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Estrogen signaling interacts with Sirt1 in adipocyte autophagy 

Zhipeng Tao 

ABSTRACT 

ACADEMIC ABSTRACT 

Obesity is a rapidly growing epidemic. It is associated with preventable chronic disease and vast 

healthcare cost in the United States (about 200 billion per year). Therefore, dissecting pathogenic 

mechanisms of obesity would provide effective strategies to prevent its development and reduce 

related cost. Obesity is characterized by excessive expansion of white adipose tissue (WAT). 

Autophagy, a cellular self-digestive process, is associated with WAT expansion and may be a 

promising target for combating obesity. Both hormone signaling (e.g., ERα) and energy sensing 

factors (e.g., Sirt1) control metabolism and prevent adiposity, and in which they have been shown 

to play collaborate roles. However, how autophagy is involved in ERα and Sirt1’s inhibitory roles 

on adiposity is unknown. These questions have been addressed in my dissertation studies. 

To address this fundamental questions, I have established a method to monitor autophagy flux 

during adipocyte differentiation, which better reflected the dynamic process of autophagy. 

Compared with preadipocytes, autophagy flux activity was increased in mature adipocytes after 

differentiation. And then, my thesis project has addressed three main questions.  

Firstly, the gender difference in visceral fat distribution (Males have higher deposit of visceral 

fat than females) is controlled by an estradiol (E2)-autophagy axis. In C57BL/6J and wild type 

control mice, a higher visceral fat mass was detected in the males than in the females, which was 

associated with lower expression of estrogen receptor  (ER) and more active autophagy in 



  

males vs. females.  ER knockout normalized this difference. Mechanistically, E2-ER- mTOR-

ULK1-autophagy signaling contributed to the gender difference in visceral fat distribution.  

Secondly, in vitro and in vivo studies demonstrated that Sirt1 suppressed autophagy and reduced 

adipogenesis and adiposity via inducing mTOR-ULK1 signaling. Specific activation and 

overexpression of Sirt1 induced mTOR-ULK1 signaling to suppress autophagy and 

adipogenesis. And knockdown of Sirt1 exhibited opposite effects. The first and second studies 

revealed that ER and Sirt1 acted on mTOR-ULK1 signaling pathway, underlying the 

importance of their interaction in inhibiting autophagy and adipogenesis.  

As such, the third study was conducted and it unraveled that ER acted as upstream of Sirt1, 

possibly through its direct binding to Sirt1 promoter. Specifically, E2 signaling suppressed 

autophagy and adipogenesis. But when Sirt1 was knockdown, the effects of E2 on autophagy and 

adipogenesis were abolished. 

Taken together, my dissertation project underscores the importance for future research to 

consider gender difference and how E2-ER-autophagy axis contributes to this difference in 

other metabolic diseases. Also, the unraveled interaction between ERα and Sirt1 might lead to 

new therapeutic approach to adiposity and metabolic dysfunction in post-menopausal women or 

individuals with abnormal estrogen secretion. For example, dietary intervention or exercise 

challenge to activate Sirt1 may partially compensate estrogen deficiency.    

 
 
 
 
 



  

PUBLIC ABSTRACT 

Obesity is a rapidly growing epidemic, which is associated with chronic disease and vast 

healthcare cost in the United States. Understanding the pathogenic mechanism of obesity is of 

critical importance. Recent studies have implicated autophagy, a cellular self-digestive process, 

in WAT development and expansion. It was also shown that hormone (e.g., via estrogen receptor 

ERα) and energy (e.g., via Sirt1) signaling control metabolism and adiposity. However, it is 

unclear whether and how autophagy interacts with ERα and Sirt1 in the regulation of adiposity. 

My dissertation project unraveled the mechanism of how hormone signaling (e.g., ERα) and 

energy sensing factors (e.g., Sirt1) interacted with autophagy to control adipogenesis and 

adiposity.  

 

My thesis project has addressed three main questions. Firstly, the gender difference in visceral 

fat distribution (Males have higher deposit of visceral fat than females) is controlled by an 

estradiol (E2)-autophagy axis, ER knockout normalized this difference. Mechanistically, E2-

ER- mTOR-ULK1-autophagy signaling contributed to the gender difference in visceral fat 

distribution. Secondly, in vitro and in vivo studies demonstrated that Sirt1 induced mTOR-ULK1 

signaling, suppressed autophagy and reduced adipogenesis and adiposity (ER similar effects). 

As such, the third study was conducted and it unraveled that ER acted as upstream of Sirt1, 

possibly through its direct binding to Sirt1 promoter.  

 

Taken together, my dissertation study has explored how hormone signaling (ER) and energy 

signaling (Sirt1) interact with autophagy to control adipogenesis and adiposity individually and 

collaboratively, which may provide new therapeutical approach to control obesity.
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Chapter 1 Literature Review 

Resveratrol in autophagy – a “tale” of Sirt1 activator 

Abstract 

Resveratrol (RSV) is a natural polyphenol and abundant in foods such as grapes, berries, peanuts 

and other dietary plants. It has shown preventive effects on various metabolic diseases, including 

obesity, type 2 diabetes, cardiovascular disease and cancer. RSV may also improve immune 

defense, aging and neurological disease. Mounting evidence suggests that RSV exerts the 

beneficial effects through regulating autophagy, a conserved cellular degradative pathway to 

break down and recycle dysfunctional macromolecules and organelles. This review discusses the 

molecular targets and signaling pathways by which RSV regulates autophagy to improve health 

or potentially treat diseases.  
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1. Introduction 

Sirt1 is widely involved in metabolic diseases, including liver diseases (Zhang et al., 2015), 

kidney diseases (Kitada & Koya, 2013), aging and neurodegenerative disease (Rubinsztein et al., 

2011). Therefore, abundant numbers of Sirt1 activator have been developed to modulate Sirt1 

activity, thus preventing or treating metabolic diseases (Kumar & Chauhan, 2016). In this 

literature review, the most commonly used and discussed Sirt1 activator resveratrol will be 

reviewed. 

Resveratrol (3,5,4′-trihydroxystilbene) is a natural polyphenol. It has attracted vast attention 

since 1992, when it was postulated to explain the “French paradox” effect, i.e., red wine 

consumption reducing the incidence of coronary artery disease (Frankel, German, Kinsella, 

Parks, & Kanner, 1993). Resveratrol (RSV) is primarily found in grapes, berries, peanuts and 

some other dietary plants, as well as associated processed foods (Figure 1) (Marques, Markus, & 

Morris, 2009). The content of RSV in these foods may vary during storage or processing 

procedures (Cheng, Schmelz, Liu, & Hulver, 2014), and the beneficial effects of RSV have been 

reported on obesity (Szkudelska & Szkudelski, 2010), immune defense (Falchetti, Fuggetta, 

Lanzilli, Tricarico, & Ravagnan, 2001), cardiovascular disease, type 2 diabetes, neurological 

disease, and cancer (Markus & Morris, 2008; Yu et al., 2012). RSV can mimic caloric restriction 

to improve metabolism and it also acts as an antioxidant, anti-inflammatory, anti-cell 

proliferation, or anti-invasive agent (Markus & Morris, 2008; Yu et al., 2012). At the cellular 

level, RSV may regulate autophagy, apoptosis, and cell cycle arrest (Yu et al., 2012). This 

review will focus on RSV regulating autophagy in health and diseases. 

The term “autophagy” is derived from the Latin words “αὐτόφαγος” or “autóphagos”, where 

“auto” refers to “oneself” and “phagy” is “to eat”. Autophagy involves physiological pathways 
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that deliver intracellular components to the lysosome for degradation (Singh & Cuervo, 2011). 

There are three forms of autophagy, i.e., chaperone-mediated autophagy, microautophagy and 

macroautophagy (Levine & Kroemer, 2008). RSV has been implicated mainly in the regulation 

of macroautophagy (hereafter as autophagy). Figure 2 shows the major steps of autophagy, 

including induction, nucleation, expansion, fusion and cargo degradation (Tanida, 2011). Initial 

processes include vesicle nucleation and vesicle elongation of an isolation membrane, which is 

referred to as phagophore. Then, the edges of the phagophore fuse (vesicle completion) to 

develop a double membrane vesicle (or autophagosome) to sequester the cellular materials such 

as misfolded proteins and dysfunctional mitochondria (Tanida, 2011). Autophagosome fuses 

with lysosomal compartment to form an autolysosome where the dysfunctional molecules and 

organelles are degraded (Figure 2) (Levine & Kroemer, 2008; Singh & Cuervo, 2011). Thus, 

autophagy is critical for cellular remodeling and organelle quality control (Levine & Kroemer, 

2008). During nutrients and energy deprivation, autophagy can degrade cellular components and 

provide nutrients to fuel basic cell function (Levine & Kroemer, 2008). However, autophagy 

may be induced during adipogenesis (Goldman et al., 2010), and under some pathogenic stimuli 

such as oxidative stress, infection, and protein aggregate accumulation (Levine & Kroemer, 

2008). To this end, targeting dysregulated autophagy may lead to new therapeutics for the related 

diseases (Aggarwal et al., 2004; Levine, Mizushima, & Virgin, 2011; Rubinsztein, Mariño, & 

Kroemer, 2011; Konings et al., 2014; Ma et al., 2016). 

Among the targets identified for RSV in the regulation of autophagy, Sirtuin1 (Sirt1) (a 

mammalian homolog of Sir2 (silent information regulator 2)) is an NAD-dependent deacetylase, 

which was previously found to mimic caloric restriction in aging and neurodegenerative disease 

(Rubinsztein et al., 2011), as well as liver (Zhang et al., 2015) and kidney diseases (Kitada & 
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Koya, 2013). In addition, AMPK (adenosine monophosphate-activated protein kinase) (Kitada & 

Koya, 2013; Zhang et al., 2015), FoxOs (forkhead box O transcription factors) (Ni, Du, You, & 

Ding, 2013), and mTOR (mammalian target of rapamycin) (Lang et al., 2015) are targets of RSV 

in response to various cellular states. RSV mediated autophagy has been shown to regulate cell 

apoptosis (Hsu et al., 2009), inflammatory nuclear factor-κB (NF-κB) signaling (Feng et al., 

2016), and oxidative stress (Miki et al., 2012). As such, RSV has been examined, as an 

autophagy regulator, to combat obesity (Konings et al., 2014), diabetes (Ma et al., 2016), cancer 

(Aggarwal et al., 2004), immune dysfunction (Levine, Mizushima, & Virgin, 2011), aging and 

neurodegenerative disease (Rubinsztein, Mariño, & Kroemer, 2011). In the following sections, I 

will discuss mechanisms and pathways by which RSV regulates autophagy and the potential to 

prevent or treat diseases.  

 

2. RSV slows down aging via autophagy 

Accompanied by a decline in the health condition, aging will lead to increase in the incidence 

and mortality of multiple organ diseases, such as neurodegenerative disease, cancer and 

cardiovascular disease (Haigis & Sinclair, 2010). As has been widely discussed, caloric 

restriction exhibits anti-aging effect and prolongs life span in various organisms and even delays 

disease onset (Colman et al., 2009). One of the machineries favored by caloric restriction is 

autophagy, which is vital for maintaining the healthy status of organisms (Pallauf & Rimbach, 

2013). In nematode Caenorhabditis elegans insulin signaling pathway negatively regulates life 

span, among which autophagy showed absolute necessity in life-span extension (Meléndez et al., 

2003). In contrast, suppression of autophagy shortened lifespan in the fruit fly Drosophila 

melanogaster (Bjedov et al., 2010). In older organisms, autophagy activity decreased (Del Roso 

et al., 2003), mainly because autophagy related (Atg) proteins or those indispensable molecules 
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for autophagy induction, such as Sirt1, have decreased their protein expressions in aged cells or 

tissues and that reduced autophagy has been associated with accelerated aging (Rubinsztein, 

Mariño, & Kroemer, 2011). There is an increasing interest in stimulation of autophagy to 

promote anti-aging effects, including genetic manipulation or pharmacological activation of 

autophagy to mimic nutrient starvation or caloric restriction (Madeo, Tavernarakis, & Kroemer, 

2010; Petrovski & Das, 2010).   

RSV is widely used as an anti-aging agent (Eugenia Morselli et al., 2010). In nematodes with 

autophagy-proficiency, RSV induces autophagy and extends lifespan through indirect activation 

Sirt1, whose effect can be abolished by knockdown or pharmacological inhibition of Sirt1 (E 

Morselli et al., 2010). In cultured granulosa cell complex and oocytes from aged cows’ early 

antral follicles, RSV increased Sirt1 protein expression and promoted autophagy, as 

demonstrated by increased Beclin-1 and LC3-II levels and decreased p62 (a protein is selectively 

degraded by autophagy). Through this, RSV improved cell growth and upregulated mitochondria 

biogenesis and degradation (Figure 3) (Sugiyama et al., 2015). The promoted effect of RSV on 

autophagy was abolished by co-treatment with Sirt1 inhibitor EX527, suggesting RSV’s role on 

autophagy is Sirt1 dependent (Sugiyama et al., 2015). Dependent on the Sirt1-AMPK signaling 

pathway, RSV exhibited neuroprotective role in rat with spinal cord injury, which is a 

devastating condition of aging related neurodegenerative disease (Zhao et al., 2017). 

Furthermore, activation of Sirt1’s deacetylase activity by RSV was required for autophagy 

induction in human cells, Saccharomyces cerevisiae, and C. elegans (Mariño et al., 2011). At the 

level of acetylproteome, RSV provoked decrease in the acetylation of 560 lysine-containing 

motifs from 375 specific proteins, among which 170 proteins overlap with recently identified 

entire human autophagy protein network (Mariño et al., 2011).  
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The role of RSV on aging via autophagy has been confirmed by specific knockdown of essential 

autophagy proteins. In nematodes, silencing Beclin-1, which is an essential autophagic 

modulator, abrogated RSV’s beneficial effect on longevity (E Morselli et al., 2010). In addition, 

deletion of Beclin-1/Atg6 prevented the induction of autophagy by RSV’s activation of Sirt1 (E 

Morselli et al., 2010).  

 

3. RSV protects heart health via autophagy 

Cardiovascular diseases (CVDs) contribute to crucial morbidity and mortality in the developed 

countries, including the United States (Murray & Lopez, 1997). Therefore, it is urgent to develop 

preventive measures to lower the incidence of heart issues. Autophagy plays a vital role in 

myocardium, among which it is active in basal cells to maintain contractile function of heart. In 

ischaemia-reperfusion (IR) injury, autophagy plays a protective role in myocardium and cardiac 

cells (Gurusamy et al., 2009). Any fault or mutation of autophagic machinery gives rise to 

cardiac dysfunction that ultimately leads to heart failure (Fu, 2015). It is presumably believed 

that the cardioprotection effects of RSV is not because of its direct action on the diseased heart, 

rather, it potentiates a preconditioning (PC)-like effect, a state-of-the art for cardioprotection 

(Petrovski, Gurusamy, & Das, 2011).  

After hypoxia-reoxygenation or ischaemia-reperfusion of H9c2 cardiac myoblast cell, RSV (0.1 

µM and 1.0 µM) induced cardiac autophagy (Gurusamy et al., 2009). Involving the activation of 

mTORC2 pathway, RSV induced autophagy, which was correlated with improved cell survival 

and mitigated apoptosis (Figure 4). Likewise, RSV and gama-tocotrienol acted synergistically to 

induce autophagy, providing greater cardioprotection effects through the activation of Akt-Bec-2 

pathway (Lekli et al., 2010). In left coronary artery ligation mice, high dosage (50 mg/kg/day for 

2 weeks) but not low dose (5 mg/kg/day) of RSV ameliorated left ventricular dilation and 
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significantly improved cardiac function with augmentation of autophagy, which is dependent on 

activating AMPK (Figure 4) (Kanamori et al., 2013). However, how RSV regulates autophagy 

to combat doxorubicin (DOX, a powerful antibiotic generally used in clinical cancer 

chemotherapy)-induced damage to hearts of mice is controversial. On one hand, study showed 

that RSV (5.0 µM or 50.0 µM) or caloric restriction could induce autophagy to combat DOX-

induced damage to hearts of mice, as shown by the protein expression levels of Atg5, p62 and 

LC3-II/LC3I ratio (Dutta, Xu, Dirain, & Leeuwenburgh, 2014). On the other hand, Xu et al 

showed that RSV (> 15.0 µM) inhibited DOX-induced autophagy to reduce cardiomyocyte cell 

death (Xu, Chen, Kobayashi, Timm, & Liang, 2012). As to the opposite effects of RSV on DOX-

induced autophagy, the measurement of autophagy maybe problematic. For autophagy activity 

measurement, the autophagy related proteins expression at a given time point does not reflect the 

flux of autophagy, and may cause misinterpretation of autophagy activity. Therefore, it is 

important to block the degradation of autophagic vacuoles, leading to a time-dependent 

accumulation of autophagosomes in the cells or tissues to measure autophagic flux (Chen-

Scarabelli et al., 2014).  

To confirm the role of RSV in heart improvement via induction of autophagy, specific autophagy 

inhibitor and silencing autophagy gene treatments have been applied. In H9c2 cardiac myoblast 

cell, the beneficial effects of RSV on improved cell survival and mitigated apoptosis were 

significantly attenuated by autophagy inhibitors, wortmannin and 3-methyladenine (3-MA, an 

inhibitor of autophagy’s early steps) (Gurusamy et al., 2009). Similarly, chloroquine (CQ, an 

autophagy inhibitor) elicited opposite effects as RSV, including exacerbation of cardiac 

remodeling associated with inhibition of autophagy (Kanamori et al., 2013). However, the 
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inhibitory effect of RSV on DOX-induced autophagy was abolished by Beclin-1 overexpression 

(Xu, Chen, Kobayashi, Timm, & Liang, 2012).    

 

4. RSV reduces adiposity through autophagy 

Obesity, a rapidly growing epidemic (Liu et al., 2015), originates from an imbalance between 

energy intake and energy expenditure. In humans and other mammals, obesity is characterized 

by excessive accumulation of white adipose tissue (WAT) mass, which functions as a major 

energy reservoir to store redundant energy in the form of triglyceride (TG) (Zhang et al., 2009). 

In obese persons, assays of protein and mRNA levels of essential autophagy genes indicated that 

autophagy significantly enhanced compared with their lean counterpart and is positively related 

with degree of obesity (Kovsan et al., 2010). In cellular and mice models, specific deletion of an 

essential protein (Atg5) for autophagy abolished adipogenesis and developed less subcutaneous 

mature adipocytes (Baerga, Zhang, Chen, Goldman, & Jin, 2009). In mice adipose tissue, 

deletion of autophagy gene Atg7 improved metabolism, leading to a leanness phenotype and 

protection from diet-induced obesity (Zhang et al., 2009; Singh et al., 2009).  

Further, in obese men study 30 days of RSV supplementation (150 mg per day) increased 

adipogenesis and prominently reduced the percentage of large adipocytes, resulting in 

contractible mean adipocyte size and improved insulin sensitivity (Konings et al., 2014). 

Microarray analysis revealed that RSV administration induced signaling of 

lysosomal/phagosomal pathway and transcription factor EB (TFEB), suggesting an alternative 

approach of lipid droplets breakdown by autophagy (Figure 5)  (Konings et al., 2014). TFEB is 

an essential regulator of autophagy and subjects lysosomal biogenesis to autophagy (Liu et al., 

2016; Settembre & Ballabio, 2011). During adipocyte differentiation, TFEB expression was 

simultaneously increased with autophagic activity (Liu et al., 2016). Autophagy has implicated 
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in lipid droplets breakdown, which may explain the decreased adipocyte size by RSV (Singh et 

al., 2009). However, previous in vitro study on 3T3L1 preadipocytes indicated that RSV (12.5 

µM to 50.0 µM) gradually decreased adipogenesis and lipid accumulation (Rayalam, Yang, 

Ambati, Della‐Fera, & Baile, 2008). In differentiated 3T3L1 mature adipocytes, (0 µM to 100.0 

µM) RSV dose-dependently reduced lipid accumulation, which is dependent on Sirt1 (Picard et 

al., 2004). However, opposite effect was observed in differentiating cells when the 

concentrations of RSV were 1.0 µM and 10.0 µM, RSV increased adipogenic marker PPARγ 

expression and lipid accumulation (Hu, Zhao, & Chen, 2015). All these discrepancies might be 

explained by differences of the dosage, duration and stages of differentiation of RSV treatment. 

Further studies regarding how RSV regulates adipose autophagy at different dosage, duration 

and stages of differentiation should be done to validate the effects of autophagy on adipose 

differentiation in vitro and in vivo. 

Functionally and morphologically distinct from white adipose tissue, brown adipose tissue 

(BAT) is characterized by dense mitochondrial, innervation, and vascular content, which is 

responsible for non-shivering thermogenesis, dissipating energy as heat (Qiang et al., 2012). 

Promoting BAT function is considered as a promising therapeutic approach to combat obesity 

(Farmer, 2009). The anti-obesity effect of RSV partially contributes to its induction of browning 

of white adipose tissue (Wang et al., 2015). 

On high fat diet induced obesity, RSV administration reduced body weight and fat percentage in 

C57BL/6J wild-type and AMPKα2−/− mice, but not in AMPKα1−/− mice. However, resveratrol 

failed to increase insulin sensitivity, glucose tolerance, mitochondrial biogenesis, and physical 

endurance in either AMPKα1 or -α2 knockout mice, suggesting the vital role of AMPK for the 

metabolic effects of RSV (Um et al., 2010). Likewise, In 5-month old CD1 female mice with 
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HFD challenge, 0.1% RSV supplementation induced beige adipogenesis in vivo, which is 

characterized by induced beiging of  white adipocytes, increased UCP1 expression and increased 

fatty acid oxidation, as well as elevated AMPK phosphrylation (Wang et al., 2015). In 

differentiated iWAT stromal vascular cells, RSV induced brown-like adipocyte formation as 

shown by overexpression of brown adipocyte markers, such as UCP1, Prdm16, PGC1α, 

cytochrome c and etc. (Wang et al., 2015). This phenomenon is absent in stromal vascular cells 

with AMPKα1 defects and AMPKα1 knockout mice (Wang et al., 2017), demonstrating that 

AMPKα1 is a critical mediator of RSV action. AMPK induces autophagy by phophorylation of 

Ulk1 to activate its activity (Accili & Arden, 2004). Therefore, future studies regarding how 

resveratrol regulates autophagy in obesity through AMPK-Ulk1 cascade is of great value. 

 

5. RSV regulates liver health through autophagy 

Over the years, extensive investigations of hepatic autophagy indicated that autophagy 

machinery is not only important for maintaining liver homeostasis in physiologically normal 

conditions, but also for response to pathological state, such as metabolic dysregulation, infection, 

proteotoxicity, and even carcinogenesis. Dysfunction of autophagy has been implicated in the 

pathogenesis of several liver diseases, such as non-alcoholic fatty liver disease (NAFLD), non-

alcoholic steatohepatitis (NASH), viral hepatitis, liver cancer and etc. (Figure 6) (Schneider & 

Cuervo, 2014). In NAFLD, hepatic steatosis was accompanied by decreased autophagy (Zhang 

et al., 2015). NASH could primarily progress into chronic liver disease and result in liver 

cirrhosis, fibrosis and eventually hepatocellular carcinoma, which were accompanied by 

decreased autophagy (Ji, Wang, Deng, Li, & Jiang, 2015). Previous study showed that acute 

ethanol consumption is advantageous to liver health, which ascribed to its induction of 

autophagy to reduce ethanol-induced liver injury (Ni, Du, You, & Ding, 2013). All of these 
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evidence suggests that pharmaceutical manipulation of autophagy might possess vast therapeutic 

meaning in liver diseases.  

RSV has the competence to alleviate NAFLD, in which autophagy plays a protective role against 

NAFLD development (Zhang et al., 2015). In hepatocytes, RSV induced autophagy to ameliorate 

hepatic steatosis. Moreover, RSV increased the expression of Sirt1 in hepatocytes, as well as in 

HepG2 cells (Zhang et al., 2015). Incubation with Sirt1 inhibitor EX-527 or Sirt1 siRNA 

abrogated RSV-mediated autophagy. The in vivo study in mice with hepatic steatosis obtained 

parallel results (Zhang et al., 2015). In addition, RSV’s role in NAFLD partially contributed to 

its action on the deacetylation activity of Sirt1 (Figure 6) (Colak et al., 2014). In 

methionine/choline-deficient (MCD) diet induced NASH animal model or medium-induced 

hepatic steatosis cell model, the phenotype of elevated levels of triglyceride (TG), inflammatory 

factors TNF-α (tumor necrosis factor alpha), IL-1β (interleukin 1 beta), IL-6 (interleukin 6), ALT 

(Alanine aminotransferase) and TBARS (thiobarbituric acid reactive substances) was 

ameliorated by RSV administration and accompanied by uplifted expressions of autophagy 

proteins, both in vitro and in vivo (Ji, Wang, Deng, Li, & Jiang, 2015). As to the beneficial effect 

of ethanol on liver, in cultured primary mouse hepatocytes and in liver ethanol significantly 

increased both mRNA and protein levels of many autophagy-related molecules (Ni, Du, You, & 

Ding, 2013). At the same time, ethanol increased the nuclear translocation of FoxO3a and its 

target gene’s expression. These effects were diminished by overexpression of a dominant 

negative form of FoxO3a, indicating FoxO3a’s positive role in regulating ethanol-induced 

autophagy and cell survival (Ni, Du, You, & Ding, 2013). RSV, acting as Sirt1 agonist, further 

promoted ethanol-induced autophagy-related genes expressions through Sirt1’s deacetylation of 

FoxO3a to increase its nuclear translocation (Figure 6) (Ni, Du, You, & Ding, 2013). GRX is an 
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activated hepatic stellate cells model and widely used to study development and resolution of 

liver fibrosis. RSV (1.0-50.0 µM) treatment promoted cell death signals of GRX, along with 

improved mitochondrial dynamics and function. Accompanied with this, RSV treatment 

promoted autophagy/mitophagy, indicating that the cytotoxic effect of RSV on GRX maybe due 

to the simultaneous induction of apoptosis, autophagy/mitophagy and mitochondrial biogenesis 

in GRX (Martins et al., 2015). Mitochondria have reported to be involved in cholestatic liver 

injury. In a rat model of cholestasis developed by bile duct ligation (BDL) surgery, RSV 

administration upregulated LC3-II levels, and reversed the decline in mitochondrial DNA copy 

number and downregulated Caspase 3 expression. In addition, RSV significantly decreased the 

numbers of apoptotic liver cells, indicating that early RSV treatment reverses impaired liver 

function, which maybe partially through autophagy (Lin et al., 2012). 

To confirm the protective role of RSV on liver health via autophagy, pharmaceutical inhibition 

of autophagy proteins or genetic knockdown of autophagy genes has been done. In hepatocytes, 

the protective role of RSV on hepatic steatosis was abolished by 3-MA (Zhang et al., 2015). 

Similarly, CQ significantly mitigated RSV’s protection against liver injury and inflammation, 

suggesting the indispensable role of autophagy through which RSV mitigated hepatic steatosis 

and inflammation in MCD-induced NASH (Ji, Wang, Deng, Li, & Jiang, 2015). In vivo, in wild-

type and autophagic mediator ULK1 (mammalian autophagy-initiating kinase 1) heterozygous 

knockout mice, 8 weeks high-fat diet induced NAFLD. RSV (50 mg/kg daily for 4 weeks) 

ameliorated all measured features of NAFLD in wild-type mice such as hepatic histology, 

fibrosis, oxidative status, inflammation. However, in ULK1 heterozygous knockout mice the 

ameliorative effects were abrogated, indicating that the effects of RSV on NAFLD-caused 

hepatic injury improvement partially relies on regulating autophagic pathway (Li et al., 2014). 
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6. RSV regulates kidney health via autophagy 

In kidney, plentiful studies suggest the vital role of autophagy in organ maintenance, diseases 

and aging. Hypoxia, ischemic, toxic, immunological, and oxidative insults would affect 

autophagy in renal epithelial cells to regulate the course of various kidney diseases (Huber et al., 

2012). In aged kidney, caloric restriction induced mitochondrial autophagy was essential for cell 

survival under hypoxia (Kume et al., 2010). Therefore, elucidating the essential role of 

autophagy in kidney physiology and diseases propose unique strategies to kidney disease 

prevention and treatment. 

RSV has protective effects against age-related or other types of renal diseases, including sepsis-

related injury, drug-induced injury, diabetic nephropathy, ischemia-reperfusion injury, 

aldosterone-induced injury, and unilateral ureteral obstruction through its activation of Sirt1 

(Kitada & Koya, 2013). In those renal diseases, Sirt1 regulates several cellular events, including 

mitochondrial biogenesis, glucose/lipid metabolism, inflammation, apoptosis, autophagy, and 

adaptations to cellular stress, via its deacetylation of target proteins (Kitada & Koya, 2013). In 

aged kidney, long-term caloric restriction increased Sirt1 protein expression and attenuated 

mitochondrial and renal damage by hypoxia, which was regulated by Sirt1-mediated forkhead 

box O3 (Foxo3) deacetylation and it was vital for Bnip3 expression and for subsequent 

regulation of autophagy in primary renal proximal tubular cells (PTCs) (Figure 7). However, 

caloric restriction could not induce autophagy and followed improvement of damaged 

mitochondria in the kidneys of aged Sirt1-/- mice, highlighting the crucial role of Sirt1-FoxO3 

cascade in cellular response to hypoxia (Kume et al., 2010).  
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7. RSV regulates inflammation through autophagy 

 Autophagy signaling pathway is committed to the operations of immunity and inflammation. 

They equilibrate the advantageous and disadvantageous aspects of immunity and inflammation, 

and therefore would protect organisms against infectious, autoimmune and inflammatory 

diseases (Levine, Mizushima, & Virgin, 2011). The NLRP3 inflammasome is a caspase-1-

containing multi-protein complex, which regulates inflammatory cytokine IL-1 secretion and 

promotes development of inflammatory disease (Wu et al., 2016), which was activated by 

autophagy and subsequent IL-1β secretion (Wu et al., 2016). Atherosclerosis (AS), an 

inflammatory disease characterized by overexpression of the adhesion molecules, begins with 

inflammatory changes in the endothelium in which inflammation centrally participates in all 

stages of pathogenesis (Chen et al., 2013). Autophagy has implicated its protective role during 

AS development (Liao et al., 2012). Otherwise, autophagy is involved in pathophysiological 

responses following inflammatory diseases, such as Traumatic brain injury (TBI), which is an 

extremely complicated type of neurological trauma and involved a series of inflammatory 

response. In mechanism, this injury would profoundly activate autophagy subsequent 

neuroinflammatory signaling that induces dramatic neuronal damage and behavioral impairment, 

in which Toll-like receptor 4 (TLR4) acts as a vital administrator of this cascade (Feng et al., 

2016). RSV has been proposed to regulate or collaborate multiple inflammation and immunity 

related molecular targets (Švajger & Jeras, 2012), among which autophagy’s role will be 

reviewed. 

In murine macrophage cell line J774A, RSV induced autophagy by activating p38 to inhibit 

NLRP3 inflammasome-derived IL-1 secretion (Figure 8) (Chang et al., 2015). In peritoneal 

inflammatory injury of peritoneal mesothelial cells (PMCs), NLRP3 activation leads to IL-1β 
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secretion, which was promoted by Beclin-1 and Atg5 siRNAs interference or autophagy inhibitor 

3-MA treatment. Furthermore, Beclin-1 and Atg5 knockdown sensitized cells to IL-Iβ release 

induced by NLRP3 inflammasome activator. To the contrary, RSV treatment attenuated these 

effects by induction of mitophagy and autophagy dependent on AMPK activation (Wu et al., 

2016). In AS development, RSV attenuated endothelial inflammation characterized by reduction 

of tumor necrosis factor α (TNF/TNFα)-induced inflammation, and increased autophagy in a 

concentration-dependent manner (Figure 8). Mechanistically, the promotive effects of RSV on 

autophagy were dependent on cAMP, PRKA (Serine/threonine protein kinase), AMPK and Sirt1 

(Chen et al., 2013). In adult male Sprague Dawley rats subjected to cortical impact (CCI) injury, 

RSV administration significantly diminished brain edema, motor deficit, and neuronal loss, and 

ameliorated spatial cognitive function. RSV decreased Beclin-1 and LC3 expressions and 

significantly decreased the number of TLR4-positive neuron-specific nuclear protein (NeuN) 

cells following TBI (Feng et al., 2016). Furthermore, RSV treatment reduced the levels of TLR4 

and its downstream signaling molecules, including nuclear factor-κB (NF-κB), IL-1β and TNF-α 

(Figure 8) (Feng et al., 2016), potentiating a role of autophagy in RSV’s protective effects in 

TBI.  

The role of RSV in mediating inflammation via autophagy was confirmed by autophagy inhibitor 

co-treatment with RSV. The inhibition effect of RSV on NLRP3 inflammasome-derived IL-1 

secretion in macrophages was abolished by an autophagy inhibitor 3-MA in vitro and in vivo 

(Chang et al., 2015). In AS development, autophagy inhibitors 3-MA and CQ treatments as well 

as silencing Atg5 and Beclin-1 significantly mitigated RSV-induced autophagy, which 

subsequently reversed RSV-induced downregulation of inflammatory factors (Chen et al., 2013).  
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8. RSV regulates cancer biology via autophagy 

Autophagy plays bifacial roles in cancer, either as guardian or as executioner, depending on the 

stage of cancer initiation and progression, or surrounding cellular environment (Figure 9) (S.-y. 

Wang, Yu, Zhang, & Liu, 2011). On one hand, under extreme conditions autophagy is an 

essential machinery for cell survival by degradation of intracellular macromolecules or 

organelles to provide energy for maintaining minimal cell functioning when nutrients are limited 

or even deprived (Dalby, Tekedereli, Lopez-Berestein, & Ozpolat, 2010). At the same time, 

elimination of aggregated proteins or damaged organelles in cytosol by autophagy prevents cells 

from further damages, domenstrating that autophagy is protective to cancer cells in early stages 

of cancer (Levine & Klionsky, 2004). On the other hand, autophagy promotes cell death or 

apoptosis, as a bona fide tumor suppressor in cancer development (Thorburn, 2008). RSV has 

been shown to possess anti-cancer characteristics, including suppression of proliferation, cell 

cycle arrest, and potentiation of apoptotic effect (Aggarwal et al., 2004). 

In T-cell acute lymphoblastic leukemia (T-ALL) cells, RSV induced autophagy, cell cycle arrest 

at G0/G1 phase and remarkably reduced phosphorylation of Akt, mTOR, p70S6K, and 4E-BP1, 

but induced phosphorylation of p38-MAPK which was blocked by SB203580, a MAPK 

inhibitor, indicating that RSV induces autophagy in T-ALL cells via blocking 

Akt/mTOR/p70S6K/4E-BP1 signaling cascades and stimulating p38-MAPK signaling (Figure 

9) (Jiao et al., 2013). However, in human esophageal squamous cell carcinoma (ESCC) cells, 

RSV induced cell cycle arrest at the sub-G1 stage and promoted subsequent apoptosis, and RSV-

induced autophagy in the ESCC cells is independent of AMPK/mTOR signaling pathway (Tang 

et al., 2013). In human glioma cells Glioma cells, RSV induced autophagy and the effect was 

promoted by P38 and the ERK1/2 pathway, but independent of Akt/mTOR signaling pathway 
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(Yamamoto, Suzuki, & Himeno, 2010). In PC12 cells, in a dose-dependent manner RSV-induced 

AMPK activation and suppression, possibly through the modulation of Sirt1 activity (Figure 9) 

(Hayakawa et al., 2013). This may thus be related to the promotion or inhibition of mitochondrial 

functions and autophagy activity, resulting in cell death and survival in both undifferentiated and 

differentiated cells, respectively (Hayakawa et al., 2013). In cultured human non-small-cell lung 

cancer (NSCLC) cells, treatment with an analogue of RSV 3,4,4'-THS (10-80 µM) induced cell 

apoptosis, inhibited autophagy through the mTOR-dependent pathway in concentration-

dependent manner, did not impair autophagic flux (L. Zhang et al., 2015). In Melanoma B16 

cells, RSV induced apoptosis and autophagy, which might come up through ceramide 

accumulation and Akt/mTOR pathway inhibition (M. Wang et al., 2014). Besides the canonical 

(Beclin-1 dependent) autophagy, RSV can trigger autophagy-associated cell death (type II PCD) 

via various mechanisms through non-canonical (Beclin-1 independent) autophagy (Hasima & 

Ozpolat, 2014). In human breast cancer MCF-7 cells, RSV treatment induced apoptotic cell 

death devoid of caspase-3 activity. Belin-1 and hVPS34 (human vacuolar protein sorting 34) 

small interfering RNAs treatment indicated that RSV activates Beclin-1-independent autophagy 

in this cell line, suggesting that RSV can induce non-canonical autophagy to regulate a caspase-

independent cell death mechanism in breast cancer cells (Scarlatti, Maffei, Beau, Codogno, & 

Ghidoni, 2008). 

To confirm the role of autophagy in RSV’s regulation on cancer, genetic or pharmaceutical 

manipulation of autophagy was applied to co-treat with RSV. In OVCAR-3 human ovarian 

cancer cells, both pharmacological and genetic inhibition of autophagy, including autophagy 

inhibitor CQ and Atg5 siRNA treatments abolished the apoptotic cell death induced by RSV 

(Lang et al., 2015). In non-small lung adenocarcinoma A549 cells, knockdown Beclin-1 by 
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siRNA acquired same effects as CQ and Atg5, to block RSV-induced apoptosis, demonstrating a 

dependence of apoptosis on autophagy, as confirmed by autophagy inhibitor 3-MA treatment (J. 

Zhang et al., 2015). In three human glioblastoma (GBM) cell lines, silencing RSV-induced 

autophagy abolished cell cycle arrest (Chiela, Villodre, Zamin, & Lenz, 2011). In A549 human 

lung adnocarcinoma cells, 3-MA suppressed RSV-induced autophagic cell death, and silencing 

of autophagy-related genes Atg5 and Beclin-1 with siRNAs reversed RSV-induced cell death (J. 

Zhang et al., 2013).  

Even though RSV can regulate autophagy to inhibit cell proliferation, induce apoptosis and cell 

cycle arrest, some studies showed that autophagy inhibitor did not abolish the effects of RSV, 

but promoted it. In cultured human non-small-cell lung cancer (NSCLC) cells in vitro, an RSV 

analogue 3,4,4'-THS-induced apoptosis was further promoted by treatment with autophagy 

inhibitors 3-MA (5.0 mM) or Wortmannin (2.0 µM) (L. Zhang et al., 2015). In B16 cells, RSV 

induced autophagy. Both inhibition of autophagy by an autophagic inhibitor 3-MA and 

knockdown of Beclin-1 by siRNA enhanced RSV-induced cytotoxicity and apoptosis (M. Wang 

et al., 2014). In GH3 cells, pre-treatment with bafilomycin A1 or 3-MA, inhibitors of autophagy, 

furtherly promoted the RSV-mediated caspase activation and cell death. Furthermore, the 

inhibition of autophagy increased the cytotoxicity of RSV to GH3 cells (X. Zhang et al., 2014). 

The same effects were observed in T-cell acute lymphoblastic leukemia (T-ALL) cells (Jiao et 

al., 2013) and human esophageal squamous cell carcinoma (ESCC) (Tang et al., 2013). In these 

cases, autophagy might play a role as a self-defense mechanism in cells treated by RSV, so 

combination of autophagy inhibitor and RSV will provide a new strategy for cancer treatment. 
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9. Sirt1-the molecular link between RSV and autophagy 

Sirt1 is one of the most important targets of RSV, which plays an important role in liver 

homeostasis (Zhang et al., 2015), kidney diseases (Kitada & Koya, 2013), aging and 

neurodegenerative disease (Rubinsztein et al., 2011). Sirt1 plays a vital role in the regulation of 

gene expression and protein posttranslational modification (acetylation) (Jeong, Moon, Lee, 

Seol, & Park, 2013). In energy deprivation and some extreme conditions, deacetylation of 

essential autophagy proteins and transcriptional factors by Sirt1 has involved in regulating 

autophagy (Hariharan et al., 2010).  

Deacetylase activity of Sirt1 is indispensable for stimulating basal rates of autophagy in the 

HCT116 colon cancer cell line (Lee et al., 2008). In mouse embryonic fibroblasts deletion of 

Sirt1 attenuated autophagy under starved conditions. Reconstitution active but not a deacetylase-

inactive mutant of Sirt1 recovered autophagy in these cells (Lee et al., 2008). Mechanistically, 

Sirt1 binds with several important proteins for autophagy machinery, including Atg5, Atg7, and 

LC3 and directly deacetylases these proteins in an NAD-dependent fashion (Figure 10). Sirt1 

silencing results in markedly increased acetylation of Atg5 and Atg7 and abolished autophagy as 

highly accumulated p62 in embryonic and neonatal tissues (Lee et al., 2008). LC3 is a key 

initiator of autophagy that can translocate across nucleus and cytoplasm. During starvation, LC3 

was deacetylated by nuclear Sirt1 to be selectively activated in the nucleus (Huang et al., 2015). 

After deacetylation at K49 and K51 residues, LC3 would interact with the nuclear protein DOR 

(The diabetes- and obesity-regulated nuclear factor) and jointly transport to the cytoplasm, where 

it would bind with Atg7 and other autophagy factors and undergo phosphatidylethanolamine 

conjugation to preautophagic membranes (Figure 10). Thus, during starvation the deacetylation 

process of LC3 by Sirt1 in the nucleus would promote the downstream of autophagy to adapt the 
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cell to energy deprivation (Huang et al., 2015). Regulation of autophagy by Sirt1 is important for 

spermiogenesis in germ cells (Liu et al., 2016). Germ cell-specific Sirt1 knockout mice were 

almost completely infertile, accompanied by disruption of LC3 and Atg7 deacetylation, which 

affected the relocation of LC3 from the nucleus to the cytoplasm and its subsequent activation of 

autophagy. Furthermore, Sirt1 depletion failed to recruit LC3 to Golgi apparatus-derived vesicles 

and recruit GOPC and PICK1 to nucleus-associated acrosomal vesicles (Liu et al., 2016). In 

addition to acetylation of Atg5, Atg7 and LC3, acetylation of Beclin-1 plays a vital role in 

autophagy (Sun et al., 2015). Beclin-1 positively or negatively regulates autophagy by 

interacting with Vps34 and other cofactors to form the Beclin-1 complex under various 

conditions (Backer, 2008; Matsunaga et al., 2009; Zhong et al., 2009). Deacetylase inhibitors 

TSA and NAM treatment significantly elevated the acetylation level of Beclin-1 and co-

immunoprecipitation of Beclin-1 and Rubicon, which is a negative cofactor of Beclin complex 

and autophagy (Zhong et al., 2009). In addition, Beclin-1 acetylation and further recruitment of 

Rubicon inhibit autophagosome maturation. Structurally, Beclin-1 was acetylated by p300 and 

deacetylated by Sirt1 at lysine residues 430 and 437. In 293T cells and MCF7 cells, K430 or 

K437 mutation ameliorated the binding of Beclin-1 to Ribicon, when both sites were mutated the 

binding was completed abrogated. In tumour xenografts, the expression of double mutated lysine 

residue for Beclin-1 (substitution of K430 and K437 to arginines) resulted in elevation of both 

autophagosome maturation and tumour growth suppression (Sun et al., 2015).  

FoxO (Forkhead box-containing protein, O subfamily) transcriptional factors are a subunit of the 

large forkhead family of transcriptional factors. They regulate various cellular functions, 

including cell cycle, differentiation, metabolism, proliferation, cell survival and autophagy 

(Accili & Arden, 2004; Burgering & Kops, 2002; Ferdous, Battiprolu, Ni, Rothermel, & Hill, 
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2010). Several studies have demonstrated that FoxOs promote several autophagic genes 

expression at transcriptional levels (Ferdous et al., 2010; Mammucari et al., 2007; Sengupta, 

Molkentin, & Yutzey, 2009). Moreover, these promoted effects were affected by 

posttranslational modification of FoxOs. Acetylation, a rapier in FoxOs modification, would 

positively or negatively affect autophagy (Figure 10) (Gu et al., 2016; Hariharan et al., 2010; Y. 

Zhao et al., 2010). In cardiomyocytes (CMs), glucose deprivation (GD) increased autophagy 

flux, which was concurrently accompanied by induction Sirt1 and FoxO1 expressions. 

Overexpression of either Sirt1 or FoxO1 was sufficient to induce autophagy flux activity, 

whereas simultaneous deletions of Sirt1 and FoxO1 failed to induce GD-induced autophagy 

(Hariharan et al., 2010). GD increased deacetylation of FoxO1, which was dependent on Sirt1’s 

deacetylation activity to function on FoxO1. Overexpression of FoxO1(3A/LXXAA), which was 

a deacetylation defect form of FoxO1 and cannot interact with Sirt1, significantly elevated 

acetylation level of FoxO1 and blocked GD-induced autophagy and further abolished FoxO1’s 

induction of its downstream Rab7, a small GTP-binding protein that mediates late 

autophagosome-lysosome fusion in vitro and in vivo. Therefore, Sirt1-mediated deacetylation of 

FoxO1 and upregulation of Rab7 play significant roles in mediating induction of autophagy 

followed starvation (Hariharan et al., 2010). The prolonging of lifespan has been closely 

associated with efficient maintenance of autophagic degradation, which declines dramatically 

during aging (Salminen & Kaarniranta, 2009). Sirt1 has been reported to interact with FoxO and 

p53 signaling, and regulated the autophagic degradation and lifespan extension, suggesting the 

important role of the Sirt1-FoxO cascade in the regulation of lifespan (Salminen & Kaarniranta, 

2009). Fluorine contributes to damage of teeth, bones and other body tissues, which is a serious 

public health issue.  
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In addition, some other signaling pathways studies have involved Sirt1 in regulating autophagy. 

During oxidative stress, autophagy was induced with an increase expression of Sirt1 (Ou, Lee, 

Huang, Messina‐Graham, & Broxmeyer, 2014; H. Zhao, Yang, & Cui, 2015). In parthenogenetic 

haploid embryonic stem cells (ph ESCs), exogenous H2O2 challenge induced SIRT1 expression 

and promoted autophagy via mTOR node (H. Zhao et al., 2015). In murine embryonic stem cells 

(mESCs), Sirt1 knockout decreased induction of autophagy dependent on at least in part by the 

class III PI3K/Beclin-1 and mTOR pathways (Ou et al., 2014).  

 

10. Conclusion  

Autophagy is important to maintain mammalian health. Dysregulated autophagy has been 

involved in pathogenesis of various diseases (Pallauf & Rimbach, 2013; Fu, 2015; Kovsan et al., 

2010; Schneider & Cuervo, 2014; Huber et al., 2012; Levine, Mizushima, & Virgin, 2011; S.-y. 

Wang, Yu, Zhang, & Liu, 2011). Targeting dysregulated autophagy may lead to new therapeutics 

for the related diseases. In this review, I have discussed the evidence that RSV may reverse the 

dysregulation of autophagy in different cell types and diseases. Mechanistically, RSV mainly 

acts on the deacetylase Sirt1, which in turn activates autophagy proteins, including Atg7, Atg5, 

LC3, Beclin-1, and transcriptional factors like FoxO1 and FoxO3 that induces autophagy genes. 

These findings have revealed the great potential of RSV to ameliorate human diseases, such as 

metabolic disorders, neurodegenerative diseases, and cancer. As the evidence was primarily 

derived from cell culture or animal studies, it is of critical importance for future investigations to 

validate physiological relevance in vivo and human studies. To this end, parameters like the safe 

and effective dosage, duration and timing of treatment have to be established before RSV 
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supplements in the market can be recommended as an autophagy-mediated treatment of human 

diseases. 

 

 

List of abbreviations 

 

A 

Akt: protein kinase B 

ALT: Alanine aminotransferase 

AMPK: AMP-activated protein kinase  

AS: Atherosclerosis 

Atg5: autophagy related 5   

Atg7: autophagy related 7 

B 

BDL: bile duct ligation 

C 

CCI: cortical impact 

CMs: cardiomyocytes 

CQ: chloroquine 

CVDs: cardiovascular diseases 

D 

DOX: doxorubicin 

E 

4E-BP1: eIF4E-binding protein 1 
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ESCC: esophageal squamous cell carcinoma  

EX527: 6-Chloro-2,3,4,9-tetrahydro-1H-Carbazole-1-carboxamide 

F 

FoxOs: forkhead box O transcription factors 

G 

GBM: glioblastoma  

GD: glucose deprivation 

H 

HCAECs: human coronary and iliac artery endothelial cells 

I 

IL-1β: interleukin 1 beta 

IL-6: interleukin 6 

L 

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

M 

MAPK: mitogen-activated protein kinase 

3-MA: 3-methyladenine 

MCD: methionine/choline-deficient 

mESCs: murine embryonic stem cells 

mTOR: mammalian target of rapamycin  

mTORC1: mammalian target of rapamycin complex 1  

mTORC2: mammalian target of rapamycin complex 2 

N 
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NAD: Nicotinamide adenine dinucleotide 

NAFLD: non-alcoholic fatty liver disease 

NAM: nicotinamide  

NASH: non-alcoholic steatohepatitis 

NF-κB: inflammatory nuclear factor-κB  

NSCLC: non-small-cell lung cancer  

P 

p62: sequestosome 1 (SQSTM1)  

PC: preconditioning 

PPARγ: peroxisome proliferator-activated receptor gamma   

PRKA: Serine/threonine protein kinase 

PTCs: primary renal proximal tubular cells 

R 

RSV: resveratrol 

S 

S6K1: p70 S6 kinase 

siRNA: Small (or short) interfering RNA  

Sir2: silent information regulator 2 

Sirt1: Sirtuin 1  

T 

TBARS: thiobarbituric acid reactive substances 

TBI: traumatic brain injury 

T-ALL: T-cell acute lymphoblastic leukemia  
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TFEB: transcription factor EB  

TG: triglyceride 

TLR4: toll-like receptor 4 

TNFα: tumor necrosis factor alpha 

TSA: trichostatin A 

U 

ULK: Unc-51-like kinase  

W 

WAT: white adipose tissue  
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Figure legends  

Figure 1 

Structure and major dietary sources of resveratrol (RSV). A. Structure of RSV (3,5,4′-

trihydroxystilbene); B. Major dietary sources of RSV in foods and associated processed items, 

i.e., grapes, berries, peanuts, other dietary plants, jam and red wine. 

 

Figure 2 

The autophagy machinery. Major steps of autophagy include initiation, elongation, maturation, 

fusion and degradation. Initiation step involves Atg14-Beclin-1-Vps34 complex. Atg12-Atg5 

complex and LC3-II are involved in the elongation and maturation of autophagy. At last, 

autophagosome forms and fuse with lysosome to form autolysosome. In the autolysosome, the 

engulfed dysfunctional organelles (i.e., mitochondria) and molecules (i.e., protein aggregates, 

cytosolic proteins, and pathogen) are degraded by lysosomal proteinases.  

 

Figure 3 

RSV regulates autophagy in aging and related metabolic diseases. Sirt1 (Sirtuin 1) is the 

major target of RSV in aging and related metabolic diseases. During inhibiting aging and 

prolonging life span, Sirt1 promotes autophagy dependent on Beclin-1. During inhibiting 

neurodegenerative disease, RSV promotes autophagy dependent on Sirt1-AMPK (5' AMP-

activated protein kinase) signaling pathway. 

Figure 4 

RSV regulates autophagy in heart disease. RSV promotes autophagy dependent on mTORC2 

(mammalian target of rapamycin complex 2) and AMPK molecules to promote cardiomyocyte 

cell survival under hypoxia.  
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Figure 5 

RSV regulates autophagy in adipocytes and obesity. RSV administration decreases the 

adipocyte size, increases adipogenesis and improves the profile of insulin resistance in 

adipocytes, which probably involve TFEB, a major transcriptional factor of autophagy in the 

nucleus. In the nucleus, TFEB may regulate ATG9, LC3 and p62 gene expressions that relate to 

autophagy. 

 

Figure 6 

RSV regulates autophagy in liver disease. RSV activates Sirt1 to induce the deacetylation of 

FoxOs to induce autophagy and mitophagy. The induced autophagy plays a protective role from 

nonalcoholic fatty liver disease (NAFLD) and Non-alcoholic steatohepatitis (NASH). The 

induced mitophagy plays a protective role from liver fibrosis.  

 

 

 

Figure 7 

RSV regulates autophagy in kidney disease. Under hypoxia condition, RSV induces Sirt1 to 

deacetylase FoxO3, which induces autophagy and Bnip3 (BCL2/adenovirus E1B 19-kDa 

interacting protein 3)-dependent mitophagy to improve renal proximal tubular cells (PTCs) cell 

survival. Under starvation condition, RSV inhibits autophagy dependent on S6K1, which inhibits 

HEK293 Kidney cell lysosomal clearance. 
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Figure 8 

RSV regulates autophagy in inflammation. RSV induces autophagy to inhibit NLRP3 

(NACHT, LRR and PYD domains-containing protein 3) inflammasome and NLRP3 

inflammasome induced IL-1 (interleukin-1) secretion; and RSV ameliorates autophagy induced 

TLR4 (Toll-like receptor 4) and its downstream inflammatory factors IL-1, NF-κB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) and TNF-α (tumor necrosis factor alpha) 

secretion. The inhibition of inflammation will prevent the pathogenesis of Atherosclerosis and 

Traumatic brain injury.  

 

Figure 9 

RSV regulates autophagy in cancer. RSV regulates autophagy to promote or inhibit cancer 

development, which is dependent on Raptor (Regulatory-associated protein of mTOR) 

phosphorylation, AMPK phosphorylation and Sirt1 activity. RSV regulates autophagy to 

promote cancer cell growth to induce cancer (skin cancer, pituitary tumor, lymph cancer, 

esophageal cancer) promotion. RSV regulates autophagy to promote apoptosis to induce cancer 

(ovarian cancer, lung cancer and glioblastoma) inhibition.   

 

Figure 10 

The signaling pathways of how Sirt1 regulates autophagy in metabolic diseases. In the 

nucleus, Sirt1 deacetylases FoxO1 to promote FoxO1 activity and its target genes in autophagy. 

Also in the nucleus, Sirt1 deacetylases LC3 to promote its binding with the nuclear protein DOR 

(The diabetes- and obesity-regulated nuclear factor) and translocation to cytosol and downstream 

autophagy steps. In the cytosol, Sirt1 deacetylases Atg7 and Atg5 to induce autophagy. 
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Chapter 2 Introduction 

1. The Sirtuin family 

The sirtuins (Sirts), a family of nicotinamide adenine dinucleotide (NAD+)-dependent 

deacetylases, include Sirt1-Sirt7 and are involved in the regulation of various cellular 

metabolisms and metabolic diseases 1, 2, 3, 4, in which Sirt1 is most abundantly studied. Sirt1 play 

its role in metabolism through its deacetylating effects on histones and non-histone proteins that 

are participated in different organ metabolisms and diseases, including adipose tissue 5, 6, muscle 

7, 8, 9, liver 10, 11, 12, heart 13, 14, 15, brain 16, 17, 18, 19, 20 and etc. 

 

2. The role of Sirt1 in metabolism 

2.1 Sirt1 in adipose tissue 

Obesity is a rapidly growing epidemic. It may arise from increased energy intake and/or reduced 

energy expenditure 21. White adipose tissue (WAT) is the major energy reservoir to store 

redundant energy in the form of triglyceride 22. Morphologically and functionally distinct from 

WAT, brown adipose tissue (BAT) is composed of brown adipocytes with multilocular 

morphology, dense mitochondrial and the ability to activate thermogenesis upon cold treatment 

23. Recent studies indicated that activation of BAT promotes lipid metabolism in rodents 24 and 

humans 25, proposing its anti-obesity potential. 

In WAT, as an energy sensor, Sirt1 is downregulated in obesity 5. In high fat diet-induced and 

genetic obesity mice, full length of Sirt1 was cleaved by caspase 1 into inactive form in adipose 

tissue 26. Furthermore, gene expression in high fat diet fed mice were greatly recapitulated in 

adipose tissue Sirt1 knockout mice 26. Specific activation or gain function of Sirt1 protected 

rodents from diet-induced obesity and insulin resistance 27, 28. The potent Sirt1 activator 
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SRT1720 administration protected mice from diet-induced obesity through elevating fatty acid 

oxidation by deacetylation of PGC-1α, FoxO1 and stimulation of AMPK signaling 27. However, 

on normal chow diet transgenic mice overexpression of Sirt1 showed normal insulin sensitivity 

as wild type mice 28. Only on high fat diet challenge or db/db background, Sirt1 overexpression 

improved glucose tolerance 28. Sirt1 knockout female mice showed higher body weight and fat 

percentage than wild type, but shared similar GTT and ITT profile on normal chow diet 26. After 

high fat diet challenge, Sirt1 knockout mice deteriorated GTT and ITT profile with lower 

adiponectin in plasma 26. Consistently, Sirt1 knockout males has higher body weight and fat 

percentage on normal chow diet 29. However, Sirt1 knockout showed low-grade inflammation 

but glucose intolerance and insulin resistance, which was similarly exhibited during short-term 

(5 weeks) high fat diet challenge. In contrast to short-term high fat diet, on chronic (15 weeks) 

high fat diet feeding Sirt1 knockout mice improved glucose intolerance, insulin resistance and 

inflammation 29.  

In cellular level, Sirt1 suppressed preadipocyte proliferation 30, preadipocyte differentiation 5 and 

promoted browning of white adipocyte 6. During 3T3L1 preadipocyte proliferation, Srit1 

knockdown resulted in hyperplastic and inflamed adipocytes that were dysfunctional through 

hyperacetylation and activation of c-Myc, which is a transcriptional factor responsible for cell 

proliferation 30. During 3T3L1 preadipocyte differentiation, Sirt1 docked with PPARγ’s 

cofactors NCoR (nuclear receptor co-repressor) and SMRT (silencing mediator of retinoid and 

thyroid hormone receptors) to suppress PPARγ 5. Overexpression of Sirt1 suppressed PPARγ 

expression and adipogenesis, while silencing Sirt1 increased PPARγ expression and 

adipogenesis 5. In WAT, Sirt1 promoted the release of free fatty acid from adipocyte by 

repressing PPARγ during energy restriction, indicating Sirt1’s inhibitory role in WAT 
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development 5. In addition, Sirt1 promoted browning of subcutaneous WAT following acute cold 

exposure 6. After 4 °C overnight cold treatment, Sirt1 overexpression induced browning of 

subcutaneous as increased numbers of UCP1-immunoreactive paucilocular adipocytes 6.  

Other than direct targeting on adipocyte of WAT, gain or loss function of Sirt1 in adipocyte had 

effects on recruitment of macrophage into WAT 31. Adipose tissue specific knockout of Sirt1 in 

mice had increased WAT expression of macrophage and inflammatory factor TNF-α and NF-κB 

nuclear translocation and gene expression by reducing H3K9 deacetylation 31.  

In brown adipocyte, UCP1 expression is controlled by Sirt1 and is reduced under inflammation, 

which could be rescued by Sirt1 activation through resveratrol treatment 32. In vivo, gain function 

of Sirt1 enhanced insulin sensitivity through induction of glucose uptake in BAT and improved 

body temperature maintenance upon cold challenge 33. Mechanistically, Sirt1 showed no effect 

on differentiation of BAT, but promoted metabolic transcriptional response to β3-adrenergic 

stimuli in differentiated adipocytes 33. 

In conclusion, Sirt1 ameliorated adipocyte hyperplasticity, inflammation through inhibiting 

preadipocyte proliferation and differentiation, and promoted adipocyte browning. However, in 

adipose tissue Sirt1 may physiologically play distinct roles due to variations of dietary challenge, 

gender and genetic background. 

 

2.2 Sirt1 in muscle 

Skeletal muscle is able to induce mitochondrial biogenesis in response to metabolic stress, such 

as fasting and exercise 34. During these physical and physiological challenge, Sirt1 is widely 

investigated in muscular mitochondrial biogenesis both in rodents and humans 35, 36. Under these 

conditions of metabolic stress, Sirt1 is known to regulate a number of protein targets, including 
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peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α), 5' AMP-activated protein 

kinase (AMPK), p53 and etc., which are potential signaling nodes participating in mitochondrial 

biogenesis 37. Among which, PGC1α is the most well studied linkage between Sirt1 and 

mitochondrial biogenesis in muscle.  

Most of in vitro studies pointed that Sirt1 positively regulates PGC1α transcriptionally or post 

transcriptionally to induce mitochondrial biogenesis 38, 39. Transcriptionally, in C2C12 myotubes 

Sirt1 bound to the proximal promoter region of the PGC1α gene, which promoted a positive 

auto-regulatory PGC1α expression loop 38. Posttranscriptionally, Sirt1 deacetylated PGC1α to 

activate its activity and downstream mitochondrial biogenesis 39. Also, during fasting and low 

glucose concentrations Sirt1 was responsible for deacetylating PGC1α, accompanied by 

activation of fatty acid oxidation and increased expression of mitochondrial genes, as shown by 

gene expression of PDK4, ERRα, cytochrome c in C2C12 muscle cells 9. However, in vivo 

studies may not be consistent with in vitro studies and even contradict with observations found in 

vitro. For example, in skeletal muscle subject to voluntary wheel running and electric 

stimulation, PGC1α level was not closely associated with Sirt1 expression and enzymatic 

deacetylase activity 40. Further, lacking Sirt1 deacetylase activity in skeletal muscle did not 

impair wheel running-induced PGC1α expression and mitochondrial biogenesis 41, suggesting 

Sirt1 may not be required for PGC1α expression and mitochondrial biogenesis. Another study 

even proposed that Sirt1 overexpression in rodent muscle downregulated PGC1α and mtTFA and 

COX IV 42.  

Taken all these observations together, discrepancies existed between in vitro and in vivo studies 

probably due to the fact that cell culture medium system and physiological conditions are quite 

different. Further studies are warranted to compare the experimental conditions and relativeness 
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of in vitro and in vivo studies before translating observations acquired from cell culture to animal 

and human studies. 

 

2.3  Sirt1 in liver  

Sirt1 plays important roles in the regulation of lipid metabolism in liver, the dysfunction of 

which may result in the development of alcoholic liver disease 43 and nonalcoholic fatty liver 

disease (NAFLD), including hepatic steatosis, inflammation, insulin resistance and liver damage 

12, 44, 45.  

In alcoholic liver disease, liver samples from patients with alcohol hepatitis had reduced levels of 

Sirt1 than healthy counterparts 44. Hepatic deletion of Sirt1 promoted lipid accumulation and 

inflammatory cytokines, whereas overexpression of Sirt1 reversed ethanol induced fat 

accumulation and metabolic dysfunction in liver 44. Phamathetical administration of 

rosiglitazone, a peroxisomal proliferator-activated receptor-γ (PPAR- γ), ameliorated alcoholic 

fatty liver in mice through enhanced hepatic adiponectin-Sirt1-AMPK signaling 43.  

NAFLD is characterized by hepatic endoplasmic reticulum (ER) stress 12, insulin resistance 46 

and inflammation 47. Also, the expression of Sirt1 is reduced by genetic and high fat diet induced 

NAFLD 12, 48. The reduction of Sirt1 may due to phosphorylation by C-Jun N-terminal kinase 1 

(JNK1) and casein kinase 2, which promoted its subsequent degradation by proteasome and 

inhibited its nuclear localization 49, 50. Lack of Sirt1 activity contributed to liver steatosis in 

response to high fat diet feeding, which may result from increased lipogenesis and reduce lipid 

export 47. In low-density lipoprotein receptor-deficient mice with diet-induced insulin-resistance 

and genetically obese mice, overexpression of Sirt1 in liver attenuated hepatic steatosis and 

insulin resistance through inhibition of ER stress, enhanced insulin receptor and mTORC1 
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signaling 12. In liver, Sirt1 promoted insulin sensitivity through transcriptional promotion of the 

gene encoding Rictor, and its activation on phosphorylation of Akt and forkhead box O1 

(FoxO1) 51, leading to reduced transcription of the gluconeogenic genes glucose-6-phosphatase 

(G6pase) and phosphoenolpyruvate carboxykinase (Pepck) 52. Liver specific knockdown of Sirt1 

contributed to hepatic glucose over-production and hyperglycemia 52. However, discrepancies 

raised in the study that Sirt1 knockdown in type 2 diabetes mellitus (T2DM) mice model 

increased insulin sensitivity and reduced glucose production through decreased Pepck, fructose-

1,6-bisphosphatase (FBPase) and G6pase due to increased acetylation of signal transducer and 

activator of transcription 3 (STAT3), FoxO1 and PGC1α 53. The controversial effects of Sirt1 

knockout may explain by the fact that Sirt1 is involved in multiple signaling pathways and plays 

distinct roles in different disease condition. 

 

2.4 Sirt1 in heart 

Hear failure results from aging, mechanical load and drug-caused cardiotoxicity 54, 55, 56. Sirt1 

played protective roles in preventing heart from aging 13, 57, mechanical and physiological 

pressure 58, 59, and cardiotoxicity 15. However, detrimental roles of over-activation of Sirt1 in 

heart are role documented 13, 60.  

Compared with healthy cardiomyocytes, Sirt1 was downregulated in cardiomyocytes from 

advanced heart failure human patients 61. Both in vitro and in vivo, Sirt1 inhibition or deficiency 

increased endoplasmic reticulum (ER) stress-induced cardiac injury 62. Activation of Sirt1 by 

chemical is protective from cardiac injury and ameliorated ER stress induced cardiomyocyte 

apoptosis by attenuating PERK/elF2α pathway activation 62. In vitro, Sirt1 reduced acetylation of 

FoxO1 and downstream Rab7 (a small GTP-binding protein that mediates late autophagosome-
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lysosome fusion), which is essential for maintaining cardiomyocyte function during starvation 63. 

In neonatal cardiomyocyte, Sirt1 coordinated with PPARα to suppress hypertrophy in vitro as 

shown by the evidence that activation of Sirt1 by resveratrol or overexpression of Sirt1 inhibited 

phenylephrine (PE)-induced hypertrophy and inhibited PE-induced down-regulation of fatty acid 

oxidation genes 59.  

In vivo, knockdown of Sirt1 led to dilated cardiomyopathy and reduced cardiomyocyte size, 

which was accompanied by reduced mitochondrial genes (Tfam, cytochrome b, ND1) 64. This 

phenotype was due to increased acetylation level of the myocyte enhancer factor 2 (Mef2) 

transcription factor, which is essential for normal heart development and mitochondrial integrity 

64. In dystrophin-deficient mdx mice, Sirt1 suppresses cardiac hypertrophy and fibrosis through 

its deacetylation of lysine residues for ubiquitination of p300, a pro-hypertrophic co-activator, to 

promote its subsequent degradation by ubiquitin-proteasome 65. As to protective effects against 

drug-induced cardiotoxicity, resveratrol ameliorated doxorubicin induced cardiomyocyte 

apoptosis through activating Sirt1 and its deacetylation effects on p53 in vivo 66. In vivo, low or 

moderate (2.5 fold or 7.5 fold) overexpression of Sirt1 in the heart attenuated age-dependent 

increases in cardiac hypertrophy, apoptosis/fibrosis, and cardiac dysfunction. However, a high 

level of Sirt1 overexpression showed opposite effects 13. 

Nevertheless, Sirt1 was upregulated by pressure overload in the heart, and knockdown of Sirt1 

attenuated pressure overload induced cardiac hypertrophy and failure 55. Sirt1 was shown to 

coordinate with PPARα to suppress genes in mitochondrial function that are regulated by 

estrogen-related receptors (ERRs), which leads to cardiac dysfunction. Similarly, cardiac specific 

overexpression of Sirt1 impaired cardiac function associated with reduced mitochondrial 

function genes (like cytochrome b, cytochrome c and Cox5a) and respiration 60. 
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2.5  Sirt1 in brain 

In brain, Sirt1 is highly expressed in metabolically active sites, including hypothalamic arcuate, 

dorsomedial, ventromedial, and paraventricular nuclei and the area postrema and the nucleus of 

the solitary tract in the hindbrain 67. Like adipose tissue, muscle and heart, Sirt1 expression 

increased in the brain during nutrient deprivation 67, 68, 69. Physiologically, Sirt1 regulates neural 

development 17, energy balance and glucose metabolism in neurons 70, and neural diseases 18, 20, 

71, 72, 73. In cellular level, Sirt1 mediates neuronal cell differentiation 74, cell expansion 75, and cell 

death 76.  

Hypothalamic Sirt1 regulated energy balance as shown by the evidence that pharmacological or 

genetic silencing of Sirt1 in hypothalamus decreased food intake and body weight gain 16. Neural 

Sirt1 negatively regulated systemic and hypothalamic insulin signaling through directly 

deacetylating and repressing IRS-1 function 70. Specifically, Sirt1 knockout in neurons promoted 

insulin sensitivity and had lower fasting insulin levels, improved glucose tolerance and insulin 

tolerance in systemic and hypothalamic level as shown by increased PI3K signaling, pAkt and 

pFoxO1 70. 

Alzheimer disease (AD) onset and progression is characterized by accumulation of aggregated β-

amyloid 19. Overexpression or activation of Sirt1 mimicked the effects of caloric restriction that 

it attenuated β-amyloid content in the brain and amyloid neuropathology through repressing 

serine/threonine Rho kinase (ROCK1) and promoting its downstream non-amyloidogenic α-

secretase’s cleavage of the amyloid precursor protein 20. In an inherited neurodegenerative 

disorder caused by glutamine repeat expansion in huntingtin protein (HTT), mutant HTT 

interfered with Sirt1 to repress the TORC1-CREB interaction to suppress brain-derived 

neurotrophic factor (BDNF) transcription. Sirt1 overexpression would deacetylate TORC1 to 



  

61 
 

induce the effects of TORC1-CREB on BDNF to rescue the defects in this type of 

neurodegenerative disorder 18. In addition, Sirt1 could deacetylate methyl-CpG binding protein 2 

(MeCP2), an epigenetic regulator, and activate its DNA binding activity to BDNF promoter to 

induce its expression in brain 77.  

In cellular level, nuclear translocalization of Sirt1 was indispensable for neural precursor cells 

differentiation upon differentiation stimuli, which was through its binding with nuclear receptor 

corepressor (N-CoR) and synergistically increased the number of Tuj1+ neurons 74. Sirt1 was 

reported to be negatively involved in oligodendrocytes regeneration during adulthood. Lack of 

active Sirt1 in neural stem cells increased the production of new oligodendrocyte progenitor cells 

(OPCs) and its expansion into oligodendrocyte 75. In neuronal cells, Sirt1 overexpression 

promoted neurite outgrowth and enhances tolerance to cell death or degeneration induced by 

amyloid-β1-42 oligomers probably by its inhibition on mTOR signaling 76. Other than its cell 

survival effects, Sirt1 directly modulated synaptic plasticity and memory formation by 

microRNA. It was shown by the results that activation of Sirt1 promoted synaptic function 

through repressing the expression of miR-134 by a repressor complex containing the 

transcription factor YY1, and consequent translational induction of cAMP response binding 

protein (CREB) and brain-derived neurotrophic factor (BDNF) 78. 

 

 

3. Gender difference in metabolism  

As to body composition, women have higher fat percentage but lower lean tissue percentage than 

men 79, 80. Because of the difference in body composition, men have higher glycolytic capacity 

and higher basal metabolic rate than women 81, 82. It has been reported that insulin sensitivity is 
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inversely correlated with fat percentage 83. Other than fat percentage, regional difference of 

adipose tissue distribution would also affect glucose metabolism and insulin sensitivity 84. 

Visceral fat accumulation is thought to develop insulin resistance, but not subcutaneous fat 85, 86. 

Women have higher level of subcutaneous fat 87, while men have higher level of visceral fat 88. 

Estrogen-autophagy-adipogenesis axis maybe account for this gender difference 89. The 

prevalence of insulin resistance is higher in men than in women, which in partially could be 

explained by estrogen 88.  

In skeletal muscle, females have lower overall capacity for aerobic oxidation and for anaerobic 

glycolysis than males, but have a higher capacity for β-oxidation 90, which may explain why 

females have advantages on the fatigability of skeletal muscle 81. In heart, females rely more on 

fatty acid β-oxidation as energetics than males 91, 92. Estrogen would promote fatty acid oxidation 

and decrease glucose metabolism in oxygen sufficient condition, thus estrogen exhibited cardio-

protective effect and explained lower incidence of cardiovascular disease in females 93. In non-

alcoholic fatty liver disease (NAFLD), males have a more severe metabolic phenotype with high 

glucose level, lower plasma adiponectin and high‐density lipoprotein cholesterol levels 94. 

However, concerning what factor in liver contributes to this gender difference it is still little 

known. In brain, gender difference exists in every brain lobe, such as hippocampus, amygdala 

and neocortex, which affects brain development, function and disease predisposition  95, 96. For 

example, in Alzheimer’s disease related pathology men showed high level of phosphorylated tau 

protein in hypothalamus region, while women shower higher in the nucleus basalis of Meynert 

97. Therefore, understanding molecular mechanism of gender difference in brain will better the 

development of specific treatment of neural disease in both genders. 
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4. Proposal  

As mentioned above, Obesity is a rapidly growing epidemic and accompanied by other metabolic 

diseases 21. In humans and other mammals, obesity is characterized by excessive accumulation of 

white adipose tissue (WAT), which functions as a major energy reservoir to store redundant 

energy in the form of triglyceride 22. Autophagy, a cellular self-digestive process, is involved in 

cell differentiation, survival, development and remodeling98. Blockage of autophagy suppressed 

adipogenesis and adiposity and prevented rodent from diet induce obesity22, 99. Thus, targeting 

autophagy may be a promising strategy to combat obesity and related metabolic disease.  

Estrogen signaling plays an important role in adiposity. In rodents, ovariectomy increases WAT 

weight and estrogen replacement lowers WAT weight 100. In postmenopausal women, WAT 

mass was increased but estrogen therapy could reverse it 101. A mechanistic study showed that 

estradiol (E2) negatively regulated PPARγ and blocked adipogenesis through estrogen receptors 

ERα and ERβ  both in vitro and in vivo 102. Moreover, estrogen receptor α (ERα) knockout mice 

developed more WAT mass, larger and more adipocytes, accompanied by insulin resistance and 

impaired metabolism 103. However, it is unknown whether autophagy is involved in the estrogen-

mediated adipogenesis. 

As an energy sensor, Sirt1 (a NAD-dependent deacetylase) is downregulated in obesity, and its 

role in WAT development has been reported 5.  Importantly, specific Sirt1 activator protects 

rodents from diet-induced obesity and insulin resistance 27. It was shown that Sirt1 promoted the 

release of free fatty acid from adipocyte by repressing PPARγ in WAT during energy restriction 

5. In addition, Sirt1 promotes browning of subcutaneous WAT following acute cold exposure 6. 

Given the regulatory role of both autophagy and Sirt1 in adiposity, we ask whether Sirt1 may 

suppress adipogenesis through autophagy. 
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As discussed above, both energy sensing factors (e.g., Sirt1) and hormone signaling (e.g., ERα) 

control metabolism and energy balance 104, 105, 106. Emerging evidence of the interaction of ERα 

with Sirt1 suggests that, in breast cancer MCF-7 cells Sirt1 deacetylase activity is responsible for 

promoting ERα expression 107. In hepatocyte and fibroblast, however, Sirt1 deacetylates ERα 

resulting in elevation of its DNA-binding activity 108. Currently, little is known in adipocytes on 

how Sirt1 interacts with ERα and how the interaction affects autophagy and adipogenesis. 

The dissertation project was aiming to answer these questions. Firstly, a protocol to monitor 

autophagy flux activity during adipocyte differentiation was developed. Then, this project 

investigated how Sirt1 and ERα individually and collaboratively interacted with autophagy to 

suppress adipogenesis and adiposity. Lastly, the regulating order of Sirt1 and ERα in these 

regulatory events was determined by using cell and mouse models. 
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Abstract: Adipose tissue regulates metabolic homeostasis by acting as an endocrine organ and 

energy reservoir. Adipose tissue development and functional maintenance is dependent on 

adipocyte differentiation, in which autophagy plays an important role. It has been shown that 

autophagy deficiency dampens adipocyte differentiation, compromise adipose tissue 

development, dysregulates adipocytekine secretion, and even causes sudden death in young 

animals. Therefore, accurate assessment of autophagy in adipocyte is critical for the study of 

adipose biology or pathology of metabolic diseases. In this paper, we describe the procedure of 

autophagy analysis during adipocyte differentiation, and discuss the power of steady-state 

autophagy protein levels versus autophagy flux to reflect autophagy activity.  

 

Keywords: Autophagy, Adipocyte differentiation, Adipose development and function, 

Endocrine, Metabolism 
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1. Introduction 

Adipose tissue has been recognized as a critical endocrine organ in mammals [1-3]. In addition 

to storing energy, adipose tissue can secret adipocytokines that regulate inflammation, cell 

signaling, and metabolism [1-3]. Positive energy balance increases adiposity, which may lead to 

hypoxia because of rapid expansion of adipose tissue, thereby dysregulating adipocyte function, 

adipocytokine secretion, and metabolic homeostasis [4, 5]. Nevertheless, heathy expansion of 

adipose tissue after adipocyte differentiation is critical for adipose tissue maintenance and 

function [4, 5]. Recently, we found that adipocyte differentiation and lipid droplet expansion was 

dependent on autophagy, a common mechanism that cells adapt for cellular remodeling and 

recycling [6-9]. Suppression of autophagy dampens adipocyte differentiation, reduce fat mass, 

and induces browning of white adipose tissue [10, 11]. However, embryonic deletion of 

autophagy genes seems to compromise adipose tissue development and function, resulting in a 

substantial death rate in model animals at young ages [10]. These findings suggest that 

autophagy is a central regulator of adipocyte differentiation, adipose tissue development, and 

functional maintenance. 

 

Autophagy process consists of multiple steps, i.e., initiation, vesicle elongation, vesicle 

completion, fusion, and degradation [7, 12]. Among the identified autophagy proteins, beclin 1 is 

a critical component of the initiation complex, while LC3-II is found to participate in vesicle 

elongation, vesicle completion, and fusion [7, 12]. In addition, LC3II can be selectively degraded 

by autolysosome along with adaptor protein p62 such that the turnover of these two proteins 

reflects autophagy flux [7, 12]. Given the highly dynamic and multi-step process of autophagy, it 

has been recognized that substrate turnover (or autophagy flux) other than steady-state 

parameters (e.g., monitoring autophagosome number with electron microscopy and fluorescence 
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microscopy) can reveal autophagy activity [12, 13]. In this article, we describe the protocol to 

monitor autophagy flux during adipocyte differentiation.  

 

2 Materials 

2.1 Cell culture  

1. Equipment and supplies: 10-cm tissue culture dishes, 6-well tissue culture plates, 50-ml sterile 

conical tubes, sterile tips, pipettes, light microscope, benchtop centrifuge, and biosafety 

cabinet.  

2. 3T3-L1 cell line (CL-173) purchased from ATCC (Manassas, VA, USA).  

3. SVF cells isolated freshly from subcutaneous white adipose tissue (sWAT) as described 

previously [14].   

4. Phosphate-buffered saline.  

5. Basal medium for 3T3-L1 cells: Dulbecco’s modified Eagle’s (DMEM) medium, 10% Fetal 

Bovine Serum (FBS), and 1x Pen/Strep.  

6. Basal medium for SVF cells: DMEM/F12, 10% Fetal Bovine Serum (FBS), and 1x Pen/Strep. 

  

2.2 Adipocyte differentiation 

1. Equipment and supplies: 6-well tissue culture plates, sterile tips, pipettes, inverted microscope, 

laboratory CO2 Water-Jacketed Incubators, and biosafety cabinet. 

2. Differentiation media (DM) for 3T3-L1 cells: DMI – DMEM supplemented with 10% FBS, 

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

μM). DMII – DMEM supplemented with 10% FBS, P/S (1 ×), and insulin (1 μg/ml). 

3. Differentiation medium for SVF cells: DMEM/F12 media containing 10% FBS, 1x Pen/Strep, 

dexamethasone (5 μM), insulin (0.5 μg/ml), IBMX (0.5mM), and rosiglitazone (1μM). 
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4. Maintenance medium for 3T3-L1 cells: DMEM media containing 10% FBS, 1x Pen/Strep. 

5. Maintenance medium for SVF cells: DMEM/F12 media containing 10% FBS, 1x Pen/Strep, 

and insulin (0.5 μg/ml). 

 

2.3 Autophagy flux assay   

1. Bafilomycin A1 (inhibitor of autophagosome acidification, 0.1 mM in DMSO)  

2. Leupeptin (inhibitor of lysosomal proteases, 10 mg/ml in DMSO).  

 

2.4 Western blotting 

1. Equipment and supplies: 50-ml sterile conical tubes, sterile tips, 2 ml sterile tubes, pipettes, 

benchtop centrifuge, microplate reader, heat block (Benchmark). 

2. Phosphate buffered saline (PBS).  

3. Bullet Blender® (Next Advance, Inc.).  

4. DC protein assay kits (Bio-Rad).  

5. 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 (freshly added right before use).  

6. Loading buffer (5X): Tris-HCl (pH 6.8) 0.25 M, glycerol 25%, 5% SDS, bromophenol blue 

0.25%, 0.5 M DTT. 

7. Running buffer (1X): 25 mM Tris-Base, 192 mM glycine, 0.1% SDS (pH 8.3) 

8. Transfer buffer: 25 mM Tris-Base, 192 mM glycine (pH 8.3), 15-20% methanol.  

9. Washing buffer: 50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20 (pH 7.4) 
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10. Antibodies: Beclin 1 (Cat No: MABN16) from EMD Millipore. p62 (Cat No: 5114s) from 

Cell Signaling Technology; LC3 (cat No: L7543) from Sigma-Aldrich; GAPDH (Cat No: 

MA5-15738) from ThermoFisher Scientific.  

 

3 Method 

3.1 Differentiation of 3T3-L1 cells 

1. Seed 3T3-L1 cells in 10-cm dishes and then subculture in 6-well plates with basal media. 

2. Change the media every 2 days until the cells reach confluence (day 0). 

3. Change the media one more time and maintain the cells in basal media till day 2.  

4. At the end of day 2, replace basal media with differentiation medium I (DMI).  

5. At the end of day 4, replace DMI with differentiation medium II (DMII).  

6. At the end of day 6, replace DMII medium with maintenance medium.  

7. Change maintenance medium every 2 days until day 12 when the cells are fully 

differentiated, which is confirmed by oil red O staining as described previously (Figure 1A; 

see Note 1) [8, 9, 15, 16]. 

 

3.2 Differentiation of SVF cells 

1. Seed the isolate SVF cells in 10-cm dishes (collagen-coated dishes preferred) then subculture 

in 6-well plates (either collagen-coated or regular tissue culture plates work well) with basal 

media.  

2. Change the media every 2 days until the cells reach confluence (day 0). 

3. Change the media one more time and maintain the cells in basal media till day 2. 

4. At the end of day 2, replace basal media with differentiation medium; supply fresh 

differentiation medium every 2 days. 
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5. At the end of day 6, replace differentiation medium with maintenance medium. At this point, 

development of lipid droplets in the cells becomes obvious. 

6. Supply fresh maintenance medium every 2 days till day 10, when adipocyte differentiation and 

lipid accumulation is complete, which is confirmed by oil red O staining as described 

previously (Figure 1B; see Note 2) [14]. 

  

3.3 Kinetics of autophagy markers during adipocyte differentiation 

1. At the indicated time points during cell differentiation (Figure 2), remove the media and 

wash the cells with cold PBS twice.  

2. Harvest the cells in 2 ml cold PBS using cell lifters.  

3. Centrifuge at 5,000 x g, 4C for 5 min to pellet the cells, and discard the supernatant.  

4. Lyse the cells with a Bullet Blender according the manufacturer’s instruction 

5. Centrifuge at 12,000 x g, 4C for 10 min. 

6. Transfer the cell lysate to a clean Eppendorf tubes, and measure total protein concentration 

on a microplate reader with DC protein assay kits. 

7. Perform western blot analysis, using 12.5% gel for SDS-PAGE (60V for 30 min, following 

by 110V for 2 hr; see Note 3). 

8. Use ECL kits and X-ray film for Western Blot Detection of the steady state level of 

autophagy proteins beclin 1, LC3II, and p62 on day 0 through day 12 (Figure 2; see Note 4). 

 

3.4 Autophagy flux in preadipocytes and mature adipocytes 

1. At day 12, 3T3L1 preadipocytes (without differentiation induction) and mature adipocytes 

(with differentiation induction) in basal media are treated with bafilomycin A1 (inhibitor of 



  

83 
 

autophagosome acidification, at 0.1 M) plus leupeptin (the inhibitor of lysosomal proteases, 

at 10 g/ml) for 4 hr. Cells treated with DMSO serve as the controls (See Notes 5 and 6).  

2. Remove the media and wash the cells with cold PBS twice. 

3. Harvest the cells in 2 ml cold PBS using cell lifters. 

4. Centrifuge at 5,000 x g, 4C for 5 min to pellet the cells, and discard the supernatant.  

5. Lyse the cells with a Bullet Blender according the manufacturer’s instruction 

6. Centrifuge at 12,000 x g, 4C for 10 min 

7. Transfer the cell lysate to a clean Eppendorf tubes, and measure total protein concentration on 

a microplate reader with DC protein assay kits. 

8. Proceed to western blot analysis to detect the protein levels of LC3II, and p62 in the absence 

and presence of autophagy inhibitors bafilomycin A1 plus leupeptin (B+L). 

9. Use NIH ImageJ software to perform densitometry analyses of western blot images.  

10. Autophagy flux is calculated as the difference of band density between B+L treated cells and 

untreated cells, for preadipocytes and differentiated (or mature) adipocytes, respectively 

(Figure 3; see Notes 7 and 8).     

 

4 Notes 

1. The expression of PPAR (a key adipogenic regulator) and adiponectin (adipocytokine 

secreted by adipocytes) can be used as molecular markers to confirm adipocyte 

differentiation. Our experience indicates that after day 12 there is no further increase in lipid 

accumulation or expression PPAR and adiponectin. 

2. Our experience indicates that after day 10 there is no further increase in lipid accumulation or 

expression of PPAR and adiponectin. 
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3. SDS-PAGE at a lower voltage when necessary, e.g., 30V for overnight (12-14hr) to increase 

the separation efficiency for LC3I and LC3II. 

4. The steady-state level of beclin 1 increases over time during cell differentiation, indicative of 

an activated autophagy. However, the steady-state level of LC3II is downregulated during 

cell differentiation, seemingly suggestive of inhibition of autophagy. This complexity arises 

from the dual role of LC3II in autophagy, i.e., (a) promoter of phagophore formation and 

autophagosome maturation, and (b) autophagy substrate for degradation and recycling [12]. 

As such, the decreased steady-state level of LC3II protein may be due to elevated autophagy 

degradation, or to reduced expression of LC3 or compromised conversion from LC3I into 

LC3II. In the former case, autophagy is upregulated, whereas in the latter, autophagy is 

dampened. Although the decrease in p62 protein seems to support the former case (i.e., 

activation of autophagy to degrade p62 and LC3II), the conclusion is insecure before it is 

determined whether that p62 and LC3 expression undergoes downregulation, and whether the 

conversion of LC3I to LC3II is compromised. The complexity and uncertainty can be solved 

by autophagy flux analysis. 

5. For SVF cell, the B+L treatment starts on day 10. Preadipocytes (without differentiation 

induction) and mature adipocytes (with differentiation induction) in basal media are treated 

with bafilomycin A1 (0.1 M) plus leupeptin at 10 g/ml) for 4 hr. Cells treated with DMSO 

serve as the controls.  

6. If it is desirable to measure autophagy flux on any specific day (e.g., day 6) during 

differentiation, the cells (with or without differentiation induction) will be treated with B+L 

on day 6 for 4 hr, and then proceed to step 2 of section 3.4. 
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7. The autophagy flux measurements based on LC3II and p62 both suggest a higher substrate 

turnover (i.e., autophagy activity) in differentiated cells than in undifferentiated cells. 

Therefore, determination of autophagy flux is preferred to detection of steady-state 

parameters for accurate assessment of autophagy activity (see Note 4).  

8. Autophagy flux is upregulated in differentiated 3T3L1 and SVF cells. However, autophagy is 

activated to a greater extent in 3T3L1 cells than in SVF cell during differentiation, in line 

with the lesser potential known for differentiation in SVF cells (Figure 1). Indeed, 

compromised autophagy results in suppression of adipocyte differentiation [10, 11]. 
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Legends to the Figures 

Figure 1.  Differentiation of 3T3L1 cells and SVF cells. In the absence of differentiation 

induction (A), 3T3L1 preadipocytes have marginal lipid accumulation on day 12. In the 

presence of differentiation induction (B), 3T3L1 cell are fully differentiated into mature 

adipocytes and show drastic fat accumulation on day 12 (B). Panels C (without 

differentiation induction) and D (with differentiation induction) show that SVF cells have 

similar differentiation pattern and substantial lipid accumulation on day 10. Scale bar, 50 

m. 

 

Figure 2. The kinetics of autophaphy protein levels during 3T3L1 adipocyte differentiation. 

Beclin 1, the regulator of autophagy initiation, is upregulated. By contrast, LC3II and p62, 

the proteins that can be selectively degraded by autolysosome, are downregulated. GAPDH 

serves as the loading control. The time course of autophaphy protein changes indicates 

activation of autophagy during adipocyte differentiation. However, note the limitation of 

using steady state level of autophagy proteins to assess autophagy activity (see Notes 4 and 

7). 

 

Figure 3. Measurement of autophagy activity in preadipocytes and differentiated adipocytes (or 

mature adipocytes). (A) 3T3L1 preadipocytes (pre-ad) and differentiated adipocytes are 

treated with bafilomycin A1 and leupeptin (i.e., B+L) for 4 hours, and cell lysates are 

prepared to probe LC3II and p62 by western blot analysis. (B) autophagy flux is 

calculated, (band density of LC3II with B+L) – (band density of LC3II without B+L), for 
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3T3-L1 cells. (C) SVF cells and differentiated SVF cells are treated with bafilomycin A1 

and leupeptin (i.e., B+L) for 4 hours, and cell lysates are prepared to probe LC3II and p62 

by western blot analysis. (B) autophagy flux is calculated, (band density of LC3II with 

B+L) – (band density of LC3II without B+L), for SVF cells. GAPDH and -actin serve as 

the loading controls. n=4-6, *, p<0.05; *** and p<0.001 (comparing preadipocytes with 

mature adipocytes). 
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ABSTRACT: Excessive adiposity (particularly visceral fat mass) increases the risks of 

developing metabolic syndrome. Women have lower deposit of visceral fat than men, and this 

pattern becomes diminished postmenopausally, but the underlying mechanism remains largely 

unknown. Here we show that the gender difference in visceral fat distribution is controlled by an 

estradiol-autophagy axis. In C57BL/6J and wild type control mice, a higher visceral fat mass was 

detected in the males than in the females, which was associated with lower expression of 

estrogen receptor  (ER) and more active autophagy in males vs. females. However, deletion of 

ER normalized autophagy activity and abolished the gender difference in visceral adiposity. In 

line with the adiposity-reducing effect of the ER-autophagy axis, we found that downregulation 

of ER and increased autophagy activity were required for adipogenesis, while induction of 

estradiol signaling dampened autophagy and drastically prevented adipogenesis. Mechanistically, 

the estradiol-ER signaling activated mTOR, which phosphorylated and inhibited ULK1, 

thereby suppressing autophagy and adipogenesis. Together, our study suggests that the lower 

visceral adiposity in the females (vs. the males) arises from a more active estradiol-ER 

signaling, which tunes down autophagy and adipogenesis.    

KEYWORDS: adipogenesis, autophagy, estradiol signaling, gender difference, metabolic 

syndrome, visceral adiposity  
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ABBREVIATIONS 

Atg5, autophagy related 5; Atg7, autophagy related 7; Atg12, autophagy related 12; BL, 

bafilomycin-A1 and leupeptin; BMI, body mass index; DI, differentiation induction; E2, 

estradiol; ER, estrogen receptor ; ER, estrogen receptor ; FBS, fetal bovine serum; 

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LC3, microtubule-associated protein 

1A/1B-light chain 3-phosphatidylethanolamine conjugate; mTOR, the mechanistic target of 

rapamycin; p62, sequestosome 1 (SQSTM1); SVF, stromal vascular fraction; sWAT, 

subcutaneous white adipose tissue; ULK1, Unc-51 Like Autophagy Activating Kinase; vWAT, 

visceral white adipose tissue; WAT, white adipose tissue. 
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INTRODUCTION 

White adipose (or fat) tissues (WAT) play a central role in metabolic homeostasis through 

energy storage and endocrine functions.1, 2 It has been shown that fat depots at distinct 

anatomical (e.g., subcutaneous versus visceral) locations have intrinsic differences in hormone 

response, gene expression, remodeling, and metabolism.3-9 Excessive visceral fat is associated 

with metabolic syndrome development (e.g., insulin resistance) in animal models and humans, 

whereas subcutaneous fat is benign or protective. 9-13 Compared with women, men have more 

visceral fat.14, 15 Intriguingly, visceral fat mass increases in post-menopausal women 

(characteristic of reduced estrogen (E2) secretion), which can be prevented by E2 replacement 

therapy.16, 17 These findings underscored an important role of estrogen or E2 signaling in the 

regulation of fat development and distribution, yet the molecular mechanism remains largely 

elusive.  

WAT mass development and maintenance are dependent on adipocyte turnover. It was estimated 

that the rate of adipocyte turnover was 10% per year in humans and 1–5% per day in mice.18, 19 

The overall adipocyte number in WAT is balanced by adipogenesis (i.e., the differentiation of 

preadipocyte into adipocytes) and adipocyte apoptosis.18-20 Emerging evidence suggests that 

autophagy, the major intracellular degradation and remodeling system, regulates both adipocyte 

differentiation and apoptosis.21-23 Blockage of autophagy through ablation of Atg5 or Atg7 

substantially prevents adipocyte differentiation and promotes adipocyte apoptosis, which 

significantly reduces fat mass in mice.21-23 We and others have showed that autophagy is 

required to maintain PPAR and FSP27, the key regulators of adipocyte differentiation and lipid 

droplet formation in fat cells.24, 25 Suppression of autophagy downregulates PPAR and FSP27, 

concomitant with dampened adipocyte differentiation and marginal lipid accumulation in the 

cells.24, 25 Therefore, autophagy acts as a critical regulator of WAT remodeling and maintenance.  
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Given the above-mentioned evidence that implies E2 and autophagy in WAT regulation, we 

asked the question whether autophagy might interact with E2 signaling, and how it might link to 

the gender difference in visceral adiposity. Here we show that male mice had higher visceral fat 

mass than the females, which was associated with lower expression of estrogen receptors (ER) 

in the visceral adipose tissue. Activation of E2 signaling suppressed autophagy via an mTOR-

ULK pathway, which inhibited adipogenesis and was associated with a lower visceral adiposity 

in the mice. However, deletion of ER normalized autophagy activity and gender-dependent 

difference in visceral adiposity. Our data reveals for the first time an E2-ER-autophagy axis 

that contributes to the gender difference in visceral fat distribution.  

 

RESULTS 

Female mice had lower visceral WAT mass than male mice. A higher visceral WAT (vWAT) 

volume in men than women has been observed across races.14, 15 To determine if mice have a 

similar pattern of fat distribution, we examined C57BL/6J at the age of 6-7 weeks (Figure 1). As 

expected, the female mice had lower body weight than males (average 15.4 g vs. 17.5 g, p<0.05; 

Figure 1A). The net weights of gonadal WAT (the largest visceral fat depots in mice) and 

subcutaneous WAT (inguinal fat depots, sWAT) were both lower in female mice than in the 

males (Figure 1, B-C). However, after normalization against the body weight only the vWAT 

mass remained lower in females than in males (average 0.87% vs 1.21%, p<0.05; Figure 1D), 

while the differences in sWAT mass became indiscernible between the males and females 

(average 0.45% vs 0.49%, p=0.14; Figure 1E). Therefore, the ratios of visceral fat to body 

weight (or vWAT percentage) reveal a gender-dependent phenotype in mice as observed 

previously in human subjects. 
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Autophagy activity in vWAT was lower in female than male mice. Autophagosome 

formation is characterized by lipidation of LC3 to form LC3-phospholipid conjugate (LC3-II), 

which can be degraded by lysosomal hydrolase in autolysosome.26, 27 In sWAT, steady state 

LC3-II levels did not differ between female and male mice (Figure 2, A-B). However, a 

significantly lower (50%, p<0.01) steady state LC3-II was detected in vWAT from male mice vs. 

that from female mice (Figure 2, C-D), suggesting that autophagic degradation of LC3-II in 

vWAT was more active in the males than in the females. To test this, we detected LC3-II 

turnover (or autophagy flux),25, 27, 28 by detecting the accumulation of LC3-II after treating WAT 

explant cultures with autophagy inhibitors bafilomycin A1 and leupeptin (BL) for 4 hours. In 

line with the steady-state levels of LC3-II in sWAT being indiscernible between the males and 

females (Figure 2 A-B), autophagy flux in sWAT did not show significant difference between 

the males and females (Figure 2 E-F). However, the autophagy flux in vWAT was significantly 

higher in the males (1.6-fold upregulated, p<0.05) than in the females (Figure 2 E-F). The 

turnover of p62, which is selectively degraded by autophagy, further validated the higher 

autophagy activity in vWAT from male mice than that from female mice (Figure 2 G-H). These 

data support the notion that increased LC3-II turnover results in a reduced steady-state level of 

LC3-II (Figure 2 C-D).26, 29 Together, female mice had lower autophagy activity in vWAT than 

the males.  

Estrogen receptors were upregulated in vWAT from females vs. males. E2 signaling is 

primarily funneled through ER and ER.30 Compared with the males, the female mice had 

similar expression of ER and ER in sWAT (Figure 3, A-B). However, vWAT had significant 

lower protein levels of ER and ER in male mice than in female mice (Figure 3, C-D), being 

40% for ER (p<0.01) and 54% for ER (p<0.05). Interestingly, the overall protein levels of 
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ER in vWAT appeared to be much lower than that of ER for both genders (Figure 3, C-D), 

suggesting that ER might play a dominant role in mediating E2 actions in vWAT.  

Adipogenesis was associated with downregulation of estrogen receptors but upregulation of 

autophagy activity. The observation of lower expression of ER but higher autophagy activity in 

the males vs. females (Figures 2 and 3) prompted us to examine whether this reciprocal relation 

exists in adipogenesis, the process that is critical for adipose tissue development and 

maintenance.31, 32 As shown in Figure 4 A-B, ER was downregulated by 80% (p<0.01) and 

ER by 54% (p<0.05) during adipogenesis, which was characterized by drastic accumulation of 

lipid in the cells (Figure 4C). In addition, the downregulation of ERs was associated with 81% 

(p<0.0001) reduction in the steady state level of LC3-II (Figure 4, D-E). Autophagy flux assays 

by LC3-II turnover suggested that the differentiated adipocytes had an autophagy activity 2.6-

fold (p<0.0001) higher than the preadipocytes, which was further verified by the turnover of p62 

(Figure 4, F-G). These results recapitulated the pattern observed in vWAT, where steady-state 

level of LC3-II was reduced due to increased autophagy activity (Figure 2).26, 29 Importantly, the 

in vitro and in vivo data work in concert to reveal a reciprocal relationship between autophagy 

activity and ER levels. 

Estradiol signaling suppressed autophagy and adipogenesis. To examine whether E2 

signaling per se regulate adipocyte autophagy and adipogenesis, we treated 3T3L1 preadipocytes 

with or without E2 (0.1 M) on day 0 through day 12, during which adipogenesis was induced 

according to an established protocol (see Materials and Methods).25, 33-35 E2 treatment 

substantially increased the accumulation of LC3-II (2.8 folds, p<0.0001), as well as p62 (1.6 

fold, p<0.05), the selective substrate of autophagy for degradation (Figure 5, A-B).25, 33, 36 The 

E2-enhanced accumulation of LC3-II and p62 was associated with reduced autophagy flux 
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(Figure 5, C-D), suggesting that E2 dampens autophagy activity. In addition, the E2-treated cells 

were barely differentiated into mature adipocytes and showed marginal lipid accumulation 

compared with vehicle-treated cells (Figure 5E). Likewise, treatment of 3T3L1 preadipocytes 

with the established autophagy inhibitor BL almost completely prevented adipogenesis (Figure 

5F). In addition, the presence of E2 or autophagy inhibitor BL similarly inhibited autophagy and 

adipogenesis in primary stromal vascular cells isolated from vWAT (Figure 1s). Thus, E2 

signaling suppresses adipogen esis at least in part via autophagy inhibition.  

Estradiol signaling suppressed autophagy via mTOR-ULK1. To explore the mechanism of 

E2 regulating autophagy, we analyzed the interactions of E2 signaling and proteins that are 

known to control autophagy, including ULK1, beclin 1, Atg5, Atg7, and Atg12.37-39 We found 

that beclin 1 was upregulated during adipocyte differentiation, but E2 treatment had marginal 

effect on beclin 1 level (Figure 2s, A-B). ULK1 was activated during adipogenesis, because the 

mTOR-mediated inhibitory phosphorylation of ULK1 at Ser 757 (p-ULK1Ser757) was 

significantly reduced.37-39 However, E2 treatment suppressed ULK1 by increasing p-ULK1Ser757, 

concomitant with the activation of mTOR indicated by phosphorylation at Ser2448 (p-

mTORSer2448) (Figure 6, A-B).37-41 These data suggest that E2 signaling acts on ULK1 but not 

beclin 1, although both proteins participate in autophagy initiation (i.e., formation of the isolation 

membrane).37-39 Moreover, no discernible change was detected in Atg5, Atg7, and Atg12-Atg5 

conjugate, the proteins or components that regulate membrane elongation,37, 39 during adipocyte 

differentiation or during E2 treatment (Figure 2s, A-B). These results, along with the above 

observation that E2 suppressed autophagy in adipocytes (Figures 4-5), suggest that E2 may 

regulate autophagy via the mTOR-ULK1 cascade.   
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To validate the E2/ER signaling-mTOR-ULK1 pathway in vivo, we examined adipose tissues 

from male and female C57BL/6J mice (Figure 6, C-D). In line with the females having higher 

ER levels in vWAT than the males (Figure 3), the activating phosphorylation of mTOR (p-

mTORSer2448) was enhanced by 4.8-fold (p<0.0001), and the mTOR-mediated inhibition of 

ULK1 (p-ULK1Ser757) was 2.1-fold stronger (p<0.05; Figure 6, E-F). In sWAT, however, no 

statistically significant difference was detected (Figure 6, C-D), consistent with the male and the 

females showing comparable levels of ER in sWAT (Figure 3). Notably, we did not detect 

significant difference in beclin 1, Atg5, Atg7, or Atg12-Atg5 conjugate, between the male and 

the females (Figure 2s, C-D). Together, our in vitro and in vivo results support the hypothesis 

that E2/ER signaling regulates adipose autophagy via the mTOR-ULK1 pathway.   

Ablation of ER normalized autophagy activity and abolished gender difference in visceral 

adiposity. ER and ER have been shown to suppress or enhance autophagy in different cancer 

cells.42-46 To determine the primary role player in the regulation of autophagy and adipocyte 

differentiation, we treated 3T3L1 cells with selective agonists of ER (PPT) and ER (DPN).47, 

48 PPT reduced autophagy activity and suppressed adipogenesis but DPN had marginal effect, 

suggesting that ER played the dominant role (Figure 3s). To validate this, we examined 

autophagy and visceral adiposity in ER knockout mice (Figure 7).49 As observed in the 

C57BL/6J mice, the control (or wild type, WT) females had higher expression of ER and 

stronger inhibition of ULK1 (p-ULK1Ser757) in vWAT than the WT males, although sWAT 

showed no gender difference in ER and p-ULK1Ser757 (Figure 7, A-B). However, knockout 

(KO) of ER reduced the inhibitory phosphorylation of ULK1 (p-ULK1Ser757) in both sWAT and 

vWAT, and most importantly, it abolished the gender difference in vWAT (Figure 7, A-B). 

Consistently, the gender-dependent difference in autophagy flux was diminished by the KO of 
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ER in vWAT (Figure 7, C-D; Figures 4s-5s). In line with the enhanced autophagy (Figure 7, A-

D; Figures 4s-5s), which was found to promote adipogenesis (Figures 4-5; Figure 1s), the loss of 

ER increased both sWAT and vWAT masses in the ER KO mice compared with the WT mice 

(Figure 7, E-H). Furthermore, the gender difference in vWAT mass was abolished by the 

ablation of ER (Figure 7, F and H). Therefore, the E2-ER signaling cascade plays the central 

role in the gender difference in visceral adiposity via regulating autophagy. 

 

DISCUSSION 

Increased visceral adiposity has been strongly associated with higher risks of developing 

metabolic disorders.9-13 Females have lower visceral fat mass than males, but this gender 

difference is diminished in older age groups because post-menopausal women have increased 

visceral adiposity; the age-related accumulation of visceral fat in post-menopausal women is 

likely due to drastically reduced E2 levels.14-17, 50, 51 Indeed, E2 replacement therapy prevents 

post-menopausal women from excessive visceral adiposity, underlining E2 signaling as an 

important regulator of visceral distribution.16, 17 To understand the underlying mechanism, we 

investigated the interaction between E2 signaling and autophagy, and its relation with 

adipogenesis and visceral adiposity in mice. We found that female mice had lower vWAT mass 

than males (Figure 1), which was associated with higher expression of ERs but lower activity of 

cell remodeling via autophagy in females (Figures 2-3). The lower vWAT mass in females 

seemed to arise from E2-signaling suppressed autophagy and adipogenesis (Figures 4-5, and 1s). 

Adipogenesis was associated with downregulation of ERs and increased autophagy activity 

(Figures 4 and 1s). However, induction of E2 signaling dampened autophagy and adipogenesis, 

and use of established autophagy inhibitor BL recapitulated the effects of E2 on adipogenesis 

(Figures 5 and 1s). These findings suggest that the lower visceral adiposity in females is due to a 
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stronger E2 signaling that inhibits autophagy and adipogenesis to a greater extent than in males. 

Indeed, ablation of ER normalized autophagy activity and diminished the gender difference in 

visceral adiposity (Figures 7 and 3s). Of note, the sWAT mass in female mice was indiscernible 

from that in the males, although in humans females have higher sWAT adiposity than males.52-54 

The species similarity and disparity between mice and humans highlights the importance of 

carefully considering the strengths and limitations of rodents as physiological models for 

humans.55 

The role of E2 signaling in metabolism and adiposity has been extensively investigated.56-62 

However, this is the first study of E2 signaling in the regulation of adipocyte autophagy. Our 

data suggests that E2 signaling served as a suppressor of adipocyte autophagy (Figures 4-7). In 

particular, E2 induced the activation of mTOR, which phosphorylated (p-ULK1Ser757) and thus 

deactivated ULK1, the key components of autophagy initiation complex (Figure 6).37-39 In line 

with males showing lower levels of ERs in vWAT, the inhibitory phosphorylation of ULK1 by 

mTOR was significantly lower (2.1-fold, p<0.05) than that in females (Figure 6). Moreover, 

ablation of ER significantly mitigated (p-ULK1Ser757) and normalized the gender difference in 

p-ULK1Ser757. Both in vitro and in vivo evidence supports the existence of the E2/ER-mTOR-

ULK1 signaling cascade. However, further studies are warranted to determine how E2 signaling 

activates mTOR. In breast cancer cells it was shown that E2 might activate mTOR via small 

GTPase Ras homologue enriched in brain (Rheb), and it is still unclear how E2/ER signaling 

interacts with Rheb.63     

Our findings may shed light on the increased visceral adiposity and metabolic syndrome (e.g., 

fatty liver) in breast cancer patients receiving anti-estrogenic treatment.64, 65 For instance, 

tamoxifen, a selective ER modulator that binds to ERs and suppresses E2 action, was found to 
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significantly increase body mass index (BMI of 30.9 on average, indicative of obesity), visceral 

fat area, and incidence of type 2 diabetes in women with breast cancer.64 The E2-autophagy-

adipogenesis axis identified in this study may account, at least in part, for the tamoxifen-induced 

visceral obesity in tamoxifen users. In laboratory animals, hyperplasia (i.e., increased 

adipogenesis) can be induced by removal of E2 (via ovariectomy) or ER (via genetic knockout) 

which increases visceral fat mass and impairs metabolism; by contrast, administration of E2 

reduces adiposity and improves metabolic homeostasis.61, 62, 66, 67 Therefore, the effects of E2-

autophagy axis on adiposity and metabolic homeostasis should be taken into consideration in 

future anti-estrogenic treatment of breast cancer.  

Taken together, our study provides the first line of evidence that E2/ER signaling mediates 

gender difference in visceral adiposity by dampening autophagy and adipogenesis via the 

mTOR-ULK1 pathway. The males have distinctly lower expression of ER in visceral fat than the 

females, thereby enhancing autophagy and adipogenesis and leading to higher distribution of 

visceral fat in male mice. Although ER cannot be excluded from the regulating process, ER 

appears to play the dominant role because deletion of ER alone normalized the gender 

differences in autophagy activity and visceral adiposity. This study adds to the importance of 

considering the gender perspective on the role of autophagy in human diseases.68 Given that 

nutrient signal also regulates mTOR activity,38 it would be of interest for future investigation to 

depict how E2/ER interacts with nutrient statuses (e.g., fasting or feeding with high-energy diet) 

in the regulation of autophagy and adiposity. 

 

MATERIALS AND METHODS 

Mice. C57BL6/J mice were housed in plastic cages on a 12-hour light–dark photocycle and with 

free access to water and regular chow diet as described previously;25, 34 at the age of 6–7 week 
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old, the mice were weighed and sacrificed for tissue collection. The WT and global ER 

knockout mice were obtained by breeding heterozygous males to females as described 

previously;49 at the age of 12-16 weeks old, the WT and ER knockout mice were weighed and 

sacrificed for tissue collection. The WAT pads were collected and weighed quickly before SVF 

isolation, explant culture for autophagy flux analysis, or snap freezing in liquid nitrogen. Animal 

use procedures followed the National Institutes of Health guidelines and were approved by the 

Virginia Tech Institutional Animal Care and Use Committee. 

3T3L1 cell culture, differentiation, and treatment. 3T3L1 preadipocytes (ATCC CL-173, 

Manassas, VA, USA) were cultured in basal media (DMEM media containing 10% FBS, 100 

units/ml penicillin and 100 μg/ml streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere 

of 5% CO2.33-35 The media were replaced every 2 days until the cells became confluent (day 0), 

and after 2 more days (day 2) the medium was changed to differentiation medium I (DMEM 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 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 until day 12. Preadipocytes without 

differentiation induction were maintained in basal media and supplied with fresh medium every 

2 days till day 12. E2 at the concentrations of 1 nM-10 μM has been used to treat adipocytes.69-76 

Our preliminary tests indicated that E2 at 1 nM, 10 nM, 0.1 M, and 0.2 M, imposed similar 

effects, but E2 at 0.1 M (likewise 0.2 M) was the most potent (data not shown). As such, we 

used E2 of 0.1 μM for the treatments starting on day 0 through day 12. Other chemicals were 

used at the concentrations established previously, including PPT (0.1 μM), DPN (0.1 μM), and 

bafilomycin A1 (4 nM), and leupeptin (0.4 ng),25, 77, 78 to treat the cells during differentiation.  
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Primary stromal vascular cell culture, differentiation, and treatment. Fresh gonadal WAT 

from C57BL6/J mice were dissected, minced, and digested as previously described.79 Cells were 

suspended in basal media (DMEM/F12 containing 10% FBS and 100 units/ml penicillin and 

100 μg/ml streptomycin (1 × P/S)), and centrifuged at 500 × g for 5 minutes. The pellet was 

resuspended in basal media and filtered through a 40-micron cell strainer. After centrifuge (500 

× g) for 5 minutes, the pellet was resuspended in basal media and plated on 10 cm dishes. After 

cell subculture to a 95% confluence (day 0) on 6-well plates, differentiation was induced in 

differentiation medium (DMEM/F12 medium with 10 % FBS, 1× Pen/Strep, dexamethasone (5 

μM), insulin (0.5 μg/mL), IBMX (0.5 mM), and rosiglitazone (1 μM)) for 4 days (day 4). Then 

the cells were maintained in maintenance medium (DMEM/F12 medium containing 10 % FBS, 

1× Pen/Strep, and insulin (0.5 μg/mL)) for 6 days (day 10). The treatments with chemicals (E2 at 

0.1 M, bafilomycin A1 at 4 nM, and leupeptin at 0.4 ng/ml) started on day 0 through day 10 to 

examine their effects on autophagy and adipogenesis. 

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.25, 33, 35 

After the media were removed, the cells were washed once with cold phosphate buffered saline, 

and fixed in 4% formaldehyde at room temperature for 10 minutes. The cells were then washed 

with dH2O and air dried. Oil Red O working solution was added to start the staining at room 

temperature for 1 hour. The stained cells were washed with dH2O for 4 times before the images 

were captured with a Nikon ECLIPSE Ti Inverted Microscope (Melville, NY, USA).  

Autophagy flux assay. To measure autophagy flux in cultured cells, we treated 3T3L1 

preadipocytes, stromal vascular cells, and mature adipocytes (day 10) with bafilomycin A1 

(inhibitor of autophagosome acidification, at 0.1 μM) plus leupeptin (the inhibitor of lysosomal 
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proteases, at 10 μg/ml) for 4 hours. The cells were then harvested to prepare cell lysates as 

previously described.25, 33, 35 To measure autophagy flux in WAT explants, freshly collected  

adipose tissues were minced into small tissue fragments (2–3 mm3) and cultured for 4 hours with 

DMEM medium supplemented with 2 mM glutamine, 1% (vol/vol) antibiotic solution, and 10% 

(vol/vol) FBS in a CO2 incubator (37°C,5% CO2). The WAT explant cultures in the presence or 

absence of bafilomycin-A1 (0.1 μM) and leupeptin (10 μg/ml) were then harvested and lysed as 

described previously 25. The turnover of LC3-II or p62 protein, i.e., the substrates of autophagy 

for degradation, was measured by western blotting and image analysis to assess autophagy 

flux.25, 27, 28  

Western blotting. Tissue and cell lysates were prepared with 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), 

and 1 mM PMSF.80 Total protein concentrations of the lysates were determined using a DC 

protein assay kits (Bio-Rad). Antibody (catalog number) information: GAPDH (MA5-15738) 

and β-actin (MA5-15739) antibodies were purchased from Pierce (Rockford, IL, USA); Atg5 

(12994s), Atg7 (8558s), Atg12 (2011s), p62 (5114s), p-mTOR (Ser2448) antibody (5536s), and 

p-ULK1(Ser757) antibody (14202s) from Cell Signaling Technology (Beverly, MA, USA); 

beclin 1 (MABN16), ER (04-820) and ER (GR39) antibodies from EMD Millipore (Billerica, 

MA, USA); and LC3B antibody (L7543) from Sigma.  

Statistical analysis. Data are presented as mean ± SD. Differences between the groups were 

validated by one-way-ANOVA with the least significant difference post hoc test to detect 

statistical differences between groups and treatments (DI+ vs. DI-, E2+ vs. E2-, and BL+ vs. BL-
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). Differences in autophagy and adipose parameters between males and females were validated 

by a t-test. A value of p < 0.05 was considered statistically significant. 
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Figure 1. Gender difference existed in the percentage of visceral but not subcutaneous fat. (A) 

The body weights of male and female mice at the age of 6-7 weeks. (B) The net weights of 

visceral WAT from male and female mice. (C) The net weights of subcutaneous WAT from male 

and female mice. (D) The percentage of visceral WAT from male and female mice, normalized 

against the body weights. (E) The percentage of subcutaneous WAT from male and female mice, 

normalized by body weights. *, p<0.05; **, p<0.01; n.s., not significant; n=4-6.  

Figure 2. Autophagy activities showed gender difference in visceral but not subcutaneous fat. 

(A-B) The steady-state protein levels of LC3 in subcutaneous WAT, analyzed by western 

blotting (A) and densitometry (B). (C-D) The steady-state protein levels of LC3 in visceral 

WAT, analyzed by western blotting (C) and densitometry (D). (E-H) Measurement of autophagy 

flux in subcutaneous and visceral WAT. The WAT explant cultures were incubated with and 

without autophagy inhibitor bafilomycin A1 (0.1 M) and leupeptin (10 μg/ml) for 4 hours, and 

the turnovers of LC3-II and p62 were examined by western blot (E, G) and densitometry (F, H).  

In densitometric analyses, the band densities of investigated proteins were normalized against 

that of GAPDH or -actin, and the fold changes were calculated by taking the normalized 

density of female group as “1”. For autophagy flux, we first normalized the band densities of 

LC3-II and p62 against that of GAPDH, then calculated the differences of normalized densities 

in the presence vs. the absence of autophagy inhibitor; lastly, the differences were shown as fold 

changes by taking the female group as “1”. BL, bafilomycin A1 and leupeptin; M, male; F, 

female; *, p<0.05; **, p<0.01; n.s., not significant; n=3-4.  

Figure 3. The expression of estrogen receptors (ER) showed gender difference in visceral but 

not subcutaneous fat. (A-B) The protein levels of ER and ER in subcutaneous WAT, analyzed 

by western blotting (A) and densitometry (B). (C-D) The protein levels of ER and ER in 
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visceral WAT, analyzed by western blotting (C) and densitometry (D). In densitometric analysis, 

the band densities of investigated proteins were normalized against that of -actin, and the fold 

changes were calculated by taking the normalized density of female group as “1”.   *, p<0.05; 

**, p<0.01; n.s., not significant; n=3-4.  

Figure 4. Adipogenesis was associated with downregulation of ER but upregulation of 

autophagy activity. (A-B) The protein levels of ER and ER in preadipocytes and mature (or 

differentiated) adipocytes, analyzed by western blotting (A) and densitometry (B). DI, 

differentiation induction. DI+ represents differentiated 3T3L1 cells (mature adipocytes) 

harvested on day 12; DI- represents 3T3L1 cells without differentiation induction (i.e., 

preadipocytes) harvested on day 12. (C) Oil red O staining to detect the differentiation of 

preadipocytes into mature adipocytes. On day 12, massive lipid accumulation was detected in 

mature adipocytes but not in preadipocytes. (D-E) The steady-state protein levels of LC3 in 

preadipocytes and mature adipocytes, analyzed by western blotting (D) and densitometry (E) on 

day 12. (F-G) Measurement of autophagy flux in preadipocytes and mature adipocytes. On day 

12, the cells were incubated in the presence or absence of autophagy inhibitor BL (bafilomycin 

A1 at 0.1 M and leupeptin at 10 μg/ml) for 4 hours, and the turnovers of LC3-II and p62 were 

examined by Western blotting (F) and densitometry (G). In densitometric analysis, the band 

densities of investigated proteins were normalized against that of GAPDH or -actin, and the 

fold changes were calculated by taking the normalized density of DI- group as “1”. For 

autophagy flux analysis, we first normalized the band densities of LC3-II and p62 against that of 

-actin, then calculated the differences of normalized densities in the presence vs. the absence of 

autophagy inhibitor; lastly, the differences were shown as fold changes by taking the DI- group 

as “1”. BL, bafilomycin A1 and leupeptin. *, p<0.05; **, p<0.01; ***, p<0.0001; n=3-4. 



  

125 
 

Figure 5. Activation of estrogen signaling suppressed autophagy and adipogenesis. (A-B) 

Estradiol (0.1 M, days 0-12) increased the steady-state protein levels of LC3 and p62 during 

3T3L1 preadipocyte differentiation, analyzed by western blotting (A) and densitometry (B). DI+ 

represents 3T3L1 cells with differentiation induction and harvested on day 12. (C-D) The 

presence of E2 (0.1 M, days 0-12) reduced autophagy activity during preadipocyte 

differentiation. On day 12, autophagy flux was analyzed by western blotting (C) and 

densitometry (D) after the cells were incubated with and without autophagy inhibitor BL 

(bafilomycin A1 at 0.1 M and leupeptin at 10 μg/ml) for 4 hours. In densitometric analysis, the 

band densities of investigated proteins were normalized against that of -actin, and the fold 

changes were calculated by taking the normalized density of E2- group as “1”. For autophagy 

flux analysis, we first normalized the band densities of LC3-II and p62 against that of -actin, 

then calculated the differences of normalized densities in the presence vs. the absence of 

autophagy inhibitor; lastly, the differences were shown as fold changes by taking the E2- group 

as “1”. (E) The presence of E2 (0.1 M, days 0-12) suppressed the differentiation of 3T3L1 

preadipocytes, analyzed by oil red O staining on day 12. (F) The presence of autophagy inhibitor 

bafilomycin A1 (4 nM) and leupeptin (0.4 ng) during days 0-12 recapitulated the effects of E2 on 

adipogenesis, analyzed by oil red O staining on day 12. n=3-4; *, p<0.05; **, p<0.01; ***, 

p<0.0001 (with E2 vs. without E2). 

Figure 6. Estradiol-ER signaling regulated autophagy via mTOR-ULK1 pathway. (A-B) E2 (0.1 

M, days 0-12) induced the activating phosphorylation of mTOR (Ser2448) and the mTOR-

catalyzed inhibitory phosphorylation of ULK1 (Ser757), analyzed by western blotting (A) and 

densitometry (B). DI+ represents 3T3L1 cells with differentiation induction and harvested on 

day 12, and DI- represents 3T3L1 cells without differentiation and harvested on day 12. (C-D) 
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The females and males showed comparable phosphorylation of mTOR (Ser2448) and ULK1 

(Ser757), analyzed by western blotting (C) and densitometry (D). (E-F) The females showed 

significantly stronger phosphorylation of mTOR (Ser2448) and ULK1 (Ser757) than the males, 

analyzed by western blotting (E) and densitometry (F). In densitometric analysis, the band 

densities of investigated proteins were normalized against that of GAPDH or -actin, and the 

fold changes were calculated by taking the normalized density of DI-E2- group (panels A and B) 

or female group (panels C-F) as “1”. *, p<0.05; **, p<0.01; ***, p<0.0001; n.s., not significant; 

n=3-4. 

Figure 7. Ablation of ER normalized gender difference in autophagy and visceral adiposity. 

(A) Knockout (KO) of ER in sWAT activated ULK1 by de-phosphorylation at Ser757. (B) KO 

of ER in vWAT activated ULK1 by de-phosphorylation at Ser757, which diminished the 

gender difference in ER expression and p-ULK1 observed in the WT mice. (C-D) The vWAT 

in WT females had lower autophagy activity (LC-3II and p62 turnover) than that in WT males 

(C), but KO of ER abolished the gender difference (D). The representative western blotting 

images were presented in Figures 4s and 5s. In densitometric analysis, the band densities of 

investigated proteins were normalized against that of GAPDH, and the fold changes were 

calculated by taking the normalized density of male group as “1”. For autophagy flux, we first 

normalized the band densities of LC3-II and p62 against that of GAPDH, then calculated the 

differences of normalized densities in the presence vs. the absence of autophagy inhibitor; lastly, 

the differences were shown as fold changes by taking the male group as “1”. (E-H) WT males 

had higher vWAT mass than the WT females (F), but KO of ER abolished the gender 

difference (H). Overall, KO of ER increased adiposity in both sWAT and vWAT, presumably 

due to the enhanced autophagy that promotes adipogenesis. WT, wild type; KO, knockout of 
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ER; M, male; F, female; WT/M, wild type males; WT/F, wild type females; KO/M, knockout 

males; KO/F, knockout females; *, p<0.05; **, p<0.01; n.s., not significant; n=5-8. 
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Figure 1s. Estradiol dampened autophagy and differentiation of primary stromal vascular cells.  

(A-B) The presence of E2 (0.1 M, days 0-10) suppressed autophagy activity during 

differentiation of primary stromal vascular cells. The autophagy flux was analyzed by Western 

blotting (A) and densitometry (B) after the cells were incubated with and without autophagy 

inhibitor BL (bafilomycin A1 at 0.1 M and leupeptin at 10 μg/ml) for 4 hours on day 10. DI+ 

represents stromal vascular cells with differentiation induction and harvested on day 10; DI- 

represents stromal vascular cells without differentiation induction and harvested on day 10. For 

autophagy flux analysis, we first normalized the band densities of p62 against that of -actin, 

then calculated the differences of normalized densities in the presence vs. the absence of 

autophagy inhibitor; lastly, the differences were shown as fold changes by taking the DI-E2- 

group as “1”. (C) Estradiol (0.1 M, days 0-10) suppressed the differentiation of primary stromal 

vascular cells, which was phenocopied by the treatment with autophagy inhibitor bafilomycin A1 

(4 nM) and leupeptin (0.4 ng) during day 0 through day 10. Oil red O staining was conducted on 

day 10. *, p<0.05; **, p<0.01; n=3-4. 

Figure 2s. Effects of the estradiol-ER signaling on autophagy proteins. (A-B) E2 (0.1 M, days 

0-12) had marginal effects on beclin 1, Atg5, Atg7, and Atg12-Atg5 conjugate, analyzed by 

Western blotting (A) and densitometry (B). DI+ represents 3T3L1 cells with differentiation 

induction and harvested on day 12; DI- represents 3T3L1 cells without differentiation induction 

and harvested on day 12. (C-D) The females and males showed similar patterns of beclin 1, 

Atg5, Atg7, and Atg12-Atg5 conjugate, analyzed by Western blotting (C) and densitometry (D). 

In densitometric analysis, the band densities of investigated proteins were normalized against 

that of GAPDH, and the fold changes were calculated by taking the normalized density of DI-
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E2- group (panels A and B) or the female group (panels C and D) as “1”.  **, p<0.01; n.s., not 

significant; n=3-4. 

Figure 3s. Effects of PPT and DPN on autophagy and adipogenesis. PPT (0.1 M) or DPN (0.1 

M) was used at the established concentrations76, 77 during 3T3L1 preadipocyte differentiation 

(days 0-12). DI+ represents 3T3L1 cells with differentiation induction and harvested on day 12. 

Autophagy flux (i.e., the turnover of LC3-II or p62) was analyzed by Western blotting (A) and 

densitometry (B) after the cells were incubated with and without autophagy inhibitor BL 

(bafilomycin A1 at 0.1 M and leupeptin at 10 μg/ml) for 4 hours. For autophagy flux analysis, 

we first normalized the band densities of LC3-II and p62 against that of GAPDH, then calculated 

the differences of normalized densities in the presence vs. the absence of autophagy inhibitor; 

lastly, the differences in autophagy flux were shown as fold changes by taking the DI+ group as 

“1”. n= 4; *, p<0.05; **, p<0.01. (C) The presence of PPT but not DPN (days 0-12) suppressed 

the differentiation of 3T3L1 preadipocytes, validated by oil red O staining on day 12.  

Figure 4s. Measurements of autophagy flux by LC3-II turnover in wild type (WT) and ER 

knockout (KO) mice. (A) Representative images of Western blotting assay for autophagy flux in 

sWAT from WT mice. (B) Representative images of Western blotting assay for autophagy flux 

in vWAT from WT mice. (C) Representative images of Western blotting assay for autophagy 

flux in sWAT from KO mice. (B) Representative images of Western blotting assay for 

autophagy flux in vWAT from KO mice. The results of densitometric analysis were shown in 

Figure 7. BL, bafilomycin A1 and leupeptin; M, male; F, female.  

Figure 5s. Measurements of autophagy flux by p62 turnover in wild type (WT) and ER 

knockout (KO) mice. (A) Representative images of Western blotting assay for autophagy flux in 

sWAT from WT mice. (B) Representative images of Western blotting assay for autophagy flux 
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in vWAT from WT mice. (C) Representative images of Western blotting assay for autophagy 

flux in sWAT from KO mice. (B) Representative images of Western blotting assay for 

autophagy flux in vWAT from KO mice. The results of densitometric analysis were shown in 

Figure 7. BL, bafilomycin A1 and leupeptin; M, male; F, female. 
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Chapter 5 Sirt1 suppressed adipocyte autophagy as downstream of ERα 

ABSTRACT  

Obesity is a growing epidemic, which is characterized by aberrant white adipose tissue (WAT) 

expansion. Sirt1 and autophagy are both closely related with adipogenesis and adipose 

remodeling. But how Sirt1 interacts with autophagy to modulate adipogenesis and adiposity is 

unknown. Here we showed that activation and overexpression of Sirt1 suppressed autophagy, 

while knockdown of Sirt1 induced autophagy. Mechanistically, Sirt1 induced phosphorylation of 

mTOR, and promoted the phosphorylation of a downstream target protein ULK1, which acts as a 

negative regulator of autophagy both in vitro and in vivo. Furthermore, Sirt1 was found to 

mediate ERα signaling in the regulatory events of autophagy and adipogenesis. Specially, E2 

induced Sirt1 expression during adipogenesis, while ERα knockout mice reduced Sirt1 

expression in WAT. Knockdown of Sirt1 abolished the effects of E2 on mTOR-ULK1 signaling 

cascade, autophagy and adipogenesis. Together, Sirt1 suppressed autophagy and adipogenesis 

via mTOR-ULK1cascade, which plays an important role in ERα regulation of adipogenesis. 

KEYWORDS 

Sirt1, adipogenesis, adiposity, autophagy, estradiol, mTOR, ULK1 

ABBREVIATIONS 

Sirt1, sirtuin 1; PPARγ, peroxisome proliferator-activated receptor gamma; Atg5, autophagy 

related 5; Atg7, autophagy related 7; BL, bafilomycin-A1 and leupeptin; DI, differentiation 

induction; RSV, resveratrol; E2, estradiol; ER, estrogen receptor ; ER, estrogen receptor ; 

FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LC3, 

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

mTOR, the mechanistic target of rapamycin; p62, sequestosome 1 (SQSTM1); ULK1, Unc-51 
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like autophagy activating kinase; WAT, white adipose tissue; GFP, green fluorescent protein; 

shRNA, small hairpin RNA.  

 

INTRODUCTION 

Sirt1 (a NAD-dependent deacetylase) is downregulated in both genetic obesity and high fat diet 

(HFD) induced obesity and it is negatively correlated with adiposity and insulin resistance1, 2. As 

an energy sensor, it is involved in white adipose tissue (WAT) development, maintenance and 

remodeling.1, 3 In 3T3L1 cells, it has been documented that Sirt1 acts as a negative modulator of 

adipogenesis by inhibiting peroxisome proliferator-activated receptor gamma (PPARγ), thus 

sensing energy availability in WAT and suppressing corresponding fat accumulation.1, 4 

Importantly, specific Sirt1 activator protects rodents from diet-induced obesity and insulin 

resistance.5 Furthermore, Sirt1 promotes browning of subcutaneous WAT following acute cold 

exposure, leading to higher energy expenditure over energy intake and improved insulin 

sensitivity.3 However, specific knockdown of Sirt1 in WAT promotes PPARγ upregulation and 

adipogenesis.6 Moreover, knockdown of Sirt1 in WAT results in elevated macrophage 

recruitment to adipose tissue and adipose tissue inflammation.7 Therefore, Sirt1 plays a 

significant role in controlling adipogenesis and adiposity, yet the mechanism is incompletely 

understood. 

Autophagy, a cellular self-digestive process, is involved in cell differentiation, survival, 

development and remodeling.8 Emerging evidence shows that autophagy is required for 

adipogenesis and normal adipose development. In preadipocyte and adipose tissue, specific 

deletion of an essential protein (Atg5) for autophagy abolishes adipogenesis and results in less 

subcutaneous mature adipocytes.9 Likewise, adipose specific deletion of autophagy gene Atg7 

improves metabolism, leading to a leanness phenotype and protection from diet-induced 
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obesity.10, 11 Our previous studies indicated that both transcriptional factor FoxO1 and estrogen 

signaling regulated autophagy and adipogenesis. Specifically, FoxO1 specific antagonist 

(AS1842856) dampened autophagy through directly suppressing transcription factor EB (Tfeb), 

a key regulator of autophagy, which thus suppressed adipogenesis and lipid droplets formation.12, 

13, 14 Also, we found that E2 signaling suppressed autophagy, which ameliorated adipogenesis 

and adiposity in mice.15 And an estradiol (E2)-ER-autophagy axis contributes to the gender 

difference in visceral fat distribution.15 These findings suggest that autophagy undergoes 

complex regulation in the control of adipogenesis and adiposity. 

Given the regulatory role of both Sirt1 and autophagy in adipogenesis and adiposity, we ask the 

question whether and how Sirt1 interacts with autophagy to suppress adipogenesis and adiposity. 

Here we showed that specific activating or overexpressing Sirt1 suppressed autophagy through 

mTOR-ULK1 signaling pathway, which inhibited adipogenesis and adiposity, while knockdown 

of Sirt1 had opposite effects. Also, our further study found that Sirt1 may act as a downstream of 

ER in autophagy and adipogenesis regulation. Out data unraveled a new mechanism where 

Sirt1 may inhibit adipogenesis and adiposity via suppressing autophagy, and also revealed the 

interaction and regulatory order of Sirt1 and ER in adipocyte autophagy regulation. 

 

RESULTS 

Sirt1 expression is negatively correlated with autophagy and adipogenesis 

During adipogenesis, lipid accumulation was significantly increased (Figure 1A). Compared with 

preadipocyte, Sirt1 expression was dramatically reduced in mature adipocyte, and steady state 

levels of p62 and LC3-II were both reduced (Figure 1B, C). it is known that p62 and LC3-II are 

selectively degraded by lysosomal hydrolase in autolysosome.16 Compared with preadipocyte, 

the removal of p62 and LC3-II in mature adipocyte increased, suggesting autophagy flux activity 
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was significantly increased.17 All of these data indicated that Sirt1 expression is negatively 

correlated with adipogenesis and autophagy activity. 

Resveratrol (RSV) suppressed autophagy and adipogenesis 

In 3T3L1 cells, after treatment with 10 μM, 25 μM and 50 μM resveratrol (RSV), p62 expression 

was gradually increased, as well as LC3-II (Figure 2A). To test autophagy flux activity, the cells 

were treated with autophagy inhibitors bafilomycin A1 and leupeptin (BL) for 4 hours.15, 17, 18, 19 

In line with steady state of p62 and LC3-II, RSV suppressed autophagy flux activity in a dose-

dependent manner (Figure 2A). Previous studies indicated that suppressing autophagy blocked 

adipogenesis process.13, 14, 15 Then we would ask if RSV suppressed adipogenesis in a dose-

dependent manner. As shown in Figure 2B, RSV suppressed lipid accumulation in a dose-

dependent manner, and 50 M RSV almost completely blocked lipid accumulation. These data 

suggested that RSV suppressed autophagy and adipogenesis in a dose-dependent manner. But 

RSV has several targets other than Sirt1,20, 21 we would ask if direct modulation of Sirt1 would 

have effects on autophagy and adipogenesis. 

The effects of Sirt1 overexpression and downregulation on autophagy and adipogenesis 

As shown in Figure 3A, compared with control GFP, Sirt1 overexpression was significantly 

increased by adenoviral vectors Mouse Sirt1 (Sirt1-GFP) transfection. And Sirt1 overexpression 

induced p62 and LC3-II accumulation, suggesting the autophagic degradation of p62 and LC3-II 

was blocked. Consistently, Sirt1 overexpression significantly suppressed autophagy flux activity 

(Figure 3A). As shown in Figure 3B, compared with control shRNA, Sirt1 expression was 

significantly decreased by Mouse Sirt1 shRNA treatment. And Sirt1 knockdown reduced p62 

accumulation. Also, Sirt1 knockdown significantly induced autophagy flux activity (Figure 3B). 

These data suggested that Sirt1 is a suppressor of autophagy. 
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Based on the notion that suppressing autophagy blocks adipogenesis,13, 14, 15 we asked what’s the 

effects of Sirt1 overexpression and knockdown on adipogenesis. As shown in Figure 3C, Sirt1 

overexpression significantly suppressed lipid accumulation. In contrast, Sirt1 knockdown 

promoted lipid accumulation (Figure 3C). Our data suggests that Sirt1 is a suppressor of 

adipogenesis and lipid accumulation. 

Sirt1 suppressed autophagy via mTOR-ULK1 signaling pathway 

Autophagy is a multi-step process and every step is regulated by complex signaling pathway.8 

Our study indicated that Sirt1 suppressed autophagy, but it is unknown in which step and through 

which signaling pathway Sirt1 suppressed autophagy. In our study, we found out that Sirt1 

suppressed autophagy via mTOR-ULK1 signaling. Compared with preadipocytes, mature 

adipocytes showed decrease in both pmTOR and pULK1-757 (Figure 4A). Phosphorylation of 

ULK1 at serine757 by mTOR is a negative regulator of autophagy,22 reduction of which further 

confirmed autophagy activation after differentiation. To test if Sirt1 per se regulate mTOR-

ULK1 signaling, we overexpressed or knock down Sirt1 and examined pmTOR and pULK1-757 

levels. Sirt1 overexpression significantly induced pmTOR and pULK1-757 levels (Figure 4A). 

In contrast, Sirt1 knockdown significantly suppressed pmTOR and pULK1-757 levels (Figure 

4B). To confirm the effects of Sirt1 on autophagy in vivo, we examined the adipose tissue in 

Sirt1 transgenic mice (S1tg)23. Compared with wild type (WT) mice, S1tg mice have 

significantly higher Sirt1 expression in WAT (Figure 4C). Also, the expressions of pmTOR and 

pULK1-757 are both higher in S1tg mice than WT mice, suggesting Sirt1 is an inducer of 

mTOR-ULK1 signaling and a suppressor of autophagy. Downstream of mTOR, phosphorylation 

of p70S6 and 4EBP1 were both increased in S1tg mice, further confirming that Sirt1 induced 

phosphorylation of mTOR.24, 25 
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ERα signaling positively regulated Sirt1 

Our previous study indicated that ER signaling activated mTOR, which then phosphorylated 

and inhibited ULK1, thereby suppressing autophagy and adipogenesis.15 Both of ER and Sirt1 

promoted mTOR-ULK1 signaling cascade, promoting us to speculate that ER may act as 

upstream or downstream of Sirt1. In breast cancer MCF-7 cells Sirt1 was shown to be upstream 

of ER and its deacetylase activity is responsible for promoting ERα expression.26 However, in 

breast cancer ZR75.1 cells ER was shown to be upstream of Sirt1 and it bound to with Sirt1 

promoter to induce Sirt1 gene expression.27 As indicated in Figure 1B and our previous study, 

both ER and Sirt1 expression significantly reduced during adipogenesis.15 After activation of 

ER signaling by E2, Sirt1 expression was significantly increased (Figure 5A). E2 signaling 

recruited both ER and ER to function.28 To determine if the effect of E2 on Sirt1 expression 

may be due to ER pathway, we then looked at Sirt1 expression in WAT from ER knockout 

mice. Compared with WT, ER knockout mice showed no detectable ER (Figure 5B). And 

ER knockout significantly reduced Sirt1 expression, suggesting ER may act as an upstream of 

Sirt1 (Figure 5B). 

ERα is an upstream of Sirt1 in autophagy and adipogenesis regulations 

To further confirm if ER is upstream of Sirt1, we used E2 and Sirt1 shRNA to co-treat 3T3L1 

cells during differentiation. Compared with control, E2 significantly induced LC3-II 

accumulation, which is consistent with our previous study that E2 suppressed autophagy during 

adipogenesis.15 And Sirt1 knockdown significantly decreased LC3-II accumulation, which is 

consistent with the notion that Sirt1 is a suppressor of autophagy. However, after silencing Sirt1, 

the effect of E2 on autophagy was ameliorated (Figure 6A). Similarly, E2 significantly induced 

phosphorylation of mTOR and phosphorylation on ULK1-757 (Figure 6B). However, after 
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knockdown of Sirt1, E2 did not show significant effect on pmTOR and pULK1-757 (Figure 6B), 

suggesting that Sirt1 is located at downstream of ER signaling in autophagy regulation. In 

adipogenesis, E2 significantly suppressed lipid accumulation (Figure 6C). However, after 

knockdown of Sirt1, the effect of E2 on lipid accumulation was significantly abolished (Figure 

6C), further confirming that Sirt1 acts as a downstream of ER signaling. The results in Figure 5 

and Figure 6 unravel ERα as an upstream regulator of Sirt1 in autophagy and adipogenesis. 

 

DISCUSSION 

Sirt1 expression is reduced in both genetic and HFD induced obesity, which is accompanied by 

insulin resistance.1, 2 Specific activation of Sirt1 prevents mice from diet-induced obesity and 

subsequent insulin resistance.5 Mechanistically, Sirt1 blocked adipogenesis by inhibiting PPARγ, 

thus sensing energy availability in WAT and suppressing fat accumulation,1 and specific 

knockdown of Sirt1 in WAT promotes PPARγ and adipogenesis.6 However, the role of Sirt1 in 

adipose homeostasis is complex in nature. For instance, specific knockdown of Sirt1 in WAT 

promoted macrophage recruitment to adipose tissue and subsequent adipose tissue 

inflammation.7 All of these underlines an important role of Sirt1 in adipogenesis and adiposity 

regulation. To understand the molecular mechanism of how Sirt1 regulates adipogenesis, we 

investigated the interaction between Sirt1 and autophagy, and its relation with adipogenesis and 

adiposity. We found that Sirt1 expression is negatively related with autophagy flux activity and 

lipid accumulation during adipogenesis (Figure 1). Specific activation and overexpression of 

Sirt1 suppressed autophagy and adipogenesis, while knockdown Sirt1 promoted autophagy and 

adipogenesis (Figure 2-3), indicating Sirt1 is a suppressor of autophagy and adipogenesis. 

Previous studies proposed Sirt1 as a promotor of autophagy since overexpression of Sirt1 

promoted the conversion of LC3-I to LC3-II in colon cancer HCT116 cells.29 However, steady 
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state marker of autophagy is insufficient to reflect autophagy flux activity.30, 31 The increase of 

LC-3II may due to induced conversion of LC3-I to LC3-II and suppressed degradation of LC3-II 

by lysosomal hydrolase in autolysosome.31, 32 

Autophagy machinery contained multiple steps and each step is regulated by complex signaling.8 

We elucidated that Sirt1 suppressed autophagy via mTOR-ULK1 signaling cascade. Specifically, 

activation or overexpression of Sirt1 induced phosphorylation of mTOR and phosphorylation of 

ULK1 at serine757, which is a negative regulator of autophagy (Figure 4).22 This phenotype was 

recapitulated in Sirt1 transgenic mice, indicating that Sirt1 suppressed autophagy via mTOR-

ULK1 cascade both in vitro and in vivo. The role of Sirt1 in adipogenesis and adiposity has been 

extensively explored.1, 3, 5, 6, 7, 23  The present study for the first time elucidate the mechanism that 

Sirt1 interacts with autophagy to regulate adipogenesis and adiposity via mTOR-ULK1 cascade. 

However, how Sirt1 induced the phosphorylation and activation of mTOR is unknown. Sirt1 

deacetylates FoxO1 and FoxO3 to deactivate its transcriptional activity.33, 34 And FoxO1 and 

FoxO3 regulates Sestrins gene expressions,35 which are negative regulator of mTOR.36, 37 On the 

other hand, during tumorigenesis and axonogenesis Sirt1 deacetylates Akt to induce its 

activity,38, 39 which activates of mTOR signaling and suppresses autophagy.40 

Our previous study also found that ER signaling activated mTOR, which phosphorylated and 

inhibited ULK1, thereby suppressing autophagy and adipogenesis.15 The same targets of ER 

and Sirt1 on autophagy regulation potentiates their interaction during this process. Our further 

study indicated ER expression is positively correlated with Sirt1 in vitro and in vivo (Figure 5). 

And Sirt1 knockdown abolished the effects of E2 on autophagy and adipogenesis regulations, 

indicating Sirt1 is a downstream of E2 signaling. But how ER regulated Sirt1 transcriptionally 
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or post-transcriptionally is of interest in our future study. In breast cancer cells, ER bind with 

Sirt1 promoter to induce its gene expression.27 

Our findings may shed light on estrogen deficiency induced adiposity and related diseases.41, 42 

43, 44 For example, the unraveled interaction between ERα and Sirt1 might lead to new 

therapeutic approach to adiposity and metabolic dysfunction in post-menopausal women or 

individuals with abnormal estrogen secretion. For example, dietary intervention or exercise 

challenge to activate Sirt1 may partially compensate estrogen deficiency.    

To sum up, our study elucidated for the first time the mechanism of Sirt1 on adipocyte 

autophagy regulation via mTOR-ULK1 cascade. Sirt1 acted as downstream of ERα to suppress 

autophagy and adipogenesis. Sirt1 knockdown abolished the effects of ERα on autophagy and 

adipogenesis regulation. This study pointed out the importance to consider interaction of 

hormone signaling (e.g., ERα) and energy signaling (e.g., Sirt1) in future metabolic disease 

study, and provide alternatively therapeutic approaches for individuals with estrogen deficiency 

by activating Sirt1.  

 

MATERIALS AND METHODS 

Mice. The wild type (WT) and Sirt1 transgenic mice were bred and housed according to 

breeding instruction as described previously.15, 23 In details, WT and Sirt1 transgenic mice were 

housed in plastic cages on a 12-hour light–dark photocycle and with free access to both water 

and regular chow diet as described previously.15, 45 At the age of 8–10 week old, the mice were 

weighed with scale, and fat mass and fat percentage were measured with a Bruker Minispec 

LF90 NMR Analyzer (Bruker Optics, Billerica, MA, USA). And mice were sacrificed for tissue 

collection. The WAT pads were collected and weighed quickly, explant culture for autophagy 

flux analysis, or snap freezing in liquid nitrogen. Animal use procedures followed the National 
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Institutes of Health guidelines and were approved by the Virginia Tech Institutional Animal Care 

and Use Committee. 

3T3L1 cell culture, differentiation, and treatment. 3T3L1 preadipocytes (ATCC CL-173, 

Manassas, VA, USA) were cultured in basal media (DMEM media containing 10% FBS, 100 

units/ml penicillin and 100 μg/ml streptomycin (1 × P/S)), at 37 °C in a humidified atmosphere 

of 5% CO2.12, 17 The media were replaced every 2 days until the cells became confluent (day 0), 

and after 2 more days (day 2) the medium was changed to differentiation medium I (DMEM 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 switched to differentiation medium 

II (DMEM 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 until day 12. Preadipocytes without 

differentiation induction were maintained in basal media and supplied with fresh medium every 

2 days till day 12. Resveratrol (RSV) at the concentrations of 10 μM, 25 μM and 50 μM were 

used to treat cells from day 0 to day 12. Sirt1 activator II (374922-43-7) (SA) purchased from 

EMD Millipore (Billerica, MA, USA) at concentration of 10 μM was used to treat cells from day 

0 to day 12. β-Estradiol (E2) of 0.1 μM was used to treat the cells during differentiation. Other 

chemicals were used at the concentrations established previously, including bafilomycin A1 (4 

nM), and leupeptin (0.4 ng/ml),13 to treat the cells during differentiation.  

Cell transfection. After cells reached 80-90% confluent, specific overexpression and 

knockdown of Sirt1 were achieved by incubating the cells with adenoviral vectors Mouse Sirt1 

(Sirt1-GFP), Mouse Sirt1 shRNA (Indiana University School of Medicine) (Sirt1-shRNA) at 

concentration of 5×106 pfu/ml until day 2. Then, cell differentiation was induced and cells were 

grown to day 9 and harvested. Corresponding control GFP and shRNA (Indiana University 
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School of Medicine) were used as controls. After harvesting the cells, efficiency of Sirt1 

overexpression and knockdown was examined by western blotting. 

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.46, 47, 48 

After the media were removed, the cells were washed once with cold phosphate buffered saline, 

and fixed in 4% formaldehyde at room temperature for 10 minutes. The cells were then washed 

with dH2O and air dried. Oil Red O working solution was added to start the staining at room 

temperature for 30 min. The stained cells were washed with dH2O for 4 times before the images 

were captured with a Nikon ECLIPSE Ti Inverted Microscope (Melville, NY, USA).  

Autophagy flux assay. To measure autophagy flux in cultured cells, we treated 3T3L1 

preadipocytes and mature adipocytes with bafilomycin A1 (inhibitor of autophagosome 

acidification, at 0.1 μM) plus leupeptin (the inhibitor of lysosomal proteases, at 10 μg/ml) for 4 

hours. The cells were then harvested to prepare cell lysates as previously described.46, 47, 48 To 

measure autophagy flux in WAT explants, freshly collected  adipose tissues were minced into 

small tissue fragments (2–3 mm3) and cultured for 4 hours with DMEM medium supplemented 

with 2 mM glutamine, 1% (vol/vol) antibiotic solution, and 10% (vol/vol) FBS in a 

CO2 incubator (37°C, 5% CO2). The turnover of LC3-II or p62 protein, i.e., the substrates of 

autophagy for degradation, was measured by western blotting and image analysis to assess 

autophagy flux.47, 49, 50  

Western blotting. Tissue and cell lysates were prepared with 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), 

and 1 mM PMSF.51 Total protein concentrations of the cell and tissue lysates were determined by 
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using a DC protein assay kits (Bio-Rad). Antibody (catalog number) information: GAPDH 

(MA5-15738) and β-actin (MA5-15739) antibodies were purchased from Pierce (Rockford, IL, 

USA); p-mTOR (Ser2448) antibody (5536s) and p-ULK1(Ser757) antibody (14202s) from Cell 

Signaling Technology (Beverly, MA, USA); ER (04-820) and Sirt1 (07-131) antibodies from 

EMD Millipore (Billerica, MA, USA); p62 (ab56416) from abcam (Cambridge, MA, USA) and 

LC3B antibody (L7543) from Sigma (Billerica, MA, USA).  

Statistical analysis. Data are presented as mean ± SD. Differences between the groups were 

validated by one-way-ANOVA with the least significant difference post hoc test to detect 

statistical differences between groups and treatments (DI+ vs. DI-, RSV+ vs. RSV-, SA+ vs. SA-

, Sirt1-GFP vs. control GFP, Sirt1-shRNA vs. control shRNA, and BL+ vs. BL-). Differences in 

autophagy and adipose parameters between WT and Sirt1 transgenic were validated by a t-test. A 

value of p < 0.05 was considered statistically significant. 
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Figure legends 

Figure 1 Adipogenesis was associated with downregulation of Sirt1 expression and 

activation of autophagy flux 

A. ORO staining of preadipocyte and mature adipocyte. DI, differentiation induction. DI+ 

represents differentiated 3T3L1 cells (mature adipocytes) harvested on day 12; DI- represents 

3T3L1 cells without differentiation induction (i.e., preadipocytes) harvested on day 12.  

B. During differentiation, Sirt1 expression reduced. Protein expression of Sirt1 in preadipocyte 

and mature adipocyte was analyzed by western blotting. 

C. Autophagy flux was increased in matuture adipocytes than preadipocytes and. On day 12, the 

cells were incubated in the presence or absence of autophagy inhibitor BL (bafilomycin A1 at 0.1 

M and leupeptin at 10 μg/ml) for 4 hours, and the turnovers of LC3-II and p62 were examined 

by western blotting. 

 

Figure 2 Resveratrol (RSV) suppressed autophagy flux and adipogenesis in a dose-

dependent manner 
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A. In 3T3L1 cells, 10 µM, 25 µM and 50 µM RSV gradually reduced autophagy flux activity. 

On day 12, the cells were incubated in the presence or absence of autophagy inhibitor BL 

(bafilomycin A1 at 0.1 M and leupeptin at 10 μg/ml) for 4 hours, and the turnovers of LC3-II 

and p62 were examined by western blotting. 

B. In 3T3L1 cells, 10 µM, 25 µM and 50 µM RSV gradually reduced lipid droplets 

accumulation. 

 

Figure 3 The effects of overexpression and downregulation of Sirt1 on autophagy flux 

activity and adipogenesis 

A. Sirt1 overexpression suppressed autophagy flux activity. On day 12, the cells were incubated 

in the presence or absence of autophagy inhibitor BL (bafilomycin A1 at 0.1 M and leupeptin at 

10 μg/ml) for 4 hours, and the turnovers of LC3-II and p62 were examined by western blotting. 

The expressions of Sirt1, p62, LC3 were analyzed by western blotting. 

B. Sirt1 knockdown promoted autophagy flux activity. On day 9, the cells were incubated in the 

presence or absence of autophagy inhibitor BL (bafilomycin A1 at 0.1 M and leupeptin at 

10 μg/ml) for 4 hours, and the turnovers of LC3-II and p62 were examined by western blotting. 

The expressions of Sirt1, p62, LC3 were analyzed by western blotting. 

C. Sirt1 overexpression reduced lipid droplets accumulation; Sirt1 knockdown promoted lipid 

droplets accumulation. 

 

Figure 4 Sirt1 promoted phosphorylation of mTOR and ULK1-757 

A. Sirt1 overexpression increased pmTOR, pULK-757. The expressions of pmTOR, pULK1-757 

were analyzed by western blotting. 
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B. Sirt1 knockdown decreased pmTOR, pULK-757. The expressions of pmTOR, pULK1-757 

were analyzed by western blotting. 

C. Sirt1 transgenic mice increased pmTOR, pULK-757 (WB) than wt. The expressions of Sirt1, 

pmTOR, pULK1-757, pp70S6, p4EBP1 were analyzed by western blotting. 

 

Figure 5 ERα signaling positively regulated Sirt1 

A. In 3T3L1 cells, E2 (0.1 μM) treatment increased Sirt1 expression. The protein expression of 

Sirt1 was analyzed by western blotting. 

B. ERα knockout mice has lower Sirt1 expression in sWAT. The protein expressions of Sirt1, 

ERα were analyzed by western blotting. 

 

Figure 6 Sirt1 acted as a downstream of ERα 

A. E2 suppressed autophagy flux (p62, LC3), Sirt1 knockdown blunted this effect. On day 9, the 

cells were incubated in the presence or absence of autophagy inhibitor BL (bafilomycin A1 at 0.1 

M and leupeptin at 10 μg/ml) for 4 hours, and the turnovers of LC3-II were examined by 

western blotting. The expressions of Sirt1 and LC3 were analyzed by western blotting. 

B. E2 promoted pmTOR, pULK-757, Sirt1 knockdown blunted this effect. The expressions of 

pmTOR, pULK-757 were blunted by Sirt1 knockdown. 

C. E2 treatment reduced lipid droplets accumulation, Sirt1 knockdown and Estrogen co-

treatment blunted estrogen’s effects. Lipid droplets in E2 treatment was lower than Sirt1 

knockdown and co-treatment. 
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Figures  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Chapter 6 Conclusions and future direction 

Conclusions  

The fundamental findings in this project are summarized as follows: 

(1) The protocol to monitor autophagy flux during adipocyte differentiation was developed. 

Autophagy is a highly dynamic machinery with multiple steps, simple steady-state assay 

cannot determine autophagy activity. This study provided a method to monitor autophagy 

flux (or substrate turnover) along with steady-state parameters of autophagy, which can 

better reflect autophagy activity (Tao, Liu, Zheng, & Cheng, 2017). Indeed, autophagy 

activity was increased after 3T3L1 cell and SVF cells differentiation compared with 

undifferentiated controls. 

(2) In C57BL/6J and wild type control mice, a higher visceral fat mass was detected in the 

males than in the females, which was associated with lower expression of estrogen 

receptor (ER) and more active autophagy in males vs. females (Tao et al., 2018). 

However, deletion of ER normalized autophagy activity and abolished the gender 

difference in visceral adiposity. Mechanistically, the estradiol-ER signaling activated 

mTOR, which phosphorylated and inhibited ULK1, thereby suppressing autophagy and 

adipogenesis. This is the first time of elucidating the mechanism of gender difference in 

adiposity and discussing how E2 suppresses autophagy to prevent adiposity. In the future, 

the role of autophagy should be taken into consideration when discussing E2 signaling in 

metabolism. Also, this study may provide theoretical reference regarding how E2-

autophagy axis working in other metabolic syndrome and diseases. 

(3) Sirt1 expression was suppressed during adipogenesis along with autophagy elevation. 

Overexpression Sirt1 during adipogenesis suppressed autophagy and adipogenesis. 
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However, Sirt1 knockdown showed opposite effects, promotion of autophagy and 

adipogenesis. In line with inhibition of autophagy and adipogenesis in 3T3L1 cells by 

Sirt1, overexpression of Sirt1 in mouse reduced adiposity in adipose tissue, along with 

suppression of autophagy. Mechanistically, Sirt1 suppressed autophagy through 

promotion of mTOR-ULK1 cascade. This study explains the reason why Sirt1 

overexpression mice has low level of adiposity and improved metabolism. It adds to new 

knowledge of how Sirt1 regulating autophagy and may shed light on how nutrient 

signaling regulating autophagy in other metabolic diseases. 

(4)  Sirt1 knockdown during 3T3L1 cell differentiation blunted the effect of E2 on autophagy 

and adipogenesis. Estrogen antagonist promoted autophagy and adipogenesis during 

3T3L1 cell differentiation. However, Sirt1 overexpression reversed the effects of 

estrogen antagonist. Also, in ER knockout mouse, Sirt1 expression was 

coinstantaneously reduced. Taken all these results together, ER may promote Sirt1 

expression to suppress autophagy through mTOR-ULK1 cascade, and then to prevent 

adipogenesis and adiposity. 

Future directions 

(1)  To explore how ER regulates upstream of mTOR-ULK1-autophagy cascades in 

adipocyte, potentially through p85 or Rheb (Figure 1). Previous study proposed the 

interaction of ER with p85 to activate PI3K-Akt-mTOR signaling (Mannella & Brinton, 

2006). In breast cancer cells it was shown that E2 might activate mTOR via small 

GTPase Ras homologue enriched in brain (Rheb) (Yu & Henske, 2006). 

(2) To explore how Sirt1 regulates mTOR-ULK1-autophagy cascades in adipocyte, 

potentially through FoxO1-Sestrin (SESN) proteins signaling pathway (Figure 1). 
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(3) To examine how ER transcriptionally regulates Sirt1 gene expression in adipocyte. In 

breast cancer MCF7 cells, ER directly binds to the promoter for Sirt1 and increased its 

transcription (Elangovan et al., 2011). 

(4) To test if reconstruction of Sirt1 in ER knockout mice will prevent the mice from diet 

induced obesity. 
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Figure Legend 

Figure 1 Flow chart of future directions. ①, ER interacts with p85 to activate PI3K-Akt, then 

activates mTOR-ULK1 signaling; ②, ER promotes Rheb to activate mTOR-ULK1 signaling; 

③ ER transcriptionally activates Sirt1 gene expression, and then Sirt1 inhibits FoxO1 activity 

and SESNs gene expression, and then promotes mTOR-ULK1 signaling. 
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Figure 1 

 

 


