GAPDH: glyceraldehyde 3-phosphate dehydrogenase 
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LC3: microtubule-associated protein 1A/1B-light chain 3-phosphatidylethanolamine conjugate 
LD: lipid droplet  
p62: sequestosome 1 (SQSTM1) 
PPARγ: peroxisome proliferator-activated receptor gamma 
SVF: stromal vascular fraction 
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Figures 

 

Figure 1. Inhibition of FoxO1 with the antagonist AS1842856 suppressed autophagy and 

adipocyte maturation. (A) Effect of antagonizing FoxO1 (AS1842856 treatment at 0.1 µM 

from day 0 – 10) on 3T3L1 preadipocyte differentiation. The cells were stained with oil red O at 

day 10; DI, differentiation induction; AS, AS1842856. Scale bar = 50 µm. (B) Western blot 

analysis of autophagy (beclin 1 and p62) and adipocyte maturation (PPARγ, adiponectin). (C-F) 

Densitometric analysis of western blot images as shown in panel B. Results are expressed as 

means ± SD. **, p<0.01; ***, p<0.0001, n=3-5. 
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Figure 2. Inhibition of FoxO1 suppressed autophagy, reduced the size but increased the 

number of lipid droplets in mature adipocytes. (A-B) Western blotting (A) and densitometric 

analysis (B) of autophagy (beclin 1 and p62) in mature adipocytes. Fully differentiated 3T3L1 

adipocytes (at day 10) were treated with AS1842856 (1 µM) for 4 days (day 11-14), followed by 

western blot analysis (control cells were treated with DMSO). AS, AS1842856. (C) Oil red O 

staining of mature adipocytes treated with AS1842856 (1 µM) for 4 days (at day 14), followed 

by the measurement of absorbance at 510 nm. (D-E) Measurement of lipid droplet size (D) and 
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number (E) after FoxO1 was inhibited for 4 days in adipocytes. The measurements were 

conducted on 8-10 images (0.04 mm2) for each treatment, and a representative distribution of 

lipid droplet size was shown in panel D, and the numbers were averaged and shown in panel E. 

Results are expressed as means ± SD. *, p<0.05; ***, p<0.0001, NS, not significant; n=3-5. 
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Figure 3. Effects of autophagosome inhibitors on adipocyte maturation and lipid droplets. 

(A) Supplement of bafilomycin A1 (4 nM) and leupeptin (0.4 µg/ml) in the media (day 0-10) 

suppressed 3T3L1 preadipocyte differentiation. The cells were stained with oil red O at day 10. 

DI, differentiation induction; BL, bafilomycin A1 + leupeptin. Scale bar = 50 µm. (B) Western 

blot analysis of autophagy (beclin 1 and p62) and adipocyte maturation (PPARγ). (C-E) 

Densitometric analysis of western blot images as shown in panel B. (F) Fully differentiated 

3T3L1 adipocytes (day 10) were treated with bafilomycin A1 (0.1 µM) and leupeptin (10 µg/ml) 

for 4 days (day 11-14); the cells treated with DMSO served as the controls. Oil red O staining of 

mature adipocytes at day 14, followed by the measurement of absorbance at 510 nm. (G-H) 

Measurement of lipid droplet size (G) and number (H) after autophagy was inhibited for 4 days 

in adipocytes. The measurements were conducted on 8 -10 images (0.04 mm2) for each 

treatment, and a representative distribution of lipid droplet size was shown in panel G, and the 

numbers were averaged and shown in panel H. BL, bafilomycin A1 + leupeptin. Results are 

expressed as means ± SD. **, p<0.01; ***, p<0.0001; NS, not significant; n=3-5. 
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Figure 4. Suppression of FoxO1-autophagy axis downregulated FSP27 in adipocytes. (A) 

Western blotting and densitometric analysis of FSP27 in mature adipocytes. Fully differentiated 

3T3L1 adipocytes (day 10) were treated with the inhibitors of FoxO1 (AS1842856, 1 µM) and 

autophagy (0.1 µM bafilomycin A1+ 10 µg/ml leupeptin) for 4 days (day 11-14), followed by 

western blot analysis (control cells were treated with DMSO). (B-C) Kinetics of FSP27 

expression (B) during 3T3L1 preadipocyte differentiation (C). FSP27 protein level was analyzed 

by western blotting, with GAPDH probed as the loading control (B). The 3T3L1 preadipocytes 
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were cultured and differentiated as described in Materials and Methods, and the cells were 

stained with oil red O on the indicated days (C); scale bar = 100 µm. (D) Inhibition of FoxO1 

with AS1842856 (0.1 µM) downregulated FSP27 during 3T3L1 preadipocyte differentiation, 

analyzed by western blotting with GAPDH probed as the loading control. AS, AS1842856; BL, 

bafilomycin A1 + leupeptin. DI, differentiation induction. Results are expressed as means ± SD. 

**, p<0.01, n=3-5.  
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Figure 5. FoxO1 inhibition suppressed SVF differentiation and autophagy. (A-D) Treatment 

of SVF with FoxO1 inhibitor (AS1842856 at 0.1 µM) suppressed autophagy (A, B) and 

preadipocyte differentiation (A, C, D). SVF was isolated and cultured as described in Materials 

and Methods, and AS1842856 treatment started on day 0 till the end of differentiation procedure. 

Western blot (A), densitometric analysis (B-C) and oil red O staining (D) were performed to 

analyze preadipocyte differentiation (A510, adiponectin) and autophagy (beclin 1) markers. (E-

F) Western blot and densitometric analysis of FSP27 during SVF differentiation in the presence 

and absence of AS1842856. DI, differentiation induction; AS, AS1842856. Results are expressed 

as means ± SD. **, p<0.01; ***, p<0.0001, n=3-5. 
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Figure 6. Ex vivo effects of silencing FoxO1-autophagy axis on FSP27 in white adipose 

tissue (WAT). (A-B) Ex vivo treatment of WAT with FoxO1 antagonist AS1842856 and 

autophagosome inhibitors BL suppressed autophagy activity (p62 degradation). (C-D) Ex vivo 

treatment of WAT with AS1842856 and BL downregulated FSP27 levels. Fresh WAT explants 

were processed as described in autophagy flux assay, and the tissue fragments were incubated for 

an additional 4 h in the presence of DMSO (control), AS1842856 (1 µM), and bafilomycin-A1 

(0.1 µM) plus leupeptin (10 µg/ml). Tissue lysates were prepared for p62 and FSP27 analysis by 

western blotting and densitometry. AS, AS1842856; BL, bafilomycin A1 + leupeptin. Results 

are expressed as means ± SD. *, p<0.05; **, p<0.001; n=3-5. 
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Figure 1s. Analysis of autophagy flux in 3T3L1 preadipocytes and mature adipocytes. (A) 

Western blot analysis of p62 degradation by autophagy in the absence and presence of 

bafilomycin A1 (inhibitor of autophagosome acidification, at 0.1 µM) and leupeptin (the 

inhibitor of lysosomal proteases, at 10 µg/ml) for 0, 2, 4, 8, and 12 hr. (B) Densitometric analysis 

of western blot images indicated inhibition of autophagy by bafilomycin A1+ leupeptin at 12 hr 

prevented p62 decreasing in adipocytes, in comparison with 0-hr time point. (C-F) The rate of 

p62 accumulation at 2-hr, 4-hr, 8-hr and 12-hr in response to autophagy inhibition. Results are 

expressed as means ± SD. *, p<0.05; **, p<0.01, NS, not significant, n=3-5.  
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Abstract: Mitochondrial uncoupling proteins (UCPs) are inducible and play an important role 

in metabolic and redox homeostasis. Recent studies have suggested that FoxO1 controls 

mitochondrial biogenesis and morphology, but it remains largely unknown how FoxO1 may 

regulate mitochondrial UCPs. Here we show that FoxO1 interacted transcription factor EB 

(Tfeb), a key regulator of autophagosome and lysosome, and mediated the expression of UCP1, 

UCP2 and UCP3 differentially via autophagy in adipocytes. UCP1 was downregulated but UCP2 

and UCP3 were upregulated during adipocyte differentiation, which was associated with 

increased Tfeb and autophagy activity. However, inhibition of FoxO1 suppressed Tfeb and 

autophagy, attenuating UCP2 and UCP3 but increasing UCP1 expression. Pharmacological 

blockage of autophagy recapitulated the effects of FoxO1 inhibition on UCPs. Chromatin 

immunoprecipitation assay demonstrated that FoxO1 interacted with Tfeb by directly binding to 

its promoter, and silencing FoxO1 led to drastic decrease in Tfeb transcript and protein levels. 

These data provide the first line of evidence that FoxO1 interacts with Tfeb to regulate 

autophagy and UCP expression in adipocytes. Dysregulation of FoxO1autophagyUCP 

pathway may account for metabolic changes in obesity. 

Keywords: FoxO1, autophagy, mitochondrial uncoupling protein, adipocyte, Tfeb 
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Introduction 

Obesity is one of the most pressing health concerns in the US.1-3 The growing epidemic of 

obesity has been attributed largely to modern lifestyle characteristic of energy overconsumption 

and physical inactivity.3, 4 As such, the strategies limiting energy intake or increasing energy 

expenditure have been proposed for obesity prevention.3-5 Mitochondria play a central role in 

cellular energy homeostasis.3, 6-8 In particular, induction of mitochondrial uncoupling protein 

(UCP) in mice promotes energy dissipation and protects against obesity, while genetic UCP 

deficiency causes obesity.5, 9, 10 In line with these findings, UCP polymorphisms have been 

increasingly reported in obese humans,11, 12 and adipose UCP gene expression is significantly 

lower in morbidly obese people than in lean individuals.13 These studies suggest that 

dysregulation of UCPs contributes to development of obesity, and understanding the mechanism 

of regulation of UCPs in adipocytes may lead to new options for obesity prevention and 

treatment. 

UCPs are a family of mitochondrial transporters (or mitochondrial anion carriers) in the inner 

membrane.14, 15 In adipocytes or adipose tissue, three isoforms of UCP have been identified, 

UCP1, UCP2, and UCP3, although their expression levels vary.14-18 UCP1 is primarily expressed 

in brown adipose tissue, and it uncouples mitochondrial respiration from ATP 

production/oxidative phosphorylation, dissipating energy in the form of heat.14, 15 Under certain 

conditions (e.g., cold exposure), UCP1 expression in white adipocytes can be significantly 

induced, leading to a browning phenotype.17 UCP2 and UCP3 share amino acid identity with 

UCP1 (59% and 57%, respectively), and their function in mitochondrial uncoupling is still under 
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investigation.14, 15, 18 Although some studies suggested that UCP2 and UCP3 were proton 

channels like UCP1, others regarded them as ion channels that limit the production of reactive 

oxygen species, and export toxic fatty acid anions and peroxides from mitochondrial matrix.14, 15, 

18, 19  

FoxO1 is a transcription factor that regulates mitochondrial function and adipocyte 

differentiation.2, 20-23 Activation of FoxO1 in the liver alters mitochondrial biogenesis, 

morphology and function in the insulin resistant mice, while genetic ablation of FoxO1 

significantly normalizes mitochondria and metabolism.21, 24 In adipocytes, silencing FoxO1 with 

specific antagonist or siRNA potently inhibits cell differentiation and lipid accumulation, 

accompanied with changes in expression of mitochondrial respiration chain proteins.2, 22, 23 

Recently we found that FoxO1 controlled lipid droplet growth and adipose autophagy, the 

cellular process that has been implicated in adipocyte differentiation.25-29 Moreover, genetic and 

pharmacologic inhibition of autophagy leads to browning of white adipose tissue, characteristic 

of increased UCP1 expression.26-29 However, it is unknown how mechanistically FoxO1 

regulates autophagy and other UCPs (i.e., UCP2 and UCP3). In the present work, we show that 

FoxO1-mediated autophagy upregulates UCP2 and UCP3 in adipocytes but downregulates 

UCP1. Mechanistically, FoxO1 interacted with transcription Factor EB (Tfeb), a key regulator of 

autophagosome and lysosome,30 by directly binding to the promoter and regulating its 

expression.  
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Results 

Expression patterns of UCPs during adipocyte differentiation.  

Following an established protocol, we cultured 3T3-L1 pre-adipocytes and induced cell 

differentiation.2, 31 Maturation of adipocytes was paralleled with significant lipid accumulation as 

measured by oil red O staining and spectrophotometric reading at 510 nm (Figure 1, A-B).2, 32, 33 

Interestingly, the expression of UCP1, UCP2 and UCP3 showed distinctive kinetics during 

adipocyte differentiation (Figure 1, C-E). In contrast to UCP1 that underwent downregulation 

(Figure 1, C), UCP2 and UPC3 were upregulated drastically (Figure 1, D-E). These data support 

the notion that upregulation of UCP1 counteracts lipid accumulation in adipocytes,34, 35 and add 

evidence to the hypothesis that UCP2 and UCP3 are required for lipid metabolism.14, 15, 19, 36   

 

Inhibition of FoxO1 suppressed the coordinated expression of UCPs in 

adipocytes.  

FoxO1 regulates mitochondrial morphology and biogenesis,21, 24 but it remains largely unknown 

how FoxO1 is related to mitochondrial UCPs. Upon inhibiting FoxO1 with a specific antagonist 

AS1842856,2, 37 we found that the coordinated expression of UCP1, UCP2 and UCP3 was 

significantly disturbed in 3T3-L1 cells (Figure 2). A 3-fold increase in UCP1 expression was 

induced by the treatment with AS1842856 (p<0.001; Figure 2, A). By contrast, inhibition of 

FoxO1 markedly reduced the expression of UCP2 (by 58%, p<0.0001; Figure 2, B) and UPC3 

(by 87%, p<0.0001; Figure 2, C). These changes were associated with a drastic suppression of 

adipocyte differentiation, leading to about 50% reduction of lipid accumulation in the adipocytes 
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(p<0.001) (Figure 2, D). In addition, AS1842856 resulted in marked inhibition of autophagy 

(Figure 2, E, F; Figure 1s). Given that UCP1 can be regulated by modulation of autophagy,26-29 

the inhibition of autophagy by AS1842856 may account for the altered UCPs in the adipocytes.  

 

Suppression of autophagy recapitulated the effects of silencing FoxO1 on 

UCPs.  

To examine the role of autophagy in UCP regulation, we measured kinetics of autophagy during 

adipogenesis (Figure 3, Figure 1s). Adipocyte differentiation was accompanied with a gradual 

downregulation of p62 (Figure 3 A-C), the protein that was exclusively degraded by 

autophagy.25, 38, 39 This change was concurrent with upregulation of Tfeb (Figure 3 A-B), the 

transcription factor shown to regulate both autophagosome and lysosome,30 supporting the notion 

that autophagy is induced during adipogenesis.25, 28, 40 To test if autophagy contributed to the 

coordinated expression of UCPs, we blocked autophagy in adipocytes using bafilomycin-A1 and 

leupeptin, the established inhibitors of autophagosome acidification and lysosomal proteases, 

respectively.25, 38, 39 As expected, bafilomycin-A1 and leupeptin potently attenuated autophagy 

thereby increasing p62 abundance (Figure 1s). Intriguingly, inhibition of autophagy significantly 

increased UCP1 transcript (by 2.2-fold, p<0.001) but reduced the expression of UCP2 (by 38%, 

p<0.01) and UCP3 (by 89%, p<0.001) in adipocytes (Figure 3, D-F), concomitant with 

suppression of adipogenesis (Figure 3, G). These data recapitulated the effects of silencing 

FoxO1 on UCPs during adipocyte differentiation (Figure 2), thereby underlining the importance 

of FoxO1-autophagy axis in the coordinated expression of UCP1, UCP2 and UCP3. 



 

102 

 

 

Distribution and activity of nuclear FoxO1 was upregulated in differentiating 

adipocytes.  Nuclear distribution and activity of FoxO1 as a transcription factor is regulated 

by insulin-induced phosphorylation.8, 41 To examine how insulin present in the differentiation 

media affects FoxO1 distribution and activity, we measured total FoxO1 protein level and 

phosphorylated FoxO1 during adipocyte differentiation (Figure 4, A-B). Intriguingly, FoxO1 

underwent drastic upregulation during the cell differentiation, which significantly outweighed 

insulin-induced FoxO1 phosphorylation (Figure 4, A). Indeed, densitometric analysis of western 

blot images confirmed that un-phosphorylated FoxO1 was increased during adipocyte 

differentiation, indicative of an increased distribution of nuclear FoxO1 (Figure 4, B). To further 

validate this, we isolated nuclear fractions from preadipocytes (day 0), differentiating adipocytes 

(day 6), and differentiated adipocytes (day 12) for activity analysis. As shown in Figure 4 C, 

FoxO1 activity was upregulated by 1.9-fold (p<0.01) and 1.5-fold (p<0.01) in the nuclear 

fractions from differentiating adipocytes and differentiated adipocytes, respectively, in 

comparison with that from preadipocytes. Therefore, nuclear distribution and FoxO1 activity was 

overtly increased during adipogenesis.   

 

FoxO1 regulated Tfeb by directly binding to its promoter.  

Tfeb has been shown to regulate both autophagosome and lysosome.30 Because Tfeb protein 

level and FoxO1 activity were coincidently upregulated during adipocyte differentiation (Figures 

3-4), we asked whether Tfeb underwent transcriptional elevation during adipogenesis. By 
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conducting qPCR analysis we found that Tfeb transcript was upregulated by 3.1-fold (p<0.001) 

and 2.5-fold (p<0.001) on day 6 and day 12, respectively (Figure 5A). Intriguingly, inhibition of 

FoxO1 led to significant suppression of Tfeb transcript (Figure 5B-C), accompanied with 

reduced abundance of Tfeb protein (Figure 5D). These results strongly suggest that FoxO1 is an 

upstream regulator of Tfeb. To examine whether FoxO1 interacts with Tfeb directly, we 

analyzed the promote sequence in mouse Tfeb gene (gene ID 21425) and conducted chromatin 

immune-precipitation (ChIP) assay. As shown in Figure 5E, the promoter of Tfeb bears 3 insulin 

response elements (IRE), the specific binding sites for FoxO1 to interact with target genes.21, 41 

In addition, the abundance of Tfeb promoter bound to FoxO1 was higher in mature adipocytes 

than in preadipocytes (Figure 5F), in line with the increased distribution and activity of nuclear 

FoxO1 (Figure 4). However, FoxO1 antagonist AS1842856 significantly reduced the abundance 

of Tfeb promoter bound to FoxO1 (Figure 5 B,F). Therefore, FoxO1 directly regulates Tfeb gene 

expression through protein-DNA interaction. 

 

Discussion 

FoxO1 and Tfeb have been implicated in autophagy regulation,25, 30, 42, 43 but the interaction 

between these two transcription factors has not been reported. In this study we found that Tfeb 

was upregulated during adipocyte differentiation (Figure 3), concomitant with increased 

distribution and activity of nuclear FoxO1 (Figure 4). Importantly, FoxO1 directly bound to the 

promoter of Tfeb to achieve a transcriptional regulation (Figure 5). Inhibition of FoxO1 reduced 

both Tfeb transcript level and protein abundance, accompanied with downregulation of 

autophagy (Figure 5). Moreover, blockage of FoxO1-autophagy axis led to dysregulation of 
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UCPs and suppressed adipocyte differentiation (Figures 1-3), suggesting that FoxO1-mediated 

autophagy is critical for coordinated expression of UCP1, UCP2, and UCP3 during adipogenesis. 

To our knowledge, this is the first line of evidence demonstrating the regulation of UCP2 and 

UCP3 by autophagy and its relation with FoxO1. 

The differential UCP expression patterns during adipogenesis support the notion that UCP2 and 

UCP3 function differently from UCP1.14, 15, 18, 19 UCP1 was gradually downregulated during 

adipocyte differentiation (Figure 1), but inhibition of the FoxO1-autophagy axis upregulated 

UCP1 and significantly reduced lipid accumulation (Figures 2-3). It suggests that FoxO1-

autophagy axis acts as a suppressor of UCP1, the physiological role of which may reside in 

preserving carbon flux and favoring lipid synthesis for adipocyte maturation. Indeed, adipocytes 

overexpressing UCP1 showed impairment of oxidative phosphorylation but stimulation of 

glycolysis and lactate production, which directs carbon flux away from lipid synthesis and 

prevents lipid accumulation and adipocyte maturation.34, 35 On the other hand, FoxO1-autophagy 

axis appeared to be an inducer of UCP2 and UCP3 and promote adipogenesis (Figures 2-3). 

Given that UCP2 and UCP3 regulated reactive oxygen species and lipid peroxide,18, 19, 44 the 

FoxO1-autophagy-UCP2/UCP3 axis may serve to maintain redox and lipid homeostasis that is 

critical for adipocyte differentiation.23, 45 To this end, silencing of FoxO1 disturbs redox balance 

and prevents preadipocyte differentiation.23  

The downstream pathway by which the FoxO1-autophagy axis differentially regulates UCPs 

remains to be defined. Although we cannot rule out the possibility that FoxO1 might directly 

regulate transcription of UCP genes, targeting FoxO1 or autophagy led to similar effects on UCP 

expression (Figures 2-3), corroborating an important role of the FoxO1autophagy cascade in 
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UCP regulation. Previous study suggested that suppression of autophagy by deleting Atg7 in 

skeletal muscle or liver promoted secretion of fibroblast growth factor 21 (FGF21), which in turn 

induced UCP1 in adipose tissue.46 Also, it was shown that suppression of autophagy reduced the 

stability of peroxisome proliferator-activated receptors γ  (PPARγ),40 the key regulator of 

adipogenesis that also mediates UCP2 and UCP3 expression.2, 18 To this end, we found that 

targeting the FoxO1-autophagy axis with inhibitors significantly reduced PPARγ level,25 which 

may account for the downregulation of UCP2 and UCP3 (Figures 2-3). Thus, future study 

examining the role of FGF21 and PPARγ in the regulatory network of FoxO1-autophagy axis 

will be of interest. 

Taken together, our study demonstrates for the first time that FoxO1 induces Tfeb by binding to 

its promoter, and FoxO1-autophagy axis differentially regulates UCP1, UCP2, and UCP3 in 

adipocytes. Given obesity is linked to dysregulation of FoxO1,2, 41 autophagy,38, 47-49 and UCPs,5, 

10-12 further studies to establish the molecular mechanism and physiologic function of the FoxO1-

autophagy-UCPs axis will be of critical importance to treat obesity and its related metabolic 

disorders.    

 

Materials and methods 

Materials  

3T3-L1 preadipocytes (ATCC® CL-173™) were purchased from ATCC (Manassas, VA). 

Dulbecco’s modified Eagle’s (DMEM) medium was from Corning Inc (Manassas, VA). Fetal 

bovine serum (FBS) was from GeneMate (Kaysville, UT). Dexamethasone, 3-isobutyl-1-
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methylxanthine (IBMX) and rosiglitazone were purchased from Cayman Chemical (Ann Arbor, 

MI). Penicillin/streptomycin (P/S) was from GE Healthcare Life Sciences HyClone Laboratories 

(Logan, UT). Insulin was from Sigma-Aldrich (St. Louis, MO). FoxO1 inhibitor AS1842856 was 

from EMD Millipore (San Diego, CA). Autophagy inhibitors bafilomycin A1 and leupeptin were 

from LC Laboratories (Woburn, MA) and DOT Scientific Inc (Burton, MI), respectively.  

 

Cell culture and treatment 

3T3-L1 preadipocytes were cultured as previously described.2, 31 Briefly, the cells were cultured 

in basal media (DMEM media supplemented with 10% FBS, 100 units/ml penicillin and 

100 μg/ml streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere of 5% CO2. The media 

were replaced every 2 days. 3T3-L1 preadipocytes were grown to confluence (day 0), and further 

maintained in fresh basal media for 2 days (days 1–2). At the end of day 2, the medium was 

changed to differentiation medium I:  DMEM supplemented with 10% FBS, P/S (1 × ), IBMX 

(0.5 mM), dexamethasone (1 μM), insulin (1 μg/ml), and rosiglitazone (2 μM). At the end of day 

4, the medium was changed to differentiation medium II: DMEM supplemented with 10% FBS, 

P/S (1 ×), and insulin (1 μg/ml). At the end of day 6, the medium was changed back to basal 

media, and the cells were maintained in basal medium (fresh basal medium was supplied every 2 

days) until fully differentiated (day 12). Control preadipocytes were maintained in basal media 

and supplied with fresh medium every other day till day 12. Treatments with inhibitors (e.g., 

AS1842856 or bafilomycin A1 plus leupeptin) started on day 0 through day 12 (during 

differentiation) at the indicated concentrations.  
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Measurement of lipid accumulation in adipocytes  

Lipid accumulation in adipocytes was measured by oil red O staining.2, 25 The oil red O working 

solution was freshly prepared by mixing 0.35% stock solution with dH2O (6:4) and filtered, and 

the staining was conducted on day 0, day 6, day 12as described.2, 25 Briefly, the media were 

removed and the cells were washed once with phosphate buffered saline (PBS), and fixed in 4% 

formaldehyde at room temperature for 10 minutes. Subsequently, the cells were washed once 

with dH2O, once with 60% isopropanol, and air dried. Oil red O working solution was added and 

the staining lasted for 1 hour at room temperature. Afterwards, the stained cells were washed 

with dH2O for 4 times, and oil red O retained in the cells was extracted with isopropanol, and 

quantified by the absorbance at 500 nm on a Synergy™ H4 Hybrid Multi-Mode Microplate 

Reader (BioTek Instruments, Inc).  

 

RNA extraction and cDNA synthesis 

RNAs were extracted from cells with RNeasy Mini Kits (Qiagen) according to the 

manufacturer’s instruction. The RNA samples were used to synthesize cDNA by reverse 

transcription PCR using iScript™ cDNA Synthesis Kits (BioRad) according to the 

manufacturer’s instruction. 
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Real time PCR  

Gene expression was analyzed by quantitative real time PCR on a ViiA™ 7 Real-Time PCR 

System (Life Technology, Grand Island, NY, USA).1 The primers used in this study were 5’-

CAG CTT GCC TGG CAG ATA TCA-3’ (forward) and 5’-TTG GAT CTG AAG GCG GAC 

TT-3’ (reverse) for UCP1; 5’-TCT GCC CAG TCC CAT TCT CT-3’ (forward) and 5’-GGG 

AGG TGA GGT GGG AAG TAA-3’ (reverse) for UCP2; 5’-ACC TCC ATA GGC AGC AAA 

GGA-3’ (forward) and CGG AGG GCT GAA GTC CAA (reverse) for UCP3; 5’-CCC TGC 

CAT TGT TAA GAC C-3’ (forward) and 5’-TGC TGC TGT TCC TGT TTT C-3’ (reverse) for 

Ppargc1α; 5’-CCA CCC CAG CCA TCA ACA C-3’ (forward) and 5’-CAG ACA GAT ACT 

CCC GAA CCT T-3’ (reverse) for Tfeb; and 5’-ACAGTCCATGCCATCACTGCC-3’ (forward) 

and 5’-GCCTGCTTCACCACCTTCTTG-3’ (reverse) for GAPDH as a reference gene. 

 

ChIP assay 

ChIP assay was performed with an EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit 

(EMD Millipore, cat # 17-10086) as described previously.21 Briefly, the cell culture was treated 

with 1% formaldehyde for 10 minutes, and the crosslinking reactions was stopped by adding 

glycine to a final concentration of 125mM and incubating for 5 minutes at room temperature. 

Then the cells were rinsed with PBS, harvested in lysis buffer, and incubate for 15 minutes. 

DNA was sheared and immunoprecipitation was conducted with a ChIP-grade anti-FoxO1 

antibody (ab39670) from Abcam as described previously.21 Primers used to amplify the promoter 

of Tfeb were 5'-CCCCAAGTGGAAGTTGCTAA-3' (forward) and 5'-
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ATGGCCCGTGATATGACTTT-3' (reverse). PCR products were resolved by electrophoresis on 

2.5% agarose gel. 

 

Measurement of nuclear FoxO1 activity  

Nuclear fractions were isolated from cells using a TransAM® Nuclear Extract Kit (Active Motif, 

cat # 40010), and FoxO1 activities were determined using a TransAM® FKHR (FOXO1) 

Transcription Factor ELISA Kits (Active Motif, cat # 46396) according to the manufacturer’s 

instructions. 

 

Western blotting 

To prepare cell lysates, the cells were washed with ice-cold PBS and homogenized using a Bullet 

Blender (Next Advance, Averill Park, NY, USA) in PLC lysis buffer (30 mM Hepes, pH 7.5, 

150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM NaPPi, 

100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor cocktail (Roche), 1 mM 

PMSF.2, 31 Total protein concentrations of the lysates were determined using the DC protein 

assay (Bio-Rad). Western blotting and image analysis were conducted as described previously.2, 

31 Antibody information: GAPDH (MA5-15738) and β-actin (MA5-15739) antibodies from 

Pierce (Rockford, IL, USA); antibodies against FoxO1 (9454s), phospho-FoxO1 (Thr24) 

antibody (9464s), LC3 (2775s) and p62 (SQSTM1, 5114S) from Cell Signaling Technology 

(Beverly, MA, USA); Tfeb (A303-673A) antibody from Bethyl Laboratories, Inc. (Montgomery, 

TX, USA). 
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Statistical analyses 

 All results were expressed as mean ± Standard Deviation (SD), and underwent analysis of 

variance (ANOVA) to determine p values; p < 0.05 was considered statistically significant. 
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Figure 1. Expression of UCPs during 3T3-L1 adipocyte differentiation. (A-B) Measurement 

of lipid accumulation during adipocyte differentiation. The cells were cultured and differentiated 

as described in Materials and Methods, and lipid accumulation was measured by oil red O 

staining (A) and absorbance at 510 nm (B). (C-D) qPCR analysis of UCP1 (C), UCP2 (D), and 

UCP3 (E) during adipocyte differentiation. Results were presented as mean ± SD; n=3-4; *, 

p<0.05; **, p<0.01; ***, p<0.001.  
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Figure 2. Effects of FoxO1 inhibition on UCPs and autophagy. (A) Inhibition of FoxO1 

upregulated UCP1. (B) Inhibition of FoxO1 down-regulated UCP2. (C) Inhibition of FoxO1 

down-regulated UCP3. (D) Inhibition of FoxO1 prevented lipid accumulation in adipocytes. (E-

F) Inhibition of FoxO1 attenuated autophagy (p62 degradation). The cells were cultured and 

treated (days 0-12) as described in Materials and Methods. DI, differentiation induction; AS, 

AS1842856 (0.1 µM). Results were presented as mean ± SD; n=3-4; **, p<0.01; ***, p<0.001. 
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Figure 3. Autophagy was required for coordinated expression of UCPs in adipocytes. (A-C) 

Western blot (A) and densitometric (B-C) analysis of Tfeb and p62 suggested that autophagy 

was upregulated during adipocyte differentiation. (D) Effects of autophagy inhibitors 

bafilomycin A1 and leupeptin on UCP1 expression. (E) Effects of bafilomycin A1 and leupeptin 

on UCP2 expression. (F) Effects of bafilomycin A1 and leupeptin on UCP3 expression. (G) 

Effects of bafilomycin A1 and leupeptin on lipid accumulation. The cells were cultured and 

treated as described in Materials and Methods, and the treatment with autophagy inhibitors was 

conducted on days 0-12. DI, differentiation induction; BL, bafilomycin A1 (4 nM) and leupeptin 

(0.4 µg/ml). Results were presented as mean ± SD; n=3-4; *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 4. Distribution and activity of nuclear FoxO1 increased during adipogenesis. (A) 

Western blot analysis of total FoxO1 and phosphorylated FoxO1 (pFoxO1) during 3T3-L1 

adipocyte differentiation. (B) Measurement of un-phosphorylated (or nuclear) FoxO1 (un-p-

FoxO1) by densitometric analysis of western blot images. (C) Measurements of FoxO1 activity 

in the nuclear fractions isolated from adipocytes on days 0, 6 and 12 during differentiation. 

Results were presented as mean ± SD; n=3-4; **, p<0.01; ***, p<0.001. 
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Figure 5. FoxO1 regulated Tfeb expression. (A) Tfeb transcript was analyzed on days 0, 6, and 

12 during adipocyte differentiation. (B) FoxO1 inhibitor AS1842856 (0.1 µM) potently 

suppressed FoxO1 activity in the nuclear fractions isolated from adipocytes. (C-D) Inhibition of 

FoxO1 prevented Tfeb upregulation during adipocyte differentiation, both at transcript (C) and 

protein (D) levels. (E) Tfeb gene bears three FoxO1-binding (i.e., insulin response element, IRE) 

sites in its promoter region. (F) Chromatin immune-precipitation (ChIP) assay of FoxO1-Tfeb 

interaction using a FoxO1 specific antibody. DI, differentiation induction; AS, AS1842856. The 

cells were cultured and treated (day 0-12), and ChIP assay conducted as described in Materials 

and Methods. Results were presented as mean ± SD; n=3-4; *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 1s. Measurement of autophagy flux. After terminal differentiation (day 12), 3T3-L1 

cells were treated with FoxO1 inhibitor AS1842856 (1 µM) or autophagy inhibitors bafilomycin 

A1 (0.1 µM) and leupeptin (10 µg/ml) for 6 hours; vehicle (DMSO) was used as the treatment 

control. The cells were washed and lysed for western blot (A) and densitometric (B) analyses to 

measure p62 and LC3-II. DI, differentiation induction; AS, AS1842856; BL, bafilomycin A1 and 

leupeptin. Results were presented as mean ± SD, and comparison was performed between 

untreated and treated cells; n=3-4; *, p<0.05; ***, p<0.001.  
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Abstract: As the pandemic of obesity is growing, a variety of animal models have been 

generated to study the mechanisms underlying adiposity development and metabolic disorders. 

Tamoxifen (Tam) is widely used to activate Cre recombinase that spatiotemporally controls 

target gene expression and regulates adiposity in laboratory animals. However, a critical question 

remains as to whether Tam itself affects adiposity and possibly confounds the functional study of 

target genes in adipose tissue. Here we administrated Tam to Cre-absent forkhead box O1 

(FoxO1) floxed mice (f-FoxO1) and insulin receptor substrate Irs1/Irs2 double floxed mice (df-

Irs), and found Tam induced approximately 30% reduction (p<0.05) in the fat mass with 

insignificant change in body weight. Mechanistically, Tam promoted reactive oxygen species 

(ROS) production, apoptosis and autophagy, which was associated with down-regulation of 

adipogenic regulator peroxisome proliferator-activated receptor gamma (PPARγ) and de-

differentiation of mature adipocytes. However, normalization of ROS potently suppressed Tam-

induced apoptosis, autophagy and adipocyte de-differentiation, suggesting ROS may account, at 

least in part, for the changes. Importantly, Tam-induced ROS production and fat mass reduction 

lasted for 4-5 weeks in the f-FoxO1 and df-Irs mice. Our data suggest thatTam reduces fat mass 

via boosting ROS, thus making a recovery period crucial for post-treatment study.   

Keywords: Tamoxifen, adipose tissue, ROS, apoptosis, autophagy, de-differentiation 
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Introduction 

Excess fat mass or adiposity is the hallmark of obesity, the rapid growing epidemic in the globe.1, 

2 In the United States, over two-thirds of adults are overweight or obese according to the 

statistics of years 2011-2012.3 For children, the overweight or obese population accounts for 

about 25% in the 2-5 year olds and 33% in school students (including adolescents).3 It is 

estimated that obesity care accounts for 21% of national health expenditures in the U.S., equal to 

190.2 billion U.S. dollars per year.4 Because adipose tissue is an important endocrine organ, 

which secretes adipokines or cytokines that regulate inflammatory responses and metabolic 

homeostasis, aberrant adiposity dysregulates adipokine levels and leads to a variety of metabolic 

disorders and complications, such as diabetes and cardiovascular diseases.5 As such, the 

healthcare burden that obesity imposes on the society is far greater.  

 

To understand the molecular mechanism of obesity development, various laboratory rodent 

models have been generated to study the gain or loss of functions of different genes.6, 7 To this 

end, the Cre/lox site-specific recombination system has been versatile to generate conditional 

mouse mutants, controlling gene expression and activity in target tissues.8, 9 In particular, 

Tamoxifen (Tam) is used to activate Cre recombinases spatiotemporally in vivo through intra-

peritoneal (IP) or subcutaneous administration.10-12 Injection of Tam at a dose of 1-8 mg/kg body 

weight for 5 consecutive days deletes target genes, thus establishing a versatile system to study 

functional genes in obesity.8-12  
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The use of Tam in clinical treatments has led to the argument about its potential effect on body 

fat or weight gain in human patients.13, 14 This raises the question as to whether and how Tam 

influences adipocytes and fat mass in the experimental animal models after administration. 

Exclusion of direct regulation of adiposity by Tam as a confounding factor in animal models is 

critical to better understand target genes in adipogenesis and metabolic homeostasis. In the 

present work, we present the evidence that 5-day administration of Tam significantly reduces 

mouse fat mass, which persists till weeks 4-5 after the treatment. At cellular level, Tam promotes 

the production of reactive oxygen species (ROS), which is accompanied with enhanced 

apoptosis, autophagy and adipocyte dedifferentiation. However, treatment of adipocytes with 

antioxidant n-acetyl cysteine (NAC) dramatically counteracted Tam-induced ROS and 

suppressed apoptotic and autophagic markers, concomitant with reversal of adipocyte 

dedifferentiation. In vivo, fat mass was restored upon the normalization of ROS, which is 

associated with suppressed adipocyte dedifferentiation and downregulated apoptotic and 

autophagic markers. Our data reveals a ROS-mediated mechanism by which Tam induces fat 

mass reduction. Since it may confound the post-treatment study, deliberate determination of the 

recovery period after Tam administration is essential to understand the functions of target genes 

using Tam-induced knockout mice.   

 

Results 

Tam induced fat mass reduction in mice. To test the effect of Tam on fat mass, we 

conducted 5-day I.P. administration of Tam (1 mg/20 g body weight) on FoxO1 floxed mice (f-

FoxO1),15-17 by following a standard protocol established previously.12 Two weeks after Tam 
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administration, the body fat was reduced by 34% (p<0.05) in f-FoxO1 mice (Figure 1, A). To 

validate the findings, we treated Irs1 and Irs2 double floxed mice without Cre recombinase (df-

Irs) in a similar way,15, 16 and found the fat mass was also significantly reduced (26%, p<0.05) 

(Figure 1s, A). However, the changes in body weight were insignificant (Figure 1, B; Figure 1s, 

B). Monitoring of fat mass suggested that the reduction was persistent till week 5 (week 4 in df-

Irs mice), after which the fat percentage was comparable to the pre-treatments (Figure 1, A; 

Figure 1s, A). In line with this, the weight of epididymal white adipose tissue (eWAT) was 

significantly reduced in Tam treated f-FoxO1 mice at week 2, while there was no significant 

difference at week 6 (Figure 1, C-D). By contrast, injection of the vehicle (sunflower oil) caused 

indiscernible change in the body fat mass (Figure 1, A; Figure 1s, A). Therefore, the reduction of 

fat mass in mice arose primarily from Tam treatment. Given both two mouse models shared the 

phenotype, we used f-FoxO1 mice for the following mechanistic study. 

 

Tam promoted apoptosis and autophagy in adipose tissue. The regulators of 

apoptosis and autophagy were implicated in the regulation fat mass.18-23 To examine whether 

Tam had effects on apoptosis and autophagy, we used eWAT at week 2 and week 6 after Tam 

administration, and analyzed the mediators of apoptosis and autophagy — the activated or 

cleaved caspase 3 (Cas3(c)) and microtubule-associated protein 1A/1B-light chain 3-

phosphatidylethanolamine conjugate (LC3b), respectively.24, 25 As shown in Figure 2 A-B, Tam 

treatment increased the level of Cas3(c) by 6.8 folds (p<0.0001), and LC3b by 1.9 folds (p<0.05) 

at week 2. However, these changes were largely reversed at week 6 and showed no statistical 

significance (Figure 2 C-D).  
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Tam promoted the production of reactive oxygen species (ROS). ROS and 

resultant oxidative stress play an important role in apoptosis and autophagy.26-28 To examine 

whether ROS and oxidative stress was involved in Tam-induced effects, we analyzed heme 

oxygenase 1 (HO1), the sensitive indicator of cellular oxidative stress.29 Tam treatment 

upregulated HO1 protein level by 6 folds (p<0.0001) in the mice at week 2 (Figure 3A); 

however, at week 6, the HO1 abundance in the treated mice was comparable to that in 

untreated mice, showing no statistical significance (Figures 3a and b). Interestingly, the HO1 

levels in untreated mice were higher at week 6 than at week 2, supporting the notion that HO1 

expression increases with age30, 31.Consistently, ROS level in the adipose tissue was 2.3-fold 

higher in Tam-treated mice than in vehicle-treated mice at week 2 (Figure 3C), but it became 

statistically insignificant at week 6 (Figure 3D). Interestingly, the up- and down-regulation of 

ROS and HO1 levels seems to coincide well with the changes in cas3(c), LC3b, and fat mass 

(Figures 1-3).  

 

Antioxidant abolished Tam-induced ROS, apoptosis and autophagy. To map the 

interaction between ROS and other Tam-induced cellular events, we treated 3T3L1 adipocytes 

with Tam combined with a potent ROS-scavenger n-acetyl cysteine (NAC).32, 33 As observed in 

adipose tissue, Tam induced significant upregulation of HO1 in 3T3L1 adipocytes, and the effect 

was dose-dependent in the tested range of 0-128 µM (Figure 2s). Tam also promoted ROS 

production by 2.5 folds (p<0.01) in 3T3L1 adipocytes (Figure 4A), and significantly upregulated 

the apoptosis and autophagy regulators cas3(c) and LC3b (Figure 4B-C). However, inclusion of 
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NAC in the treatments significantly prevented Tan-induced ROS and HO1 elevation, and 

normalized the protein levels of cas3(c) and LC3b (Figure 4 A-C).  

 

Antioxidant reversed Tam-induced reduction in cell density and adipocyte 

population. Because alteration in adipocyte number affects adiposity,2 we asked whether Tam 

treatment influenced cell density. Compared with the vehicle treated adipocytes, Tam-treated 

cells showed a significant decrease in cell density (24%, p<0.05), consistent with the 

upregulation of apoptotic marker (Figure 5A-B, Figure 4 B-C). Interestingly, the population of 

lipid-droplet-containing cells (i.e., mature adipocytes) also declined (36%, p<0.05), implying a 

process of “de-differentiation” might be induced by Tam (Figure 5A, C). 34-36  Regardless, 

addition of the ROS scavenger NAC largely restored the cell density and population of mature 

adipocytes (Figure 5 A-C).  

 

Antioxidant reversed Tam-induced downregulation of Peroxisome 

proliferator-activated receptor gamma (PPARγ). PPARγ is a key regulator of 

adipogenesis (de novo generation of mature adipocytes) and adipocyte de-differentiation. 34, 35, 37 

The observation of reduced population of mature adipocytes after Tam treatment prompted us to 

analyze the effect of Tam on PPARγ. As shown in Figure 6 A, PPARγ protein level was reduced 

by 74% (p<0.01) in Tam treated adipocytes. However, co-treatment of the adipocytes with Tam 

and NAC significantly restored PPARγ level. These data suggest that Tam may regulate 

adipogenesis or population of mature adipocytes through PPARγ, and ROS plays a central role in 

the regulation. Consistent with this hypothesis, we found the PPARγ level was dramatically 
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decreased (69%, p<0.01) in the adipose tissue of Tam-treated mice at week 2 (Figure 6 C), which 

is accompanied with increased ROS production and oxidative stress indicator HO1 (Figure 3A-

C). At week 6 when ROS production and HO1 level backed to normal (Figure 3D), however, the 

abundance of PPARγ returned comparable to that in the control mice (Figure 6D). In addition, 

the reversal of ROS overproduction and PPARγ suppression was accompanied with 

normalization of fat mass at week 6 (Figure 1, Figure 1s, Figure 3, Figure 6).   

 

Discussion 

 

Tam has been widely used to activate inducible Cre recombinase and knock out target genes in 

mechanistic studies adipose development and metabolic homeostasis 8, 11, 12, 38-41 However, the 

effect of Tam administration on adipocytes and adipose tissue has not been investigated to the 

best of our knowledge. In this study, we chose to use f-FoxO1 bearing no Cre recombinase for 

Tam treatment, aiming to rule out the effect of Cre activation (or gene deletion) on fat mass. We 

found that 5-day administration of Tam led to significant reduction of fat mass in mice, which 

lasted for 4-5 weeks after the last injection. The findings were validated in Cre-absent df-Irs 

mice. The Tam-induced fat mass reduction could confound the effects of gene knockout, making 

it critical to allow for 6 weeks as a recovery period before further study is conducted. Note that 

the recovery period may vary with different animal models, thus warranting a deliberate 

determination for a specific laboratory model to establish a reliable experimental system.  
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The mechanism by which Tam reduces fat mass includes several cellular events. Tam treatment 

increased apoptosis and autophagy, the processes that reduce adipocyte number and have been 

implicated in adipose regulation.2, 18-23 Indeed, the cell density and population of mature 

adipocytes decreased after Tam treatment. Tam also promoted adipocyte de-differentiation and 

ROS production, whereas normalization of ROS level markedly prevented Tam-induced 

adipocyte de-differentiation, apoptosis and autophagy, concomitant with restoration of mature 

adipocyte population and fat mass. Together, our data strongly suggest that the short-term (5-

day) treatment with Tam reduces fat mass via boosting ROS production. 

Tam was shown to induce ROS and oxidative stress in breast cancer cells, hepatoblastoma cells, 

retinal cells and platelets through activation of NAD(P)H oxidase.32, 42-45 The ROS-boosting 

effect of Tam was extended and further validated by our study in adipocytes and adipose tissues. 

Importantly, we found that ROS elevation resulted in PPAR γ down-regulation and adipocyte de-

differentiation, which support the notion that mature adipocytes undergo de-differentiation under 

stress conditions.34, 35 It was shown that proinflammatory adipocytokines (e.g., TNFα) could 

promote adipocyte de-differentiation through down-regulation of PPARγ.34, 35 Given that ROS 

elevation or oxidative stress increases TNFα production,46 Tam may promote adipocyte de-

differentiation by activating a ROS-TNFα-PPARγ axis.    

The effect of Tam on fat mass in humans, e.g., breast cancer patients, remains controversial. 

While Tam was reported to increase fat mass through its anti-oestrogenic effect,13 recent studies 

loosened the conclusion by showing Tam has no effect on the fat mass in breast cancer 

patients.14 It should be noted that the Tam dosage and treatment duration for mice in this study 

significantly differs from that for the long-term Tam treatment of breast cancer patients. To 
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activate Cre recombinase to knock out target genes, animal models are typically treated for 5 

consecutive days (administration of 1-8 mg/20g body weight or 50-400 mg/kg body weight, once 

a day8-12. However, Tam therapy for breast cancer patients in the United States generally lasts 5 

years, with a dose of 20 mg (either one 20 mg tablet or two 10 mg tablets) taken by month once a 

day.47-49 Assuming the body weight of breast cancer patients ranges from 50 kg to 80 kg, the 

average daily use of Tam would be 0.25-0.4 mg/kg, a dosage being 0.06%-0.8% of that used in 

animal models. Owing to different dosage and treatment duration, the effect of Tam on mouse fat 

mass observed in this study might not be phenocopied in breast cancer patients with Tam 

therapy. 

 

Materials and methods 

 

Materials Dulbecco’s modified Eagle’s (DMEM) medium was from Corning Inc (Manassas, 

VA). Fetal bovine serum (FBS) was from GeneMate (Kaysville, UT). Dexamethasone, 3-

isobutyl-1-methylxanthine (IBMX), rosiglitazone and tamoxifen (Tam) were purchased from 

Cayman chemical (Ann Arbor, MI). Penicillin/streptomycin (P/S) was from GE Healthcare Life 

Sciences HyClone Laboratories (Logan, UT). Insulin and n-acetyl cysteine (NAC) were from 

Sigma-Aldrich (St. Louis, MO). Phosphate buffered saline (PBS) was from Caisson 

Laboratories, Inc (North Logan, UT). 
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Mice The FoxO1 floxed and mice (f-FoxO1) and Irs1/Irs2 double floxed mice (df-Irs) were bred 

and housed as previously described.15, 16, 50 Briefly, the mice were housed in plastic cages on a 12 

h light-dark photocycle, with free access to water and regular chow diet. Before Tam treatment 

experiments, male mice (14-16 week old) were weighed and fat mass was measured with a 

Bruker Minispec LF90 NMR Analyzer ((Bruker Optics, Inc). Then the mice were transferred to a 

biosafety level 2 (BSL2) room, and administrated with Tam (1 mg/20 g body weight) or the 

vehicle (sunflower oil) by I.P. injection (, once a way for 5 consecutive days). After Tam 

administration, the cages were changed every 2 days until week 2, when the mice were 

transferred into BSL1 room and the measurement of body fat mass was resumed. Depending on 

the experimental design, the mice were weighed and sacrificed to harvest tissue for snap freezing 

in liquid nitrogen, at week 2 or week 6 after Tam treatment. All the procedures of experiment 

and waste disposal followed NIH guideline and were approved by the Virginia Tech Institutional 

Animal Care and Use Committee.  

 

Cell culture and Treatment 3T3-L1 preadipocytes (ATCC® CL-173™, Manassas, VA) 

were cultured in basal media (i.e., DMEM media supplemented with 10% FBS, 100 units/ml 

penicillin and 100 μg/ml streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere of 5% 

CO2. The media were replaced every two days. Differentiation of 3T3-L1 cells was induced as 

described previously with minor modifications.51 Briefly, 3T3-L1 cells were grown to 

confluence (day 0), and maintained in fresh basal media (BMI) for two days (days 1-2). At the 

end of day 2, BMI medium was changed to differentiation medium I (DMI): DMEM 

supplemented with 10% FBS, P/S (1 ×), IBMX (0.5 mM), dexamethasone (1 μM), insulin (1 

μg/ml) and rosiglitazone (2 μM). At the end of day 4, DMI medium was changed to 
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differentiation medium II (DMII): DMEM supplemented with 10% FBS, P/S (1 ×), and insulin 

(1 μg/ml). At the end of day 6, DMII medium was changed to basal media (BMII), and the cells 

were maintained in BMII (replaced with fresh basal medium every two days) until fully 

differentiated (day 12). As a control, preadipocytes were maintained in BMI till day 12, and the 

medium was replaced fresh one every two days. Upon full differentiation, 3T3-L1 adipocytes 

were treated with Tam for 48 hours at concentrations of 0, 8, 16, 32, 64, and 128 μM, and the 

vehicle 0.1% sunflower as a treatment control.12 When applicable, NAC was added at a 

concentration of 1 mM with Tam for a 48-hour treatment to study the role of ROS.32 Images of 

the cells were captured on day 12 with a Nikon ECLIPSE TS100 microscope, and cell counting 

and population analysis was performed with NIH ImageJ software.  

 

ROS measurement ROS in adipocytes and adipose tissue was measured as previously 

described,52, 53 with a cell-permeable dye 5,6-carboxy-2',7'-dichlorofluorescein diacetate 

(Carboxy-DCFDA, Molecular Probes). Snap frozen adipose tissues were weighed and 

transferred into buffered medium (5 mmol/l HEPES in PBS) for quick thawing to improve the 

probe diffusion. After rapid thawing, medium was discarded. Samples were exposed to 8 µM 

Carboxy-DCFDA in fresh medium and were incubated at 37°C for 45 min under agitation. 

Medium was then removed, and samples were further incubated in a lysis buffer (0.1% SDS, 

Tris-HCl, pH 7.4) for 15 min at 4°C. After homogenization, samples were centrifuged at 16,000g 

for 20 min at 4°C. Supernatants were collected and subjected to fluorescence analysis at 530 nm 

under excitation at 485 nm using a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek 

Instruments, Inc.).  
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To measure ROS in 3T3L1 adipocytes, 1- 5 x 106 cells were harvested with typsin and washed 3 

times with cold PBS, followed by incubation with 8 µM Carboxy-DCFDA in fresh medium (5 

mmol/l HEPES in PBS) and were incubated at 37°C for 45 min under agitation. Medium was 

then removed, and samples were further incubated in PLC lysis buffer:15, 50 (30 mM Hepes, pH 

7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM 

NaPPi, 100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor cocktail (Roche) 

and 1 mM PMSF for 15 min at 4°C. After homogenization, samples were centrifuged at 16,000g 

for 20 min at 4°C. Supernatants were collected and subjected to fluorescence analysis at 530 nm 

under excitation at 485 nm, and total protein was determined with DC protein assay (Bio-Rad) 

on a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek Instruments, Inc.). The ROS 

levels were normalized to the total protein for each cell dish.  

 

Western Blot To prepare tissue lysates, snap frozen adipose tissues were weighed and 

homogenized with a Bullet Blender® (Next Advance, Inc.), in PLC lysis buffer supplemented 

with protease inhibitor cocktail (Roche), 1 mM PMSF, 10 μM TSA (Trichostatin A, 

Selleckchem) and 5 mM Nicotinamide (Alfa Aesar). 15, 50 For cell lysates, the 3T3L1 adipocytes 

were washed with ice-cold PBS and homogenized with a Bullet Blender. Total protein 

concentrations of the lysates were determined using the DC protein assay (Bio-Rad). Western 

blot and image analysis were conducted as described previously.15 Antibody catalog numbers 

and vendors are as follows:  cleaved caspase-3 Rabbit mAb (9664) and LC3B antibody (2775) 

from Cell Signaling Technology; PPAR-gamma antibody (MA5-14889), LC3 Antibody (PA1-

16930) and GAPDH antibody (MA5-15738) from Pierce or Thermo Fisher Scientific Inc; heme 

oxygenase-1 antibody (3391-100) from BioVision, Inc.  



 

134 

 

 

Statistical analyses All results are expressed as means ± s.d. and are analyzed by analysis of 

variance to determine p values; p < 0.05 was considered statistically significant. 
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PPARγ: peroxisome proliferator-activated receptor gamma 
ROS: reactive oxygen species  
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Figures 

                                                                                                             Figure 1 

 

Figure 1   Tam reduced fat mass in f-FoxO1 mice. (a) The kinectics of fat mass regulation 

after 5-day administration of Tam. (b) Measurement of body weight before Tam treatment (pre-

Tam), 2 weeks (2wk) and 6 weeks (6wk) after Tam injection. (c) The weight of epididymal 

adipose tissue (eWAT) at week 2 in mice treated with Tam. (d) The weight of eWAT at week 6 

in mice treated with Tam. n = 4–6; *P<0.05; **P<0.01; NS, not significant 

 

 

 



 

137 

 

                                                                                                                                     Figure 2 

 

 

Figure 2   Tam increased apoptotic and autophagic regulators in adipose tissue. (a and b) At 

week 2 after Tam administration, western blotting (a) was performed to analyze Cas3(c) and 

LC3 with densitometric analysis (b) of western blotting images using the NIH ImageJ software; 

n = 5–7. (c and d) At week 6 after Tam administration, western blotting (c)  was performed to 

analyze  Cas3 (c) and LC3, and densitometric  analysis  (d)  of western  blotting images with the 

NIH ImageJ  software; n = 5–7. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was 

probed as a loading control. *P<0.05; ***P<0.0001; NS, not significant 
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                                                                                                                         Figure 3                                                                                           

 

Figure 3   Tam promoted ROS and oxidative stress. (a) Western blotting analysis of HO1 in 

mouse adipose tissues at weeks 2 and 6, respectively, after Tam administration, with GAPDH 

(glyceraldehyde 3-phosphate dehydrogenase) probed as a loading control. (b) Densitometric 

analysis of western blotting images using the NIH ImageJ software; n = 6–8. (c) Measurement of 

ROS in adipose tissue at week 2 after Tam administration (n = 3–4). (d) Measurement of ROS in 

adipose tissue at week 6 after Tam administration (n = 3–4). **P<0.01; ***P<0.0001; NS, not 

significant 
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                                                                                                                                 Figure 4 

 

Figure 4   Antioxidant NAC attenuated ROS level and reversed Tam effects. (a) 

Measurement of ROS in 3T3L1 adipocytes. (b and c) Western blotting analysis (b) of HO, Cas3 

(c) and LC3 in 3T3L1 adipocytes after 48-h treatment with Tam (128 μM) or Tam (128 μM) plus 

NAC (1 mM), with densitometric analysis (c) of western blotting images using the NIH ImageJ 

software; GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was probed as a loading 

control. n = 3–5; *P<0.05; **P<0.01 
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                                                                                                                                   Figure 5 

 

Figure 5   Antioxidant NAC mitigates Tam effect on cell density and mature adipocyte 

population. (a–c) Microscopy imaging of 3T3L1 adipocytes treated with vehicle (a), 128 μM 

Tam (b) and Tam (128 μM) plus NAC (1 mM) (c). The microscope was set at × 100. (d and e) 

Measurement of cell density and population of mature adipocytes using the NIH ImageJ 

software; n = 6–8. *P<0.05 
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                                                                                                                                           Figure 6 

 

Figure 6   Counteracting or normalizing ROS reduced Tam effect on PPARγ. (a) Western 

blotting analysis (left panel) of PPARγ in 3T3L1 adipocytes after 48-h treatment with Tam (128 

μM) or Tam (128 μM) plus NAC (1 mM), with densitometric analysis (right panel) of western 

blotting images using the NIH ImageJ software; n = 3–5. (b) At week 2 after Tam administration, 

western blotting (upper panel) was performed to analyze PPARγ, with densitometric analysis 

(lower panel) of western blotting images using the NIH ImageJ software; n = 3–5. (c) At week 6 

after Tam administration, western blotting (upper panel) was performed to analyze PPARγ, with 

densitometric analysis (lower panel) of western blotting images using the NIH ImageJ software; 

n = 3–5. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was probed as a loading control. 

*P<0.05; **P<0.01 
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Figure 1s. Tam reduced fat mass in df-Irs mice. (A) The kinetics of fat mass regulation after 

5-day administration of Tam. (B) Measurement of body weight before Tam treatment (pre-Tam), 

2 weeks (2 wk) and 6 weeks (6 wk) after Tam injection. *, p<0.05; NS, not significant.  
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Figure 2s. Tam induced oxidative stress in 3T3L1 adipocytes. Cells were lysed after 48-hour 

treatment with Tam at various concentrations, and the cell lysates underwent western blot (panel 

A) for HO1 measurement, with densitometric analysis (panel B) of western blot images using 

NIH ImageJ software; n=3-5. GAPDH was probed as a loading control. *, p<0.05; ***, 

p<0.0001. 
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Chapter 6 Conclusions and future direction 

  

Conclusions 

This project has led to the key findings as summarized below: 

(1) The kinetics of FoxO1 activation follows a series of sigmoid curves that show multiple 

activation-inactivation transitions during adipogenesis 1. Inhibition of FoxO1 leads to 

stage-dependent suppression of adipocyte differentiation. Our findings explain well the 

controversial reports in the literature that either persistent inhibition or activation of 

FoxO1 prevents the adipocyte differentiation. 

(2) FoxO1 may induce adipocyte autophagy through Tfeb2. FoxO1 expression and activity is 

elevated during adipogenesis, which is paralleled with upregulation of Tfeb, the key 

regulator of autophagosome and lysosome. Indeed, autophagy activity is enhanced during 

adipocyte differentiation. ChIP assays confirm that FoxO1 can directly bind to the 

promoter of Tfeb. Consistently, inhibitor of FoxO1 blocks the interaction between FoxO1 

and Tfeb promoter, resulting to reduced Tfeb transcript and protein expression.  

(3) The FoxO1-autophagy axis plays a critical role in adipocyte biology2, 3. First, it regulates 

adipogenesis and lipid droplet through FSP27. Pharmacological inhibition of FoxO1 or 

autophagy similarly suppressed FSP27, which prevents adipocyte differentiation. In 

mature (or terminally differentiated) adipocytes, blockage of the FoxO1-autophagy axis 

leads to smaller but more numerous lipid droplets, a phenotype frequently observed in 

browning of adipose tissue. Secondly, inhibition of the FoxO1-autophagy axis 

differentially regulates UCP1, UCP2 and UCP3 in adipocytes. In particular, UCP1 is 
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induced by the inhibition of FoxO1-autophagy axis, serving as a second line of evidence 

of browning of white adipocyte. Given that positive energy balance contributes to 

obesity, targeting the FoxO1-autophagy axis may have the potential to treat or prevent 

obesity. 

(4) Generation of tamoxifen-induced knockout mice should consider a recovery period to 

exclude the direct effects of tamoxifen on fat mass (or adiposity) 4.To develop inducible 

adipose FoxO1 knockout mice, we examined the effects of tamoxifen treatment on 

adiposity in Cre-null mice. We found that tamoxifen administration following a standard 

protocol led to pronounced decrease in fat mass, likely through inducing ROS and 

apoptosis. The fat-reducing effects last 4-5 weeks for the test mice. To exclude the 

confounding effects of Tamoxifen, it is important to consider the recovery time before 

phenotyping inducible knockout mice.  

 

Future direction  

1. Investigate the role of FoxO1 regulating adipose autophagy in vivo and examine its potential 

to prevent obesity. Autophagy in vivo may be subject to regulation by various molecules. 

For instance, mTOR and AMPK have been shown to regulate autophagy5, 6. It is of interest 

to examine whether FoxO1 plays a dominant role in adipose autophagy, and how it may 

affect the interactions of mTOR and AMPK with autophagy. Generation of adipose tissue-

specific FoxO1 knockout mice (aFoxO1KO) is under way. The effects of aFoxO1KO on 

adipose autophagy, adiposity, and metabolism will be examined. 
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2. Study the interactions between FoxO1 and other FoxO transcription factors in the regulation 

of adipose autophagy and adiposity. FoxO1 is the primary FoxO isoform, and FoxO3 and 

FoxO4 are also expressed in adipocytes7, 8. Whether and how FoxO1 interacts with FoxO3 

and FoxO4 is unknown. Previous studies show that FoxOs (Foxo1, 3, 4) have marked 

redundant role in liver, muscle and heart9-11. It is plausible that, when FoxO1 is deleted from 

adipose tissue, FoxO3 and/or FoxO4 compensate for FoxO1 deficiency in the regulation of 

autophagy and adiposity. To test this, the same loxp-Cre system will be used to generate 

adipose specific double or triple knockout mice for the study.  
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