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Abstract 

  

Non-alcoholic fatty liver disease (NAFLD) is becoming the most common liver 

disease worldwide, increasing in parallel with obesity and type 2 diabetes. NAFLD is 

characterized by dysregulated hepatic lipid metabolism, resulting in liver triglyceride 

accumulation, leading to insulin resistance and activation of ER stress and inflammatory 

pathways. NAFLD is one of the leading causes of liver transplantations, mostly due to 

low number or non-efficacy of current pharmacological approaches. Moreover, the 

hepatic molecular mechanisms that underlie the disease have not been fully elucidated. 

Sirtuins are recognized as important players in metabolic regulation, as the role of these 

NAD+-dependent deacetylases have been implicated in both glucose and lipid 

metabolism. Recent studies suggest an important role for sirtuin 2 (SIRT2) in metabolic 

regulation. Our preliminary data using SIRT2-KO mice showed elevated lipid 

accumulation in the liver, under both chow and high-fat diet feeding, thus suggesting 

SIRT2 as a potential player in hepatic lipid metabolism. Nonetheless, the role of this 

protein on lipid homeostasis has not been elucidated. Taking this into account, this study 

was designed to investigate the role of SIRT2 in hepatic lipid metabolism, by establishing 

an in vitro model for hepatic steatosis using HepG2 cells and modulating SIRT2 levels in 

this model to establish a relation between SIRT2 expression and lipid deposition. We 

found that palmitate-induced lipid overload caused ER stress activation and 

concomitantly reduced SIRT2 expression. Importantly, SIRT2-silenced cells exhibit 

higher lipid accumulation and ER stress activation under basal conditions, whereas SIRT2 

overexpression led to attenuated lipid deposition and ER stress activation upon 

palmitate exposure. Taken together, our findings demonstrate a role for SIRT2 in ER 
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stress response and lipid homeostasis, and could have a paramount role as a novel 

pharmacological approach towards pathologies that comprise lipid metabolic 

dysregulation such as NAFLD. 

Keywords: Sirtuin 2, Hepatic steatosis, Endoplasmic reticulum stress, metabolic 

dysfunction 
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Resumo 

 O fígado gordo não-alcoólico (NAFLD) esta a tornar-se a doença metabólica 

hepática de maior prevalência no mundo, aumentando em paralelo com doenças 

metabólicas como a obesidade e diabetes tipo 2. O NAFLD caracteriza-se inicialmente 

por desregulação metabólica no metabolismo lipídico, causando acumulação de 

triglicerídeos hepática, seguindo-se por resistência à insulina e desencadear respostas 

inflamatórias e de ativação do stress do retículo endoplasmático (ER). Esta patologia tem 

sido insurgente em transplantes hepáticos, principalmente pela baixa existência de 

terapias farmacológicas atuais. Os principais mecanismos relativos ao metabolismo 

lipídico na doença ainda não foram totalmente identificados. As sirtuínas, uma família 

de desacetilases dependentes de NAD+, têm sido implicadas como reguladores do 

metabolismo de glicose e lipídico. A sirtuína 2 (SIRT2) tem sido emergente em estudos 

de regulação metabólica, e dados preliminares do nosso grupo de murganhos knock-out 

para a SIRT2 (SIRT2-KO), demonstraram uma predisposição para a elevada acumulação 

lipídica hepática, tanto em dieta controlo, como em dieta hipercalórica, sugerindo um 

potencial papel da SIRT2 na regulação do metabolismo hepático lipídico. Deste modo, o 

papel desta proteína na regulação da homeostasia lipídica tem de ser elucidado. Tendo 

esta informação em conta, este estudo visou a investigação do papel da SIRT2 no 

metabolismo hepático lipídico, através do estabelecimento de um modelo in vitro para 

esteatose hepática utilizando a linha celular hepática HepG2 incubadas com palmitato, 

e consequente modulação dos níveis de SIRT2 para estabelecer uma relação entre a 

expressão de SIRT2 e deposição lipídica. Observámos que a sobre acumulação lipídica 

tanto ativou as vias do stress do ER como diminuiu a expressão de SIRT2. Deste modo, 

os nossos resultados relativos a células silenciadas para SIRT2 demonstraram uma 
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predisposição para acumulação lipídica e ativação do stress do ER, em contraste com 

células que sobreexpressaram SIRT2, que após exposição a palmitato tiveram uma 

modulação da ativação do stress do ER, assim como uma prevenção de sobre 

acumulação lipídica. Os nossos resultados demonstram um papel para SIRT2 na 

modulação da ativação do stress do ER e consequente regulação no metabolismo 

hepático lipídico, e em suma, poderá e ser uma nova abordagem terapêutica para 

patologias que compreendem desregulação lipídica como o NAFLD. 

 

Palavras-chave: Sirtuína 2, esteatose hepática, stress do retículo endoplasmático, 

disfunção metabólica 
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 1.1 Pathophysiology of obesity and related 

metabolic disorders  

1.1.1 Obesity and Type II Diabetes  

It is undeniable that obesity and related pathologies are among the main 

epidemics of the 21st century. High dietary fat intake coupled with a sedentary lifestyle 

are major risk factors for the onset of most cases worldwide, and the numbers keep 

increasing over time. The number of deaths due this group of diseases is estimated to 

increase in the next decades.  

 Obesity is characterized by excessive accumulation of fat in the adipose tissues, 

as well as in other key organs, such as the liver, heart and skeletal muscle, also 

designated by adiposity. This will lead to ectopic fat accumulation in both peripheral and 

central organs, triggering lipotoxic events, such as metabolic dysfunction and activation 

of inflammatory responses (Figure 1)[2]. Also associated with this phenotype is insulin 

resistance. Insulin is an hormone produced by the pancreatic β cells and, in physiological 

conditions, insulin is necessary to trigger a metabolic signaling cascade by activating its 

receptors (IR) , that will allow the insertion of glucose transporters (GLUT) in the cell 

membrane in key tissues, such as the skeletal muscle and adipose tissue, to take up 

glucose [3]. Insulin also plays a role in the stimulation of fatty acid synthesis, as well as 

inhibition of adipose tissue lipolysis [1]. 

Under insulin resistance conditions, insulin receptors become impaired, leading 

to compromised activation of the signaling cascade, as well as  the insulin receptor 

substrate 1 (IRS-1) that promotes the downstream target activation, for example 
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through Akt, and ultimately transcription and translocation of GLUT4, leading to 

diminished glucose uptake [4]. Impaired insulin signaling is most commonly observed in 

peripheral tissues. Coupled to the impairment of the activation of the receptors, there 

is less stimulated glucose production in the liver, as well as a deficiency in the hormone 

synthesis by the pancreatic β cells, leading to hyperglycemia, the hallmark of type II 

diabetes [5]. This pathology is closely associated with obesity, since dietary habits are a 

major risk factor, and overall it can lead to cardiovascular complications as well as 

blindness [6]. The resulting hyperinsulinemia is also a major causal factor of 

dyslipidemia. 

 

Figure 1. Pathophysiology of obesity. Excess energy intake leads to adipocyte 
hypertrophy. This will lead to both inflammation and insulin resistance in adipose cells, as well 
as ectopic fat accumulation on other tissues, triggering metabolic dysfunctions [7]. 

  

 

Since metabolic disorders are growing at an alarming rate, the complications that 

result from these pathologies are increasing as well. They pose a major economic 

burden, as the numbers regarding the health care for these diseases are increasing 
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exponentially, and are expected to grow even more during the next decades [8]. 

Therefore, there is an urgent need for pharmacological approaches to prevent and treat 

these syndromes, more efficient than nutritional and exercise programs.   

 

 1.1.2 Non-Alcoholic Fatty Liver Disease (NAFLD) 

 Non-alcoholic fatty liver disease (NAFLD) is another metabolic disorder whose 

prevalence is growing worldwide. NAFLD can be defined as the hepatic manifestation of 

the metabolic syndrome, where the aberrant accumulation of fat in the liver is mainly 

due to high-fat food intake, having no relation with either alcohol intake or other specific 

cause [9]. Currently, it is the most common chronic liver disease worldwide, and the 

estimates of global NAFLD prevalence range from 25 to 45% [10]. The major risk factors 

of this pathology are responsible for the growth in parallel of both obesity and type II 

diabetes, as these conditions aggravate the NAFLD phenotype [11]. This relation was 

demonstrated in recent studies, with a link between NAFLD and both hyperglycemia and 

insulin resistance [12]. 

 Physiologically, the starting point and main hallmark of NAFLD is liver steatosis, 

which is defined as the excess accumulation of lipids in hepatocytes, by both uptake of 

circulating free fatty acids and over-synthesis [13]. There is a progressive aspect to 

NAFLD and the worsening state of the liver. As the disease progresses from simple 

steatosis, there is an increase of the prevalence of both acute and chronic inflammatory 

states, leading to non-alcoholic steatohepatitis (NASH), cirrhosis and ultimately, 

hepatocellular carcinoma (HCC) [14]. NASH is characterized by higher inflammatory 

responses, tissue ballooning and fibrosis, and cirrhosis by elevated scar tissue-like states 
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that will be irreversible as the disease advances. The ultimate complication of cirrhosis 

is hepatocellular carcinoma and, eventually, death (Figure 2). 

 

Figure 2. Progressive spectrum of NAFLD. The excess accumulation of fat in the liver 
causes steatosis, and the aggravation of the phenotype, characterized by high inflammation 
activation, resulting in NASH, cirrhosis and eventually HCC [15]. 

 

 

 To date, pharmacological approaches towards NAFLD are limited and poor in 

efficacy. The growing incidence of patients with NASH is responsible for the increase of 

liver transplants, especially in developed countries [16]. The current therapeutic 

strategies to combat the progression of the disease are mainly targeted towards the 

correction of its risk factors, as well as liver transaminases levels in the blood. The 

current diagnostic strategies include liver biopsies, which are invasive, hence increasing 
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the need for specific biomarkers. Although recent studies have unraveled some targets 

for pharmacological intervention, it is crucial to develop models that will translate better 

the metabolic changes in humans with NAFLD [17].  

 

 1.2 Hepatic lipid metabolism 

The liver plays a central role in lipid metabolism and other metabolic pathways, 

strongly depending on the nutritional intake and content of both fats and sugar [18]. 

The main source of the FFA pool in the liver are the circulating FFA, that come from both 

fat intake and lipolysis in adipocytes during fasting states [19]. Overall, the mechanisms 

that underlie hepatic lipid accumulation include the processing of lipids obtained from 

the diet and the result from both adipose and skeletal muscle tissue lipolysis, and both 

metabolic reactions, de novo lipogenesis and fatty acid β-oxidation [1]. 

 

 1.2.1 Dietary lipids 

Lipids derived from diet are converted into bile acids and then converted into 

chylomicrons (CR) by cells of the small intestine, the enterocytes [20][21]. These CR, 

enriched in phospholipids, esterified cholesterol and triglycerides, are released into the 

lymphatic vessels, after acquiring apolipoproteins (APO) B-48, C2 and E [22], reaching 

key tissues, such as the skeletal muscle or the adipose tissue, where they will suffer an 

hydrolysis process by lipoprotein lipase (LPL), converting the triglycerides into fatty acids 

[23]. The CRs will then be reintroduced to the blood circulation and enter the liver, 
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releasing the lipid content to be further hydrolyzed in order to synthesize very low 

density lipoproteins (VLDL) [24]. 

These VLDLs will be responsible for the transport of lipids from the liver to the 

skeletal muscle and adipose tissues, and subsequent delivery after the action of LPL [23, 

25]. Afterwards, the VLDLs will return to the liver, being removed from the circulation, 

becoming low-density lipoproteins (LDL). This process is mediated by the LDL receptor 

(LDLR) [26]. This lipid exchange between the liver and the target tissues also include the 

scavenging of excessive cholesterol, also mediated by lipoproteins, designated as 

reverse cholesterol transport (RCT) [27]. This clearance mechanism is through high 

density lipoproteins (HDL) that exchange both cholesterol and triglycerides, with both 

LDLs and VLDLs, and these lipoproteins are then converted in the liver to bile acids [28]. 

 

 1.2.2 De novo lipogenesis 

Hepatic de novo lipogenesis comprises the synthesis of fatty acids, using 

carbohydrates and proteins as precursors, in order to promote the storage of energy in 

form of these molecules, after the stocks of glycerol are formed. This process is finalized 

by the esterification into triglycerides (TG), and this activity depends on the nutritional 

uptake by the organism [29]. Nonetheless, its homeostasis is regulated by a set of 

enzymes, in order to correctly couple the degradation of carbohydrates (such as 

glucose), the conversion into fatty acids and the final esterification into TGs [30]. These 

enzymes include glucokinase (GK), fatty acid synthase (FAS), acetyl-CoA carboxylase 

(ACC), steroyl CoA desaturase 1 (SCD1) and diacylglycerol transferase (DGAT) and are 

regulated by the transcription factor sterol regulatory element binding protein-1c 
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(SREBP-1c), which is considered the master regulator of lipogenic gene expression in the 

liver and was first described as paramount for adipocyte differentiation [31]. This 

protein is part of the SREBP family, which comprises three transcription factors, which 

are the main regulators of lipid homeostasis: isoforms SREBP-1a, SREBP-1c and SREBP-2 

[32].  

SREBP-1a is associated with insulin action and cell proliferation, and SREBP-1c, is 

abundantly expressed in the mammalian liver, white adipose tissue and skeletal muscle, 

and is mainly responsible for the transcription of genes involved in lipid synthesis [33] 

[34]. Nonetheless, the regulation of this transcription factor is crucial in the regulation 

of both liver and plasma lipids [35]. The induction of SREBP-1c expression may be 

twofold: on one hand, insulin plays a role in the increased SREBP-1c mRNA, by activation 

of the IR, which will subsequently phosphorylate intermediates and finally Akt, 

completing the activation and induction of gene transcription  [36, 37]; on the other 

hand, coordinated with carbohydrate regulatory element binding protein (ChREBP), the 

liver X receptors (LXR), a family of nuclear receptors involved in the metabolism of 

cholesterol, display another positive modulatory possibility on the lipogenesis process 

[30]. Some studies demonstrated that using agonists of the farnesoid X receptor (FXR), 

in the liver, both in vitro and in vivo, would lead to a decrease in the activation by the 

LXRs, and subsequently the level of SREBP-1c and the downstream targets [38].   

The other member of the SREBP family is SREBP-2, and its activity has been linked 

to cholesterol synthesis, when the levels of acetyl-CoA, derived from glycolysis, and this 

activity is negatively regulated by the levels of cholesterol [39]. 
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 1.2.3 Fatty acid β-oxidation 

Fatty acid β-oxidation comprises the catabolic reaction that converts FFAs into 

energy and, in the liver, FFAs are converted into ketone bodies that will generate energy 

to be used by the entire organism [40]. This pathway is favored in fasting conditions or 

glucose deprivation, as AMP-activated protein kinase (AMPK) inhibits the anabolic 

reactions [41]. The gene transcription of key mitochondrial enzymes of β-oxidation is 

both regulated by PPAR-γ and PGC-1α, and the latter can co-activate PPAR-γ, enhancing 

the promotion of lipolytic processes that occur under low nutritional conditions, 

converting esterified lipids (TGs) to FFAs ready to be oxidized in order to produce energy 

[42].  

To be able to oxidize the lipids, these molecules have to be transported into the 

mitochondria. The first step encompasses the addition of acyl-CoA groups to FFA by acyl 

CoA synthases (ACS), and need to be shuttled into the mitochondria, since the 

membrane is impermeable to acyl-CoA groups [43]. This transport is mediated by 

carnitine palmitoyltransferase (CPT) complex, comprising both isoforms I and II, and 

inside the mitochondria, a sequence of four β-oxidation spiral genes, such as acyl-CoA 

dehydrogenase (ACDH), enoyl-CoA hydratase (ECH), hydroxy acyl-CoA dehydrogenase 

(HACDH), and ketoacyl-CoA thiolase (KACT), will convert the FFA into acetyl-CoA, FADH2 

and NADH, which subsequently can be used for ATP production [44] [45]. 
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1.3 Dysregulated hepatic lipid metabolism in NAFLD 

1.3.1 Increased hepatic lipid uptake and synthesis 

NAFLD patients exhibit high concentrations of both VLDLs and LDLs, in contrast to a 

reduced number of HDLs [46]. These values are linked to hyperinsulinemia, as there is 

increased stimulation by insulin of both lipolysis and transport of fatty acids into the 

liver, mainly from the adipose tissue, combined with loss of VLDL secretion [47]. This 

first impact of the pathology is also characterized by an excessive activation of LPL in the 

liver, that will contribute to the over accumulation of fatty acids in the liver by activating 

lipolysis, converting triglycerides into FA [48]. Hyperinsulinemia is also responsible for 

the reduction of LDLR expression, causing the increase of circulating LDL, combined with 

a downregulation of HDL synthesis, decreasing the cleansing effect by these lipoproteins 

[49]t.  

Insulin resistance and the high concentration of hepatic FFAs will also overactivate 

SREBP-1c and the lipogenic process. Also, the high rates of lipogenesis can be due to the 

activation by glucose through the ChREBP pathway [50]. Overall, the exposure to high 

levels of FFAs will dysregulate signaling pathways, hence the insulin resistance in NAFLD 

due to the compromised signaling cascade (Figure 3). 
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The excess accumulation of lipids is also explained by the low rates of β-oxidation 

of FFA. In the fed state, the intermediates of the lipogenic pathway are allosteric 

inhibitors of CPT-1, preventing the shuttle of FFA into the mitochondria and subsequent 

oxidation [40] [51]. However, insulin also plays a pivotal role in the inhibition of the 

process, and moreover, explains why in fed conditions, the process occurs less 

frequently [52]. Nonetheless, the lipotoxicity that results from FFA also compromises 

mitochondrial function, especially due to the underexpression of PPAR-γ and other 

regulators. This is more evident in NASH, as the high production of reactive oxygen 

species (ROS) will lead to both lipid peroxidation and oxidative stress [53]. This is also 

Figure 3. Hepatic lipid metabolic alterations in NAFLD. As the diseases progresses, 
both the increased uptake of circulating free fatty acids and hyperinsulinemia, will increase 
the number of circulating LDL and accumulation of VLDL in the liver, coupled to the 
reduction of circulating HLD. This will ultimately overstimulate lipogenesis and repress fatty 
acid oxidation, increasing the amount of fatty acids and subsequent esterification into lipid 
droplets [1]. 
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due to the high oxidative rates that are necessary for the removal of extra FFA, but will 

also generate more ROS consequently, causing oxidative damage to liver cells [54]. 

This unbalance between the lipid supply to the liver and the rates of both lipid 

oxidation and export become more evident as the disease progresses, leading to high 

lipotoxicity and compromised liver function. Nevertheless, the damages due to this 

dysregulation, as well as others, start to become irreversible in the disease [12]. 

 

1.3.2 ER Stress, Inflammation and Oxidative Stress 

 As mentioned previously, hepatic lipid accumulation coupled to insulin 

resistance is a common feature of NAFLD. The high content of hepatic lipids disrupts the 

membrane in the endoplasmic reticulum (ER) in hepatocytes, by increasing the ratio of 

phosphatidylcholine [55] to phosphatidylethanolamine (PE), triggering ER stress [56]. 

This process derives from the accumulation of cellular insults that lead to the excessive 

amount of misfolded proteins in the lumen, activating signaling cascades that are 

collectively known as the unfolded protein response (UPR) [57, 58]. Depending on the 

insult, the UPR cascade will lead either to attenuation of the ER stress or apoptosis. The 

UPR has three main branches: protein kinase RNA-like ER kinase (PERK), activation 

transcription factor-6 (ATF-6) and inositol requiring enzyme-1 (IRE1), that when active 

during stress conditions, lead to the dissociation of ER chaperone BiP (GRP78) [59]. 

Downstream targets of this cascade include the phosphorylation of eukaryotic initiation 

factor 2-alpha subunit (eIF2), which lead to the inhibition of protein translation and 

promotion of ATF-4 activity, which could lead to the activation of apoptotic pathways, 

such as the transcriptional activation of C/EBP homologous protein (CHOP) [59]. The 
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over activation of ER stress pathways could also induce a negative feedback on the UPR, 

and decrease SREBP-1c activity and subsequently, through activation of GRP78, 

decrease lipid synthesis [60]. Overall, the ER homeostasis is deeply altered in NAFLD, 

and this chronic cell insult promotes hepatocyte dysfunction and has been an emerging 

potential target of interest in the pathology [56, 61]. Nonetheless, ER stress has been 

linked to insulin resistance upon fatty acid exposition in HepG2 cells [62] [63]. 

 ER stress is highly prevalent in NAFLD, as it is associated with the high 

inflammatory responses in NASH progression [64]. It has been demonstrated that 

activation of the NF-kB pathway may be promoted by both PERK/eIF2 and IRE1 

pathways [65]. In NAFLD, expression of stress genes has been linked to both the onset 

and progression of the disease, as it can contribute to both over activation of lipid 

synthesis and apoptosis [66]. Because hepatocytes are enriched in ER, the susceptibility 

for the activation of the inflammatory pathway is higher compared to other tissues [67].  

However, the activation of the inflammatory pathway may also be due to high 

production of ROS [49], as a result of mitochondrial dysfunction. This may activate the 

NF-kB pathway, which will subsequently promote the production of cytokines, such as 

TNF-α, that will cause the accumulation of neutrophils [68]. The high rate of lipid 

peroxidation by ROS will also activate the fibrotic pathway in hepatic stellate cells (HSC), 

leading to pro-fibrotic events, as well as pro-inflammatory states with the presence and 

action of TNF-α [17]. Overall, this inflammatory state is deleterious in NAFLD [69].  

As NAFLD progresses, there is a growing predisposition to develop hepatic 

fibrosis. These states are often described to be the main cause of liver transplant, but 

also death due to the resistance to blood flow, causing both insufficiency in liver function 
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as well as hepatic portal hypertension [70]. The excessive extracellular matrix, whose 

proteins include mainly collagen, are mainly due to the effect of activated HSC [71]. This 

activation is stimulated by hepatocytokines and inflammatory responses, and 

progressive accumulation of collagen fibers will result in a cirrhosis-like state 

characterized by high scar tissue, leading to an irreversible state of the disease [71].  

 Although it is accepted that hepatic metabolic pathways are compromised in 

NAFLD, especially lipid synthesis and degradation, with concomitant activation of both 

ER stress and inflammatory pathways [15], further research is needed to improve our 

understanding of the pathophysiological mechanisms of the disease.  

 

1.4 Mammalian Sirtuins  

The mammalian sirtuin family comprises NAD+-dependent proteins with 

deacetylase enzymatic function. This family is homolog of the silent information 

regulator (Sir) proteins of the yeast Saccharomyces cerevisiae [72]. The seven members 

of this family differ in terms of subcellular distribution and targets (Table 1). These 

proteins have been linked to nutrient sensing, inflammation, metabolism and longevity, 

as their targets include intermediates of these pathways in the organism. However, the 

functions of the members of this family have yet to be fully elucidated, being SIRT1 the 

most studied so far [73].  

For instance, SIRT1, whose subcellular localization is preferentially in the nucleus, 

has been reported to both promote the transcription of genes involved in mitochondrial 

biogenesis, and demonstrated to regulate adipogenesis, both processes linked to 
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longevity and metabolism [74, 75] [76] [77]. SIRT3 was also linked to metabolism in 

several studies, reported to be involved in both fatty acid oxidation mitochondrial 

biogenesis [78]. Overall, the wide cell distribution of sirtuin members allows different 

metabolic regulations, at distinct pathways and points [76].  

Table 1. Sirtuin family members, respective subcellular location, class, enzymatic activity 
and targets [76]. 

 

 

 1.5 Sirtuin 2 

 1.5.1 Main functions 

  Sirtuin 2 was initially described to be mostly present in the cytoplasm where it 

deacetylates α-tubulin at lysine 40 [79]. This function was linked to the regulation of cell 

cycle, as SIRT2 overexpression delayed the progression of the cell cycle through the 

mitosis, suggesting its shuttling into the nucleus, decisive in the G2/M transition [80]. 

This cell cycle modulation is possible through the deacetylation of a  lysine motif of 

histone H4 during the mitotic process [81]. The regulation of cell cycle has been 
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associated with the stability of chromosomes during cell division, which could also 

suggest a tumor suppression function of SIRT2, connected to aging and the onset of 

carcinogenesis [82]. This latter relationship has been proposed based on the low 

expression of the protein in both breast cancer and hepatic carcinoma, corroborating 

the cell cycle modulating function of the enzyme [83]. SIRT2-KO mice also display a 

higher predisposition to develop both breast and hepatocellular carcinoma, reinforcing 

the role of SIRT2 in genetic stabilization [83]. 

Similar to SIRT1, SIRT2 has also been reported to be downregulated during aging 

[84]. Recent studies have started to elucidate the role of SIRT2 in mitochondrial function. 

It was shown that SIRT2 was responsible for mitochondrial biogenesis and morphology, 

therefore, has a crucial role in the function of this organelle [85]. The loss of function of 

this protein promoted the decrease in ATP production, as well as the increase in the 

production of ROS [49]. Hence, it adds to another of the paramount function of the 

deacetylase and demonstrates its importance regarding ROS-related pathologies [86]. A 

recent study showed decreased SIRT2 expression in both insulin-resistant HepG2 cells 

and liver tissue, as well as an increase in the generation of ROS production [85]. 

Mitochondrial function and dynamics were also shown to be regulated by SIRT2, since 

Mfn2, a fusion protein, and Drp1, a fission protein, were shown to be altered in insulin-

resistant HepG2 cells, further linking SIRT2 to metabolic regulation and insulin sensitivity 

(Figure 4) [87].  
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Figure 4. Metabolic targets and processes regulated by SIRT2. Adapted from [72]. 

 

SIRT2 seems to play a neuroprotective role through the suppression of 

inflammation by the deacetylation of NF-kB, considered a key player in inflammation 

[22]. Another target of SIRT2 is FoxO3a in both adipose and kidney cells, as the 

deacetylation and further activation of FoxO3a is correlated to the promotion of the 

transcription of p27 and BIM, under caloric restriction conditions, which will further lead 

to programmed cell death [88].  
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1.5.2 Sirtuin 2 and Metabolic Homeostasis 

  1.5.2.1 Glucose Metabolism 

This deacetylase is highly expressed in the brain and adipose tissue. The first 

study regarding the metabolic function of this enzyme was in the adipogenesis process, 

in the transition from pre-adipocyte to adipocyte [73].  

SIRT2 also contributes to glucose homeostasis by deacetylating 

phosphoenolpyruvate carboxykinase 1 (PEPCK1), and thus inactivating and stabilizing 

the kinase which redirects through the gluconeogenesis pathway, therefore modulating 

the glucose levels in the liver [89]. A recent study demonstrated that liver-specific SIRT2 

overexpression improved the hepatic glucose uptake of both obese and diabetic 

animals, through the deacetylation of glucokinase regulatory protein (GKRP) [90]. 

Overall, SIRT2 regulates numerous glucose metabolic pathways in several tissues, by 

modulating the activity of metabolic players [87]. 

A role for SIRT2 in insulin signaling pathway was suggested based on findings that 

SIRT2 levels were decreased in livers of rodent models of obesity and insulin resistance, 

the ob/ob mice as well as the high-fat diet (HFD)-fed mice [69]. Other studies regarding 

SIRT2 and the deacetylation of Akt, an intermediate of the insulin signaling pathway, 

demonstrated a positive relation between SIRT2 activity and Akt deacetylation status 

with higher activation and phosphorylation of downstream targets, after insulin 

stimulation, in adipose cells as well as kidney cells [91]. However, SIRT2 has also been 

reported to be overexpressed in insulin-resistant conditions in skeletal muscle, meaning 

that it could affect in a negative manner the uptake of glucose in this tissue [92]. Overall, 
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this suggests differential roles for SIRT2 in the regulation of the insulin signaling pathway 

in different tissues and conditions 

 

  1.5.2.2 Lipid Metabolism 

 Several lines of evidence support a role for SIRT2 in the regulation of lipid 

metabolism. SIRT2 deacetylates ATP-citrate lyase (ACLY), a key enzyme in the beginning 

of the lipogenic process, by converting citrate derived from glucose into acetyl-CoA, 

which will be the foundation for lipid biosynthesis. The deacetylation of ACLY by SIRT2 

will lead to the ubiquitination and subsequent degradation of the former, hence, 

decreasing lipogenesis [79]. ACLY is a highly abundant enzyme in certain types of cancer, 

and the modulation of the levels and activity of this protein via SIRT2 offers additional 

therapeutic approaches towards those pathologies. SIRT2 has also been described to be 

part of the sterol biosynthesis in the brain, by promoting the gene expression for 

enzymes in this process, by targeting SREBP-2, allowing the shuttle of this transcription 

factor into the nucleus and gene transcription promotion [93]. This same study showed 

that, in Huntington’s disease (HD), the downregulation of the cholesterol biosynthesis 

by SIRT2 inhibition had a neuroprotective effect. However, a subsequent in vivo study 

demonstrated that the pharmacological inhibition of SIRT2 had no effect on cholesterol 

biosynthesis or HD progression [94]. This leads to controversial aspects regarding the 

enzyme function in brain cholesterol synthesis. 

 As previously mentioned, PGC-1α is crucial for the fatty acid oxidation and a 

target of SIRT2 in adipocytes. Studies have shown that hypoxia-induced factor 1-α (HIF-

1α) is a negative regulator of the fatty acid oxidation by repressing the transcription of 
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SIRT2, consequently reducing the deacetylation and activation of PGC-1α [55]. 

Therefore, in obesogenic conditions, where adipocytes are enlarged and the hypoxic 

conditions are more frequent, there is inhibition of the oxidative process by the 

repression of SIRT2 action. 

 

 1.5.3 Sirtuin 2 and NAFLD 

 No studies to date have reported an association between SIRT2 and NAFLD. 

Preliminary data from our group demonstrated that SIRT2-KO mice had a predisposition 

for metabolic syndrome, and when fed a HFD were hyperglycemic [95] [96]. These 

changes were mostly observed in HFD-fed SIRT2-KO mice, compared to its WT 

counterpart, having CD-fed mice displayed slight metabolic alterations (Table 2). 

   

Table 2. Metabolic phenotype of SIRT2-KO mice fed either a CD or a HFD, compared to 
WT mice. Adapted from [80] 

 

 

= - unaltered; + - mild; ++ - exacerbated 
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 Interestingly, SIRT2-KO fed a CD displayed higher levels of hepatic lipid 

deposition than WT mice, and this phenotype was further aggravated in response to 

HFD feeding (Figure 5) [96]. These results were further supported by a trend for a higher 

expression of lipogenic genes such as Srebp-1c and FasN, under both CD and HFD, in 

SIRT2-KO mice.  

 

Figure 5. Oil Red O of liver slices of both WT and SIRT2-KO animals, fed both a CD and 
HFD. As displayed, there is high lipid deposition on both CD-fed SIRT2-KO mice, similar to WT 
fed a HFD, and this phenotype is exacerbated when fed a HFD [96]. 

 

 Overall, these results raise the interesting possibility that SIRT2 may exert a 

regulatory role on hepatic lipid homeostasis.  
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 1.6 General Aims 

The prevalence of metabolic disorders has been increasing steadily in the past 

decades [8]. NAFLD is one of such metabolic disorders, and the rapid progression of the 

disease is linked to the low availability of therapeutic strategies and high number of 

liver-related deaths [10]. The high dyslipidemia rates coupled to the exacerbated ER 

stress and inflammation account for the deleterious phenotype of the pathology [54].  

The NAD+-dependent SIRT2 deacetylase has been implicated in the regulation of 

various metabolic processes, targeting several intermediates of both signaling and 

metabolic pathways, including insulin sensitivity, gluconeogenesis, lipogenesis, 

adipogenesis and fatty acid oxidation [87]. SIRT2 is ubiquitously distributed in the 

organism, being able to modulate the metabolism in key organs, such as the adipose, 

hepatic and skeletal muscle tissues, and has been suggested to be a therapeutic target 

for metabolic disorders [85].  

Therefore, the main goal of this study is to establish a link between SIRT2 and 

the regulation of hepatic lipid metabolism, and to subsequently unravel whether this 

function has a role in the development of NAFLD. Therefore, this study will attempt to 

assess if SIRT2 could prove to be a novel pharmacological target towards the treatment 

of NAFLD. 
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2.1 Cell culture 

HepG2 cells, a human hepatocyte-derived cell line, were obtained from ATCC 

(Rockville). Cells were cultured at 37ºC in a humidified 5% CO2 incubator, in Minimum 

Eagle’s Complete Medium (MEM), supplemented with 1% of Pen/Strep, 25 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2,61 mM sodium bicarbonate 

(NaHCO3), 2 mM L-Glutamine, 10% heat-inactivated fetal bovine serum (Gibco) and 1 

g/L glucose. Cells were cultured in 75 cm2 flasks (Thermo Fisher Scientific) and plated in 

either 6 or 12 multi-well plates (Thermo Fisher Scientific), at a density of 1x106 or a 5x105 

cells/well, respectively. Cells were subcultured every 6 days (70-80% confluency) using 

Trypsin-EDTA solution. Cells with less than 20 passages were used.  

 

2.2 Cell treatment 

 2.2.1 Fatty acid (FA)/bovine serum albumin (BSA) complexation  

 A 10% stock solution of fatty acid-free bovine serum albumin (BSA) (Calbiochem) 

was prepared by dissolving BSA powder in 10% FBS containing MEM at room 

temperature. 

A 100 mM stock solution of palmitate (16:0) (Sigma-Aldrich) was prepared by 

dissolving palmitate in 100% ethanol at 60ºC. This solution was then added to BSA stock 

solution, and was left stirring for 2 hours at room temperature. Afterwards, the solution 

was filtered through a 0,45 m filter in a flow chamber, and stored at -20 ºC in 2 mL-

aliquots in a final concentration of 5 mM. 
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 2.2.2 Metabolic stressor treatment 

 Twelve hours before the treatment, the medium was replaced with FBS-free 

MEM. The cells were then incubated with either vehicle (BSA) or metabolic stressors 

(palmitate, high glucose or glucosamine) for 24h.  

 

 2.2.3 Insulin stimulation 

 Following treatment with either BSA or palmitate, HepG2 cells were acutely 

stimulated with insulin (Humalog). To this end, cells were equilibrated in PBS for 15 

minutes and insulin was subsequently added for 15 minutes at different concentrations 

(10, 100 and 100 nM), or at the concentration of 100 nM for different time points (0, 5, 

15 and 30 minutes).  

 

 2.2.4 Alamar Blue cell viability assay 

 Following treatments, cells were incubated with resazurin (0.1 mg/mL), the 

active ingredient of Alamar Blue, for 1 hour at 37ºC in a CO2 incubator, in FBS-free MEM. 

Afterwards, the supernatant was transferred into 96 multi-well plates and absorbance 

was read at both 570 and 600 nm wavelengths. Viability is determined by the difference 

between the 570 and 600 nm wavelengths and is presented as percentage of the control 

group. 

 

 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

29 
 

2.3 Determination of intracellular lipid content 

 2.3.1 Oil Red O staining 

  2.3.1.1 Lipid staining 

The intracellular lipid content was evaluated by Oil Red O (ORO), which stains 

neutral lipids, as previously described [97]. Briefly, control and treated cells were 

washed twice with PBS and then fixed for 1 hour with buffered 4% paraformaldehyde 

(PFA). Afterwards, cells were washed twice with distilled water and stained for 1 hour 

at room temperature with Oil Red O ((Sigma Aldrich, 0,625% in isopropanol) diluted 

60:40 distilled water, filtered). Cells were then washed three to five times with distilled 

water to remove excess dye.  

 

  2.3.1.2 Image acquisition 

 After the Oil Red O staining, cells were counterstained with hematoxylin 

solution modified according to Gill III (Merck) to stain the nuclei, and then washed with 

distilled water. Coverslips were then mounted onto slides (Thermo Fisher Scientific) 

using Mowiol mounting medium (Thermo Fisher Scientific), and were left to air dry for 

3 days. Transmitted light images were acquired with an Axio Imager Z2 microscope 

(Zeiss) with 20x and 40x objectives (Zeiss). 

 

  2.3.1.3 Spectrophotometric quantification 

 In order to quantify the amount of stained lipids, 1 mL of dimethyl sulfoxide 

(DMSO) was added into the wells and left gently stirring for 10 minutes. The eluted dye 
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was then transferred into a 96-well plate and the absorbance was read at a wavelength 

of 520 nm. Absorbance results are presented as percentage of the control group.  

 

2.4 Generation of SIRT2-silenced or overexpressing 

HepG2 cells 

 Lentiviral construction, production and cell infection was done as previously 

described [98]. To accomplish SIRT2 knockdown, HepG2 cells were infected with 

lentiviral vectors containing either a short hairpin for a random sequence with a 

sequence for GFP expression (cells referred to as shCTRL), or for SIRT2 (cells referred to 

as shSIRT2). To achieve SIRT2 constitutive overexpression, HepG2 cells were infected 

with lentiviral vectors containing a GFP sequence (cells referred to as GFP) or SIRT2 (cells 

referred to as SIRT2). Infected cells were exposed to either vehicle or palmitate for 24 

hours. 

 

2.5 Protein analysis 

2.5.1 Protein extraction 

 Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer, containing 50 

mM Tris, 150 mM sodium chloride (NaCl), 5 mM EGTA, 1% (v/v) Triton X-100, 0.5% (w/v) 

deoxycholate (DOC), 0.1% (w/v) sodium dodecyl sulphate (SDS), supplemented with 

complete mini protease inhibitor cocktail tablet (Roche Diagnostics), 1 mM sodium 

orthovanadate (NaVO4), 1 mM dithiothreitol (DTT), 10 mM sodium fluoride (NaF), 200 
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M phenylmethylsulfonylfluoride (PMSF) and 10 mM nicotinamide (NAM). Cells were 

then scraped using plastic scrapers, and transferred to 1.5 mL eppendorfs. The 

eppendorfs were kept on ice for 30 minutes, vortexing each 10 minutes to promote cell 

lysis, and afterwards were centrifuged at 13.000 rpm for 30 minutes at 4ºC. The 

supernatant was collected and protein concentration was assessed using the 

bicinchoninic acid (BCA) method. The samples were denatured with 6x concentrated 

sample buffer (0.5 M Tris-HCl, pH 6.8; 30% (v/v) glycerol; 10% (w/v) SDS; 0.6 M DTT; 

0.01% (w/v) bromophenol blue), and heated at 95ºC for 5 minutes. Samples were then 

stored at -20ºC until further use. 

 

 2.5.2 SDS-Page and Western Blotting 

 Proteins (30-50 µg) were resolved by SDS-PAGE using 10% polyacrylamide gels. 

The electrophoresis run was performed in a Tris-Bicine running buffer (25 mM Tris; 25 

mM Bicine; 1% (w/v) SDS; pH 8.3), at 70V for the first 10 minutes, and 120-140V for 2 

hours, until appropriate separation of the bands of the molecular weight standard. This 

was followed by an electro-transfer to PVDF membranes, that were pre-activated in 

methanol (45 seconds), distilled water (5 minutes) and CAPS transfer buffer (5 minutes,) 

in CAPS transfer buffer (10 mM CAPS; pH 11.0; 10% (v/v) methanol) for 2 hours in a 

constant current of 1000 mA. Membranes were then blocked for 1 hour with blocking 

buffer (5% non-fat dry milk or 5% bovine serum albumin in Tris buffered saline (20 mM 

Tris; 137 mM NaCl; pH 7.6) with 0.1% TWEEN-20), followed by overnight incubation at 

4ºC with the corresponding primary antibodies (Table 1). The membranes were 

subsequently incubated for 1 hour with the corresponding alkaline secondary goat anti-
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rabbit or anti-mouse antibody. Proteins were visualized using enhanced 

chemifluorescence substrate (ECF, GE Healthcare) and scanned using VersaDoc (Bio 

Rad). Results of the western blot were normalized using the bands of β-tubulin, total 

Akt, IRE1 or eIF2α. Western blots were analyzed by densitometry using Quantity One 

software (Version 4.6.6; Bio Rad). 

Table 3. List of primary antibodies used in Western blotting analysis.  

Antibody Host/Clonality Dilution Reference 

Anti-SIRT2 Rabbit polyclonal 1:1000 Sigma S8447 

Anti-pAkt (ser473) Rabbit polyclonal 1:1000 Cell Signaling 9271S 

Anti-Akt Rabbit polyclonal 1:1000 Cell Signaling 9272S 

Anti-pIRE1α (ser724) Rabbit polyclonal 1:1000 Abcam S724 

Anti-IRE1α Rabbit polyclonal 1:1000 Cell Signaling 14C10 

Anti-peIF2α (ser51) Rabbit polyclonal 1:1000 Cell Signaling D968 

Anti-eIF2α Rabbit polyclonal 1:1000 Cell Signaling D7D3 

Anti-acetyl-lysine Rabbit polyclonal 1:1000 Cell Signaling 9441S 

Anti-β-tubulin Mouse monoclonal 1:10000 Sigma T6074 

 

2.6 Flow cytometry 

 Infected cells were cultured and harvested for flow cytometric quantification of 

infection efficiency of both vectors encoding SIRT2 silencing and overexpression as 

previously described [99, 100]. Flow cytometry analysis was assessed by fluorescence-

activated cell sorting (FACS) using the Cell Quest software, acquiring 20-25000 events 

per condition, and sorted by GFP emission. The percentage of GFP-positive cells and 
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average fluorescent intensities in the control groups were observed in fluorescence 

histograms, and corresponded to the percentage of both SIRT2 silencing and 

overexpressing HepG2 cells. 

 

2.7 Statistical analysis 

 Data are expressed as mean SEM, and differences between two groups were 

analyzed using unpaired non-parametrics Student’s t-test, being P<0.05 considered 

significant. All statistical analysis was performed using GraphPad Prism Software 

(Version 7.0; GraphPad). 
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 3.1 Palmitate induces lipid accumulation in HepG2 

cells 

 To investigate whether the increased hepatic lipid accumulation observed in 

SIRT2-KO mice was due to the loss of SIRT2 expression, an in vitro model of hepatic 

steatosis was established using human hepatic HepG2 cells [101-103]. Cells were treated 

with three different metabolic stressors (palmitate, glucosamine and high glucose) and 

lipid deposition was assessed by Oil Red O staining, using both microscopic analysis and 

spectrophotometric quantification (Fig. 6A and B). For the control group, we compared 

both Serum-only treatment with BSA and saw no differences regarding lipid deposition 

(Data not shown). Therefore, BSA was used as a control reference. We observed 

increased intracellular lipid deposition after palmitate treatment (~40% increase, 

p<0.05), whereas the other stressors tested did not significantly affect lipid 

accumulation. To rule out potential cytotoxic effects, cell viability was determined (Fig. 

6C). None of the treatments caused a significant decrease in cell viability. Palmitate was 

therefore selected to induce lipid accumulation.  

 We then analyzed the effect of two different concentrations of palmitate (0.5 

and 1 mM) on lipid accumulation and cell viability. Both palmitate concentrations 

increased significantly lipid deposition compared to the control group (0.5 mM: ~45% 

increase, p<0.05; 1 mM: ~65% increase, p<0.01) (Fig.6 D and E). However, cell viability 

assays demonstrated that the higher concentration of palmitate caused significant 

cytotoxicity, whereas the lower concentration did not affect significantly cell viability 

(Fig.6 F). 
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Figure 6. Lipid deposition and cell viability analysis in HepG2 cells exposed 
to different metabolic stressors. (A) Representative images of Oil Red O (ORO)-
stained HepG2 cells, which were incubated with vehicle (BSA), palmitate (0.5 mM), 
glucosamine (20 mM) or high glucose (30 mM) for 24h. (B) Spectrophotometric 
analysis of stained lipids. (C) Alamar Blue assay for cell viability. (D) Representative 
images of ORO-stained HepG2 cells exposed to palmitate (0.5 or 1 mM) for 24h. (E) 
Spectrophotometric evaluation of stained lipids. (F) Alamar Blue assay for cell 

viability. Scale bar represents 25 µm. Results are presented as meanSEM. Each 
experiment was performed in triplicate and repeated at least three times 
(n=3/group). *p<0.05, **p<0.01 compared to control (BSA). 
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 We therefore selected palmitate at a concentration of 0.5 mM to induce hepatic 

steatosis in vitro in subsequent assays. 

 Insulin resistance is strongly associated with increases in hepatic lipid content 

[54]. Furthermore, treatment of hepatocytes with palmitate is known to compromise 

the insulin signaling pathway. To further characterize the hepatic steatosis model, 

insulin signaling pathway was analyzed by western blotting, by measuring the levels of 

phosphorylated Akt as a readout. Vehicle (BSA) and palmitate treated HepG2 cells were 

stimulated with insulin at different time points (Fig.7A and B) and different 

concentrations (Fig.7C and D).  

 

Figure 7. Effect of palmitate on the insulin signaling pathway in HepG2 cells. (A) HepG2 
cells were incubated with either BSA or palmitate for 24h, and then acutely stimulated with 
insulin (100 nM) at multiple time points (0, 5, 15, 30 min), followed by western blot analysis of 
pAkt Ser473 and total Akt levels. (B) p-Akt levels were normalized for total Akt, and the ratios 
were quantified. (C) Representative immunoblot from HepG2 cells incubated with either BSA or 
palmitate for 24h and then acutely stimulated with insulin (15 min), at different concentrations 
(0, 10, 100 and 1000 nM). (D) p-Akt levels were normalized for total Akt, and the ratios were 

quantified. Results are presented as meanSEM. Each experiment was performed in triplicate 
and repeated at least three times (n=3/group). *p<0.05 compared to control (BSA). 
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 The expression levels of phosphorylated Akt in palmitate-treated cells compared 

to vehicle was significantly decreased, both after 15 minutes of insulin exposure (5~ fold 

decrease, p<0.05) and at a concentration 100 nM (~15 fold decrease, p<0.05). In 

conclusion, palmitate exposure impaired the insulin signaling pathway, suggesting 

insulin resistance, characteristic of lipid overload in hepatocytes.  

 

3.2 SIRT2 protein levels are downregulated in 

steatotic hepatocytes 

 In order to assess the influence the effects of lipid accumulation on protein 

acetylation, HepG2 cells were treated with 0.5 mM palmitate for 24 hours. Through 

western blot analysis, using levels of acetyl-lysine, we observed a significant increase in 

protein acetylation compared to vehicle (~35%, p<0.05) (Fig. 8A and B). A specific band 

at ~25 kDa was also analyzed, as it seemed to be the most altered region and it was also 

significantly more acetylated upon palmitate treatment (~30% increase, p<0.05) (Fig. 

8C). These results showed a significant increase in protein acetylation in cells exposed 

to palmitate, suggesting downregulation of sirtuin activity and/or expression. Therefore, 

we analyzed SIRT2 protein expression levels in the same conditions, revealing a 

significant decrease compared to the vehicle treatment (~40% decrease, p<0.01) (Fig.8D 

and E). 
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Figure 8. Effect of palmitate on protein acetylation and SIRT2 expression levels. (A) 
Total protein acetylation was assessed by anti-acetyl-lysine western blotting on HepG2 cells 
incubated with either BSA or palmitate for 24h. (B) Levels of lysine acetylated proteins were 
normalized with levels of β-tubulin in the same lane. (C) Levels of lysine acetylated proteins of 
region A were normalized to the levels of β-tubulin in the same lane. (D) Representative 
immunoblot showing SIRT2 expression levels. β-tubulin was used as a loading control. (E) SIRT2 
levels were normalized to the levels of β-tubulin in the same lane. Results are presented as 

meanSEM. Each experiment was performed in triplicate and repeated at least three times 
(n=3/group). * p<0.05, ** p<0.01 compared to control (BSA). 

 

 

Collectively, these results indicate that increased lipid accumulation in 

hepatocytes is associated with SIRT2 downregulation. 
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3.3 SIRT2 silencing induces lipid accumulation 

 To establish a causal relationship between SIRT2 expression levels and the 

regulation of hepatic lipid accumulation, we produced HepG2 cells in which SIRT2 was 

silenced or overexpressed by using lentiviral vectors. 

 To determine which short hairpin sequence for SIRT2 would be more effective in 

silencing SIRT2 levels,  three different human promoters (H1, H2 and H3), with the same 

short hairpin sequence for SIRT2, were screened by transfecting HEK293 cells and SIRT2 

expression analyzed by western blot (Fig. 9A and B). Both H2 and H3 led to ~50% 

reduction of SIRT2 levels. The selected promoter was H3, which has been previously 

reported to effectively silence SIRT2 in HEK293 and HCT116 cells [104]. 

 HepG2 cells were infected with either a short hairpin for a random sequence, 

also encoding for GFP (shCTRL cells), or a short hairpin sequence targeting SIRT2. The 

efficiency of SIRT2 silencing was assessed through western blotting analysis, showing 

~50% decrease in SIRT2 protein expression (Fig. 9C and D). 

The percentage of infected cells was evaluated by Fluorescence Applied Cell 

Sorting (FACS) analysis, where both cells infected with a short hairpin for a random 

sequence (shCTRL) and with a short hairpin for SIRT2 (shSIRT2) were counted for GFP 

emission (M2 range) (Fig. 9E and F), as previously described [100]. The use of GFP as 

reporter of cell infection in shCTRL cells, will correspond to the percentage of cells 

infected with shSIRT2. The GFP percentage of shCTRL cells was ~61%, and thereby, 

corresponds to the percentage of cells infected with shSIRT2. To rule out unspecific 

signal, FACS analysis from both cell types was overlapped, showing a specific GFP signal 

in shCTRL cells (Fig. 9G). 
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Figure 9. Efficiency of SIRT2-silencing vector in HepG2 cells. (A) HEK293 cells were transfected 
with three plasmids containing different human promoters to silence SIRT2. (B) SIRT2 levels 
were normalized to the levels of β-tubulin in the same lane. (C) Representative immunoblot of 
HepG2 cells infected with lentiviruses expressing either a shRNA control (shCTRL) or SIRT2 
shRNA (shSIRT2). (D) SIRT2 levels were normalized to the levels of β-tubulin in the same lane. 
FACS was used to count shCTRL-infected (E) and shSIRT2-infected (F) HepG2 cells, by quantifying 
GFP-positive cells. (G) Spectral overlap of both cell types. 
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Taking into account the deacetylase function of SIRT2, global protein acetylation 

status was analyzed in shCTRL- and shSIRT2-infected HepG2 cells treated with vehicle or 

palmitate for 24 hours (Fig. 10A and B). Palmitate treatment induced a significant 

increase in global protein acetylation of both shCTRL (~30%, p<0.05) and shSIRT2 cells 

(~30%, p<0.05), compared to their respective vehicle. We further analyzed the specific 

region ~25 kDa, and the patterns in both groups were similar (Fig. 10C).   

 

Figure 10. Global acetylation status of SIRT2-silenced HepG2 cells. (A) Total protein 
acetylation was assessed through western blotting of shCTRL and shSIRT2 HepG2 cells incubated 
with either BSA or palmitate for 24h. (B) Levels of lysine acetylated proteins were normalized 
with levels of β-tubulin in the same lane. (C) Levels of lysine acetylated proteins of region A were 
normalized to the levels of β-tubulin in the same lane. The black dotted line divides the lanes 

that were cropped from the same membrane. Results are presented as mean SEM. Each 
experiment was performed in triplicate and repeated at least three times (n=3/group). * p<0.05, 
** p<0.01 compared to control (shCTRL BSA). 
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 To test our hypothesis that reduced SIRT2 levels in HepG2 cells may promote 

dysregulation in hepatic lipid homeostasis, Oil Red O staining was performed in both 

shCTRL and shSIRT2 cells treated with vehicle or palmitate. Microscopic analysis 

demonstrated more lipid droplets in shSIRT2 cells in basal conditions, similar to shCTRL 

cells exposed to palmitate (Fig. 11A). The spectrophotometric quantification revealed a 

significant increase in lipid deposition in shSIRT2-infected HepG2 cells in basal conditions 

(~50% increase, p<0.05). However, no significant changes in lipid accumulation were 

observed after palmitate treatment (shCTRL: 100% increase; shSIRT2: 110% increase) 

(Fig. 11B). Cell viability was also evaluated to rule out possible cytotoxicity from both 

palmitate treatment and SIRT2-silencing. No treatment caused significant cytotoxicity 

(Fig. 11C). 
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Figure 11. Analysis of lipid deposition and cell viability in SIRT2-silenced HepG2 cells. 
(A) Representative images of Oil Red O (ORO)-stained shCTRL and shSIRT2 HepG2 cells, which 
were incubated with either BSA or palmitate for 24h. (B) Spectrophotometric analysis of stained 
lipids. (C) Alamar Blue assay for cell viability. Scale bar represents 25 µm. Results are presented 

as mean SEM. Each experiment was performed in triplicate and repeated at least three times 
(n=3/group). * p<0.05 compared to control (shCTRL BSA). 

 

 SIRT2 silencing promotes increased lipid accumulation in hepatocytes under 

basal conditions, similar to the in vivo findings in SIRT2-KO mice [96]. This finding 

suggests a crucial role for SIRT2 in the regulation of hepatic lipid content. 
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 3.4 SIRT2 overexpression prevents hepatic lipid 

accumulation 

 To assess whether SIRT2 could have a protective role regarding hepatic lipid 

accumulation, HepG2 cells were infected with either GFP (GFP)- or SIRT2 (SIRT2)-

overexpressing lentiviral vectors. Overexpression was confirmed through western 

blotting analysis, and both GFP and SIRT2 signal demonstrated a clear efficiency of 

vector overexpression (Fig. 12A).   

GFP was again used as an indicator of viral infection. GFP fluorescence was 

quantified using FACS (Fig. 12B and C) and the measured percentage of ~66% in the 

control group corresponds to the percentage of SIRT2-overexpressed cells. To rule out 

unspecific signal, FACS analysis from both cell types was overlapped, showing a specific 

GFP signal in the control cells (Fig. 12D). 
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Figure 12. Efficiency of SIRT2-overexpressing vector in HepG2 cells. (A) Representative 
immunoblot of HepG2 cells infected with lentiviruses expressing either GFP (GFP) or SIRT2 
(SIRT2). FACS was used to count GFP-infected (B) and SIRT2-infected (C) cells, by quantifying 
GFP-positive cells. (D) Spectral overlap of both cell types. 

 
 

 Protein acetylation of both GFP- and SIRT2-overexpressing cells was also 

analyzed as previously (Fig. 13). Western blot analysis demonstrated that palmitate-

induced hyper acetylation is attenuated by SIRT2 overexpression (Fig.13A and B). 

Moreover, the 25 kDa region was significantly less acetylated in the SIRT2-
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overexpression group compared to the GFP group, both under vehicle (~70% decrease, 

p<0.001) or palmitate (~200% decrease, p<0.001) conditions (Fig. 13C).  

 

Figure 13. Global acetylation status of SIRT2-overexpressing HepG2 cells. (A) Total 
protein acetylation was assessed through western blotting on both GFP and SIRT2 HepG2 cells 
incubated with either BSA or palmitate for 24h. (B) Levels of lysine acetylated proteins were 
normalized with levels of β-tubulin in the same lane. (C) Levels of lysine acetylated proteins of 
region A were normalized to the levels of β-tubulin in the same lane. The black dotted line 
divides the lanes that were cropped from the same membrane. Results are presented as mean 

SEM. Each experiment was performed in triplicate and repeated at least three times 
(n=3/group). * p<0.05, ** p<0.01, *** p<0.001 compared to control (GFP BSA). 

 

 Collectively, these results may suggest a SIRT2 target involved in hepatic lipid 

metabolism regulation 

 

The lipid analysis of both GFP and SIRT2-overexpressing cells was performed with 

ORO staining (Fig.14A). Spectrophotometric quantification demonstrated that SIRT2 

overexpression prevented palmitate-induced intracellular lipid accumulation, as 
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compared to GFP-overexpressing cells (~80% decrease, p<0.05) (Fig. 14B). No significant 

changes in cell viability were observed for all the conditions tested (Fig. 14C). 

 

Figure 14. Analysis of lipid deposition and cell viability in SIRT2-overexpressing HepG2 
cells. (A) Representative images of ORO staining in both GFP and SIRT2 HepG2 cells, incubated 
for 24 hours with either BSA or palmitate. (B) Spectrophotometric analysis of stained lipids. (C) 
Alamar Blue assay for cell viability. Scale bar represents 25 µm. Results are presented as mean 

SEM. Each experiment was performed in triplicate and repeated at least three times 
(n=3/group). * p<0.05 compared to control (GFP BSA). 

 

 These results further suggest a role for SIRT2 in maintaining hepatic lipid 

homeostasis, as SIRT2 overexpression protected from hepatic lipid overload. 
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 3.5 Palmitate induces endoplasmic reticulum stress 

Endoplasmic reticulum (ER) stress has been described to be upregulated in 

hepatic steatosis [66]. Moreover, HepG2 cells incubated with palmitate have been 

demonstrated to activate ER stress, and ER stressors have been shown to promote lipid 

accumulation [63] [66]. Therefore, the ER stress may be an underlying mechanism of 

hepatic lipid overload.  

We therefore analyzed the levels of phosphorylated and total forms of IRE1 and 

eIF2α, well-known ER stress markers, in HepG2 cells treated for 24 hours with either 

vehicle or palmitate. Western blot analysis showed that palmitate induced significantly 

more phosphorylation of IRE1 (~25% increase, p<0.01) comparing to control (Fig.15A 

and B). Levels of phosphorylated eIF2α were also significantly higher upon palmitate 

exposure (~30% increase, p<0.05) compared to the control (Fig. 15C and D).  
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Figure 15. Effect of palmitate on the expression of ER stress markers. (A) HepG2 cells 

were incubated for 24h with either BSA or palmitate, followed by western blot analysis of pIRE1 

Ser724 and total IRE1. (B) pIRE1 levels were normalized for total IRE1 in the same lane, and the 

ratios were quantified. (C) Representative immunoblot of peIF2α Ser51 and total eIF2α. (D) p-

eIF2α levels were normalized for total eIF2α in the same lane, and the ratios were quantified. 

The black dotted line divides the lanes that were cropped from the same membrane. Results are 

presented as meanSEM. Each experiment was performed in triplicate and repeated at least 

three times (n=3/group). * p<0.05, ** p<0.01 compared to control (BSA). 

 

Collectively, these results suggest an activation of ER stress upon lipid overload, 

characteristic of hepatic steatosis.  
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3.6 SIRT2 silencing induces ER stress 

 To establish a link between lipid deposition, SIRT2 levels and ER stress, shCTRL 

and shSIRT2-infected HepG2 cells were incubated for 24 hours with either vehicle 

palmitate followed by assessment of ER stress markers. 

Western blot analysis demonstrated a significant increase in the levels of 

phosphorylated IRE1 in shSIRT2 cells in basal conditions (~10%, p<0.05), when compared 

to shCTRL cells treated with vehicle. Palmitate exposure in shSIRT2 cells did not cause a 

significant increase in the phosphorylation of IRE1 when compared to the vehicle 

treatment (Fig. 16A and B). Phosphorylation of eIF2α followed a similar pattern, as there 

was a trend for an increased phosphorylation of shSIRT2 cells under basal conditions 

(p=0.06) compared to the control group (Fig. 16C and D).  
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Figure 16. Expression of ER stress markers in SIRT2-silenced HepG2 cells. (A) Both 
shCTRL and shSIRT2 infected HepG2 cells were incubated with either BSA or palmitate for 24h, 
followed by western blot analysis of pIRE1 Ser724 and total IRE1. (B) pIRE1 levels were 
normalized for total IRE1 in the same lane, and the ratios were quantified. (C) Representative 
immunoblot of, and peIF2α Ser51 and total eIF2α. (D) peIF2α levels were normalized for total 
eIF2α in the same lane, and the ratios were quantified. The black dotted line divides the lanes 

that were cropped from the same membrane. Results are presented as meanSEM. Each 
experiment was performed in triplicate and repeated at least three times (n=3/group). * p<0.05, 
** p<0.01 compared to control (shCTRL BSA). 

 

Overall, these results demonstrate that SIRT2 silencing in HepG2 cells promotes 

ER stress, concomitant with the higher lipid deposition displayed in these cells. 

Therefore, the data suggests a putative role for SIRT2 and ER stress activation. 
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 3.7 SIRT2 overexpression attenuates palmitate-

induced ER stress 

 Having shown that ER stress is activated as a result of SIRT2 silencing, we also 

wanted to assess if SIRT2 overexpression attenuates ER stress.  

Therefore, both GFP and SIRT2-overexpressing HepG2 cells were exposed for 24 

hours to either vehicle or 0.5 mM palmitate. SIRT2 overexpression did not promote 

differences in the levels of phosphorylated IRE1 when compared to the control group, 

as it prevented palmitate effect on IRE1 phosphorylation (Fig.17A and B). SIRT2 

overexpression also prevented eIF2α phosphorylation induced by palmitate (~45%, 

p<0.01) compared to GFP cells (Fig.17C and D). 

 

Figure 17. Expression of ER stress markers in SIRT2-overexpressing HepG2 cells. (A) 

Both GFP and SIRT2 infected HepG2 cells were incubated with either BSA or palmitate for 24h, 
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followed by western blot analysis of pIRE1 Ser724 and total IRE1. (B) pIRE1 levels were 

normalized for total IRE1 in the same lane, and the ratios were quantified. (C) Representative 

immunoblot of, and peIF2α Ser51 and total eIF2α. (D) p-eIF2α levels were normalized for total 

eIF2α in the same lane, and the ratios were quantified. The black dotted line divides the lanes 

that were cropped from the same membrane. Results are presented as meanSEM. Each 

experiment was performed in triplicate and repeated at least three times (n=3/group). * p<0.05, 

** p<0.01, *** p<0.001 compared to control (GFP BSA). 

 

Overall, these set of results demonstrated a link between SIRT2 and hepatic lipid 

homeostasis. We could observe a decrease in SIRT2 levels upon lipid overload, as SIRT2 

silencing promoted lipid over accumulation, in contrast to SIRT2 overexpression, that 

attenuated hepatocytes steatosis induced by palmitate. Moreover, we observed a novel 

link between SIRT2 levels and ER stress activation, as this mechanism may be regulated 

by SIRT2 to promote hepatic lipid homeostasis. 
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SIRT2, the primarily cytosolic isoform of the sirtuin family of NAD+-dependent 

deacetylases, has recently emerged as a key player in the regulation of mammalian 

metabolism, linked to both glucose and lipid metabolism. However, there is no 

evidence that SIRT2 may participate in the regulation of hepatic lipid metabolism and 

no link has been established between the protein and non-alcoholic fatty liver disease 

(NAFLD)[72]. Preliminary data from our group suggested a connection between SIRT2 

and hepatic lipid homeostasis, as SIRT2-KO mice had a predisposition to develop 

metabolic syndrome and hepatic steatosis [95] [96]. Therefore, the present study was 

designed to investigate the putative role of SIRT2 as a regulator of hepatic lipid 

homeostasis. 

In the present work, we show that SIRT2 has a regulatory function on hepatic 

lipid homeostasis by modulating the activation of ER stress. Therefore, in this study, we 

established an in vitro model of hepatic steatosis by using HepG2 cells treated with the 

saturated fatty acid palmitate to study hepatic lipid overload, as it induced significant 

lipid deposition (Fig. 6), and compromised insulin signaling pathway, evidenced by the 

lower phosphorylation levels of Akt (Fig. 7), concomitant with the insulin resistant states 

of the pathology [46].  SIRT2 levels were shown to be decreased upon lipid overload (Fig. 

8), suggesting SIRT2 to be downregulated as a consequence of dysregulated lipid 

metabolism. Therefore, by modulating SIRT2 levels, we observed that SIRT2 silencing 

promoted a predisposition for steatosis in basal conditions (Fig. 11), evidenced by the 

high lipid deposition observed, in contrast to SIRT2 overexpression, which attenuated 

the lipid overload induced by palmitate exposure (Fig. 14). Overall, the present study 

demonstrates that SIRT2 exerts a crucial role in maintaining hepatic lipid homeostasis, 
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and this function is loss by SIRT2 downregulation-derived from lipid overload in 

hepatocytes.  

Based in our findings and previous literature, we suggest that SIRT2 may maintain 

hepatic lipid homeostasis by regulating both de novo lipogenesis and fatty acid β-

oxidation. Preliminary in vivo data suggested a trend for an increase in the hepatic 

expression of SREBP-1c, the master regulator for lipogenesis, in SIRT2-KO mice, 

compared to the WT group, on both CD and HFD, concomitant with increased lipid 

accumulation in the liver of these animals [96]. Similar findings have been previously 

obtained for SIRT1 in hepatic lipid metabolism, by both deacetylating and inhibiting 

SREBP-1c activity [105]. Therefore, SREBP-1c deacetylation by SIRT2 may be a 

mechanism towards hepatic lipid homeostasis. In addition, SIRT2 has been described to 

regulate mitochondrial function and biogenesis, as PGC-1α, a master regulator of 

mitochondrial function and fatty acid β-oxidation, has been identified as a SIRT2 target 

in mammalian cells [79, 104]. Additionally, SIRT2 ablation in mice has been shown to 

promote an increase in oxidative stress and to compromise mitophagy, as well as 

mitochondrial function, leading to dysregulation of lipid metabolism [106]. Therefore, 

the downregulation of SIRT2 in HepG2 cells may have caused dysregulation of hepatic 

lipid metabolism by overstimulating SREBP-1c and lipogenesis, as well as promoting 

mitochondrial dysfunction, repressing PGC-1a and fatty acid oxidation, whereas SIRT2 

overexpression promoted metabolic homeostasis. Collectively, SIRT2 might regulate 

hepatic lipid metabolism, by regulating lipogenesis by deacetylating and inactivating 

SREBP-1c, and fatty acid oxidation by targeting PGC-1a and consequentially maintain 

mitochondrial function. 
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 Fatty acids in liver cells suffer esterification and are converted into triglycerides 

(TG), and these molecules in physiological conditions are secreted from hepatocytes in 

the form of very low density lipoproteins (VLDL) to avoid over accumulation [107]. 

Palmitate-induced lipid accumulation and insulin resistance have been reported to 

downregulate VLDL secretion [108]. Therefore, the observed high levels of intracellular 

lipids may correspond to the excessive accumulation of intracellular VLDL and loss of 

this secretory function. SIRT1 was also implicated to regulate VLDL secretion in previous 

studies, as heterozygous mice had a decrease in the liver export of TG [109]. 

Furthermore, SIRT2 may also regulate lipid homeostasis in the liver by maintaining VLDL 

secretion, and preventing TG accumulation in hepatocytes. This possibility should be 

addressed in future studies, by evaluating the content of VLDL in the media in both 

shSIRT2 and SIRT2-overexpressed cells. 

 Previous reports showed that palmitate exposure in HepG2 cells induces ER 

stress activation, as lipid overload depletes the intra-ER calcium pools, and induces UPR-

like responses [63]. This was further confirmed in our cellular model of hepatic steatosis, 

in which IRE1 and eIF2α phosphorylation levels were significantly increased upon lipid 

overload (Fig. 15). The activation of ER stress has been linked to a dysregulation of 

hepatic lipid metabolism [110], as recent studies demonstrated that pharmacological 

activation of ER stress was linked to stimulate de novo lipogenesis, by activating SREBP-

1c transcription by the IRE1 pathway, coupled to the gene transcription promotion of 

enzymes in fatty acid synthesis, such as acetyl CoA carboxylase 2 (Acc2), diacylglycerol 

acyltransferase 2 (Dgat2) and stearoyl CoA desaturase 1 (Scd1) [110] [111]. 

Phosphorylation and activation of eIF2α was also correlated with the expression of this 

same set of lipogenic genes, as recent studies described the development of hepatic 
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steatosis of knock-out mice for a specific eIF2α phosphatase, GADD34 [112] [113] [114]. 

Other studies demonstrated the development of fatty livers upon pharmacological 

activation of ER stress in animals, coupled to a downregulation of fatty acid oxidation 

and mitochondrial dysfunction [115, 116]. Additionally, ER stress activation has been 

linked to a decrease in VLDL secretion, by inhibiting APOB100 expression, the main 

component of VLDLs, by activation of the PERK-eIF2α pathway [117].  

In comparison with control cells, SIRT2-silenced HepG2 cells had higher basal 

levels of ER stress, evidenced by the high phosphorylation of the two assessed markers 

(Fig. 16). This may suggest a novel link between SIRT2 downregulation, ER stress 

activation, and subsequent dysregulation in lipid accumulation. Importantly, SIRT2 

overexpression attenuated palmitate-induced ER stress activation (Fig. 17), suggesting 

the downregulation of ER stress as the mechanism to prevent lipid overload. SIRT7 was 

also reported to modulate ER stress activation upon lipid overload and prevent hepatic 

steatosis by repressing the transcription factor Myc, an activator of ER stress [118]. Myc 

was reported to activate the PERK/eIF2α pathway [119], and previous studies identified 

Myc as a SIRT2 target in cancer cells, for subsequent inactivation and degradation [120]. 

Overall, these findings suggest that SIRT2 hepatic regulatory functions may encompass 

the modulation of ER stress activation-derived from lipid overload in hepatocytes, and 

ultimately, our findings reveal that SIRT2 plays a role in the regulation of hepatic lipid 

homeostasis by downregulating ER stress activation. This hypothesis should be 

addressed in future studies by evaluating Myc activity upon SIRT2 level modulation. 

Finally, to assess if lipid overload would have any influence in sirtuin function, we 

analyzed the global acetylation patterns, as fatty acid chronic exposure was described 
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to cause protein hyperacetylation [121]. We observed that palmitate-treated HepG2 

cells had a significant increase in protein acetylation (Fig. 8), concomitant with the 

decrease in SIRT2 expression, suggesting loss of SIRT2 a consequence of dysregulated 

lipid homeostasis. Nevertheless, shSIRT2 HepG2 cells did not have any differences 

regarding the global acetylation patterns, and may indicate a compensatory mechanism 

of other sirtuins (Fig. 10). However, SIRT2 overexpression attenuated the observed 

hyperacetylated state in cells treated with palmitate (Fig. 13). The cofactor NAD+ is the 

main substrate for sirtuins, and is continuously synthesized in the cell in most redox 

metabolic pathways [122]. NAD+ was shown to be depleted in NAFLD and, as a 

consequence, to downregulate sirtuin function in NAFLD [122]. Nicotinamide, a 

precursor of NAD+, was recently shown to replenish NAD+-depleted pools, and 

upregulate SIRT1 expression and function to prevent ER stress activation and hepatic 

steatosis [123] [124]. Collectively, by promoting mitochondrial function, SIRT2 also 

contributes to the continuous NAD+ biosynthesis by promoting redox metabolism, and 

both preventing NAD+ depletion and promoting the deacetylation required for hepatic 

metabolic regulation. 

We additionally analyzed a specific region at ~25 kDa, as it was the most altered 

in HepG2 cells treated with palmitate. Although SIRT2 silencing did not promote 

differences in the acetylation of this area, SIRT2 overexpression attenuated the 

acetylation of this region. Overall, this may indicate a specific region of interest for SIRT2 

function, containing targets that may be related to the hepatic lipid regulation role 

displayed by SIRT2. Further studies require the analysis of the modifications in protein 

acetylation in this region in different subcellular organelles in order to confirm this 

hypothesis.  
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 Our ongoing studies are investigating whether pharmacological induction of ER 

stress modulates SIRT2 expression and function. Moreover, analysis of both gene and 

protein expression of other ER stress markers (CHOP or GRP78) [125], reported to be 

altered in NAFLD, and enzymes in the metabolic processes comprised in liver metabolic 

pathways and regulators such as SREBP-1c and PGC-1α, should be assessed in our 

models. Additionally, we are also investigating the expression of ER stress markers in 

liver samples of both WT and SIRT2-KO animals to further corroborate our hypothesis. 

The limitations of this study may comprise the SIRT2 silencing model using 

HepG2 cells. As the validation demonstrated, there was an intermediate infection 

percentage with the shSIRT2 lentiviral vector (Fig. 9), compared to the SIRT2 

overexpressed cells, which had a slightly higher infection percentage, however, 

displayed a more distinct effect in SIRT2 modulation (Fig. 12). Moreover, this partial 

silencing of SIRT2 may account for the absence of differences upon global protein 

acetylation, as well as the specific region near the 25 kDa. Nonetheless, the model 

demonstrated significance in the analysis of both lipid deposition and ER stress 

activation between cell groups, as it demonstrated that SIRT2 downregulation promotes 

higher rates of lipid overload and activation of ER stress at basal conditions. 

 The prevalence of metabolic disorders such as NAFLD has been increasing at an 

alarming rate [126] [15]. This condition is mainly characterized by a disruption in the 

hepatic lipid homeostasis and accounts for high mortality rates and increase in the surge 

for liver transplants, mainly due to the lack of available efficient therapeutics [11]. This 

work identifies SIRT2 as a regulator of hepatic lipid metabolism, as our findings 

demonstrate that SIRT2 overexpression attenuates lipid overload by preventing the 
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activation of ER stress-induced by the saturated fatty acid palmitate, highly abundant in 

the modern day diets. Future assessments should focus on the overexpression of SIRT2 

in the liver of NAFLD animal models. If successful, these studies may identify SIRT2 as 

potential novel pharmacological approach to effectively combat NAFLD. 
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The goal of the present study was to investigate the regulatory functions of 

SIRT2 on hepatic lipid metabolism. We show that lipid-overloaded hepatic cells exhibit 

decreased SIRT2 expression and function, associated with ER stress activation. SIRT2 

silencing revealed an increase in ER stress activation and lipid overload, whereas SIRT2 

overexpression attenuated ER stress activation and subsequently prevented lipid 

accumulation upon palmitate treatment. Further studies may encompass the effects of 

pharmacological ER activators on SIRT2 levels, in order to assess the possible 

modulation of ER stress activation on SIRT2 levels in hepatocytes, as well as the the 

assessment of ER stress markers in SIRT2-KO animals under both CD and HFD. 

Overall, our work demonstrated that the SIRT2-ER stress axis plays a crucial role 

in maintaining hepatic lipid homeostasis, thus revealing SIRT2 as a putative target to 

tackle fatty liver diseases, such as NAFLD. 

 

Figure 18. SIRT2 regulatory function on hepatic lipid metabolism. SIRT2 

downregulation resulted in higher lipid deposition, possibly through ER stress activation, 

whereas SIRT2 overexpression prevented palmitate-induced lipid overload by dampening ER 

stress activation.



Exploring the role of sirtuin 2 in lipid homeostasis  
 

71 
 

 

 

  



   

72 
 

 

 

 

 

 

 

 

 

 

 

 

References 
 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

73 
 

  



  References 

74 
 

 
1. Ponziani, F.R., et al., Physiology and pathophysiology of liver lipid metabolism. Expert 

Rev Gastroenterol Hepatol, 2015. 9(8): p. 1055-67. 

2. Kahn, S.E., R.L. Hull, and K.M. Utzschneider, Mechanisms linking obesity to insulin 

resistance and type 2 diabetes. Nature, 2006. 444(7121): p. 840-6. 

3. Huang, S. and M.P. Czech, The GLUT4 glucose transporter. Cell Metab, 2007. 5(4): p. 

237-52. 

4. Huang, S., et al., Insulin stimulates membrane fusion and GLUT4 accumulation in 

clathrin coats on adipocyte plasma membranes. Mol Cell Biol, 2007. 27(9): p. 3456-69. 

5. Kahn, B.B., Type 2 diabetes: when insulin secretion fails to compensate for insulin 

resistance. Cell, 1998. 92(5): p. 593-6. 

6. Taylor, S.I., Deconstructing type 2 diabetes. Cell, 1999. 97(1): p. 9-12. 

7. Greenberg, A.S. and M.S. Obin, Obesity and the role of adipose tissue in inflammation 

and metabolism. Am J Clin Nutr, 2006. 83(2): p. 461S-465S. 

8. Wang, Y.C., et al., Health and economic burden of the projected obesity trends in the 

USA and the UK. Lancet, 2011. 378(9793): p. 815-25. 

9. Vecchione, G., et al., The Nutraceutic Silybin Counteracts Excess Lipid Accumulation 

and Ongoing Oxidative Stress in an In Vitro Model of Non-Alcoholic Fatty Liver Disease 

Progression. Front Nutr, 2017. 4: p. 42. 

10. Orci, L.A., et al., Exercise-based Interventions for Nonalcoholic Fatty Liver Disease: A 

Meta-analysis and Meta-regression. Clin Gastroenterol Hepatol, 2016. 14(10): p. 1398-

411. 

11. Rinella, M.E., Nonalcoholic fatty liver disease: a systematic review. JAMA, 2015. 

313(22): p. 2263-73. 

12. Sattar, N., E. Forrest, and D. Preiss, Non-alcoholic fatty liver disease. BMJ, 2014. 349: p. 

g4596. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

75 
 

13. Buzzetti, E., M. Pinzani, and E.A. Tsochatzis, The multiple-hit pathogenesis of non-

alcoholic fatty liver disease (NAFLD). Metabolism, 2016. 65(8): p. 1038-48. 

14. Cohen, J.C., J.D. Horton, and H.H. Hobbs, Human fatty liver disease: old questions and 

new insights. Science, 2011. 332(6037): p. 1519-23. 

15. Arab, J.P., M. Arrese, and M. Trauner, Recent Insights into the Pathogenesis of 

Nonalcoholic Fatty Liver Disease. Annu Rev Pathol, 2018. 13: p. 321-350. 

16. Charlton, M.R., et al., Frequency and outcomes of liver transplantation for nonalcoholic 

steatohepatitis in the United States. Gastroenterology, 2011. 141(4): p. 1249-53. 

17. Varela-Rey, M., et al., Non-alcoholic steatohepatitis and animal models: understanding 

the human disease. Int J Biochem Cell Biol, 2009. 41(5): p. 969-76. 

18. Foufelle, F. and P. Ferre, New perspectives in the regulation of hepatic glycolytic and 

lipogenic genes by insulin and glucose: a role for the transcription factor sterol 

regulatory element binding protein-1c. Biochem J, 2002. 366(Pt 2): p. 377-91. 

19. Roden, M., Mechanisms of Disease: hepatic steatosis in type 2 diabetes--pathogenesis 

and clinical relevance. Nat Clin Pract Endocrinol Metab, 2006. 2(6): p. 335-48. 

20. Oem, J.K., et al., Activation of sterol regulatory element-binding protein 1c and fatty 

acid synthase transcription by hepatitis C virus non-structural protein 2. J Gen Virol, 

2008. 89(Pt 5): p. 1225-30. 

21. Timlin, M.T. and E.J. Parks, Temporal pattern of de novo lipogenesis in the postprandial 

state in healthy men. Am J Clin Nutr, 2005. 81(1): p. 35-42. 

22. Pais, T.F., et al., The NAD-dependent deacetylase sirtuin 2 is a suppressor of microglial 

activation and brain inflammation. EMBO J, 2013. 32(19): p. 2603-16. 

23. Goldberg, I.J., Lipoprotein lipase and lipolysis: central roles in lipoprotein metabolism 

and atherogenesis. J Lipid Res, 1996. 37(4): p. 693-707. 



  References 

76 
 

24. Redgrave, T.G., G.G. Vassiliou, and M.J. Callow, Cholesterol is necessary for 

triacylglycerol-phospholipid emulsions to mimic the metabolism of lipoproteins. 

Biochim Biophys Acta, 1987. 921(1): p. 154-7. 

25. Sekiya, M., et al., Hormone-sensitive lipase is involved in hepatic cholesteryl ester 

hydrolysis. J Lipid Res, 2008. 49(8): p. 1829-38. 

26. Herz, J., et al., Initial hepatic removal of chylomicron remnants is unaffected but 

endocytosis is delayed in mice lacking the low density lipoprotein receptor. Proc Natl 

Acad Sci U S A, 1995. 92(10): p. 4611-5. 

27. Tazoe, F., et al., Induction of ABCA1 by overexpression of hormone-sensitive lipase in 

macrophages. Biochem Biophys Res Commun, 2008. 376(1): p. 111-5. 

28. Wang, N., et al., Specific binding of ApoA-I, enhanced cholesterol efflux, and altered 

plasma membrane morphology in cells expressing ABC1. J Biol Chem, 2000. 275(42): p. 

33053-8. 

29. Song, Y.M., et al., Dimethyl sulfoxide reduces hepatocellular lipid accumulation through 

autophagy induction. Autophagy, 2012. 8(7): p. 1085-97. 

30. Schultz, J.R., et al., Role of LXRs in control of lipogenesis. Genes Dev, 2000. 14(22): p. 

2831-8. 

31. Tontonoz, P., et al., ADD1: a novel helix-loop-helix transcription factor associated with 

adipocyte determination and differentiation. Mol Cell Biol, 1993. 13(8): p. 4753-9. 

32. Eberle, D., et al., SREBP transcription factors: master regulators of lipid homeostasis. 

Biochimie, 2004. 86(11): p. 839-48. 

33. Diraison, F., et al., SREBP1 is required for the induction by glucose of pancreatic beta-

cell genes involved in glucose sensing. J Lipid Res, 2008. 49(4): p. 814-22. 

34. Shimomura, I., et al., Differential expression of exons 1a and 1c in mRNAs for sterol 

regulatory element binding protein-1 in human and mouse organs and cultured cells. J 

Clin Invest, 1997. 99(5): p. 838-45. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

77 
 

35. Shimomura, I., et al., Decreased IRS-2 and increased SREBP-1c lead to mixed insulin 

resistance and sensitivity in livers of lipodystrophic and ob/ob mice. Mol Cell, 2000. 

6(1): p. 77-86. 

36. Shulman, G.I., Cellular mechanisms of insulin resistance. J Clin Invest, 2000. 106(2): p. 

171-6. 

37. Shimano, H., SREBPs: physiology and pathophysiology of the SREBP family. FEBS J, 

2009. 276(3): p. 616-21. 

38. Watanabe, M., et al., Bile acids lower triglyceride levels via a pathway involving FXR, 

SHP, and SREBP-1c. J Clin Invest, 2004. 113(10): p. 1408-18. 

39. Shimano, H., [Ageing and metabolic syndrome]. Nihon Ronen Igakkai Zasshi, 2008. 

45(3): p. 299-301. 

40. Houten, S.M. and R.J. Wanders, A general introduction to the biochemistry of 

mitochondrial fatty acid beta-oxidation. J Inherit Metab Dis, 2010. 33(5): p. 469-77. 

41. Buzzai, M., et al., The glucose dependence of Akt-transformed cells can be reversed by 

pharmacologic activation of fatty acid beta-oxidation. Oncogene, 2005. 24(26): p. 

4165-73. 

42. Cherkaoui-Malki, M., et al., Hepatic steatosis and peroxisomal fatty acid beta-

oxidation. Curr Drug Metab, 2012. 13(10): p. 1412-21. 

43. Schreurs, M., F. Kuipers, and F.R. van der Leij, Regulatory enzymes of mitochondrial 

beta-oxidation as targets for treatment of the metabolic syndrome. Obes Rev, 2010. 

11(5): p. 380-8. 

44. Zechner, R., et al., Adipose triglyceride lipase and the lipolytic catabolism of cellular fat 

stores. J Lipid Res, 2009. 50(1): p. 3-21. 

45. Dressel, U., et al., The peroxisome proliferator-activated receptor beta/delta agonist, 

GW501516, regulates the expression of genes involved in lipid catabolism and energy 

uncoupling in skeletal muscle cells. Mol Endocrinol, 2003. 17(12): p. 2477-93. 



  References 

78 
 

46. Cohen, D.E. and E.A. Fisher, Lipoprotein metabolism, dyslipidemia, and nonalcoholic 

fatty liver disease. Semin Liver Dis, 2013. 33(4): p. 380-8. 

47. Lewis, G.F., et al., Hepatic lipase mRNA, protein, and plasma enzyme activity is 

increased in the insulin-resistant, fructose-fed Syrian golden hamster and is partially 

normalized by the insulin sensitizer rosiglitazone. Diabetes, 2004. 53(11): p. 2893-900. 

48. Lavoie, J.M. and M.S. Gauthier, Regulation of fat metabolism in the liver: link to non-

alcoholic hepatic steatosis and impact of physical exercise. Cell Mol Life Sci, 2006. 

63(12): p. 1393-409. 

49. Tzotzas, T., C. Desrumaux, and L. Lagrost, Plasma phospholipid transfer protein (PLTP): 

review of an emerging cardiometabolic risk factor. Obes Rev, 2009. 10(4): p. 403-11. 

50. Trauner, M., M. Arrese, and M. Wagner, Fatty liver and lipotoxicity. Biochim Biophys 

Acta, 2010. 1801(3): p. 299-310. 

51. Guo, L., et al., Acetylation of Mitochondrial Trifunctional Protein alpha-Subunit 

Enhances Its Stability To Promote Fatty Acid Oxidation and Is Decreased in 

Nonalcoholic Fatty Liver Disease. Mol Cell Biol, 2016. 36(20): p. 2553-67. 

52. Bechmann, L.P., et al., The interaction of hepatic lipid and glucose metabolism in liver 

diseases. J Hepatol, 2012. 56(4): p. 952-64. 

53. Suzuki, A. and A.M. Diehl, Nonalcoholic Steatohepatitis. Annu Rev Med, 2017. 68: p. 

85-98. 

54. Tessari, P., et al., Hepatic lipid metabolism and non-alcoholic fatty liver disease. Nutr 

Metab Cardiovasc Dis, 2009. 19(4): p. 291-302. 

55. Krishnan, J., et al., Dietary obesity-associated Hif1alpha activation in adipocytes 

restricts fatty acid oxidation and energy expenditure via suppression of the Sirt2-NAD+ 

system. Genes Dev, 2012. 26(3): p. 259-70. 

56. Baiceanu, A., et al., Endoplasmic reticulum proteostasis in hepatic steatosis. Nat Rev 

Endocrinol, 2016. 12(12): p. 710-722. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

79 
 

57. Christen, V., N. Meili, and K. Fent, Microcystin-LR induces endoplasmatic reticulum 

stress and leads to induction of NFkappaB, interferon-alpha, and tumor necrosis factor-

alpha. Environ Sci Technol, 2013. 47(7): p. 3378-85. 

58. Zheng, Z., C. Zhang, and K. Zhang, Role of unfolded protein response in lipogenesis. 

World J Hepatol, 2010. 2(6): p. 203-7. 

59. Bertolotti, A., et al., Dynamic interaction of BiP and ER stress transducers in the 

unfolded-protein response. Nat Cell Biol, 2000. 2(6): p. 326-32. 

60. Kammoun, H.L., et al., GRP78 expression inhibits insulin and ER stress-induced SREBP-

1c activation and reduces hepatic steatosis in mice. J Clin Invest, 2009. 119(5): p. 1201-

15. 

61. Gentile, C.L. and M.J. Pagliassotti, The endoplasmic reticulum as a potential 

therapeutic target in nonalcoholic fatty liver disease. Curr Opin Investig Drugs, 2008. 

9(10): p. 1084-8. 

62. Jung, T.W., et al., SIRT1 attenuates palmitate-induced endoplasmic reticulum stress 

and insulin resistance in HepG2 cells via induction of oxygen-regulated protein 150. 

Biochem Biophys Res Commun, 2012. 422(2): p. 229-32. 

63. Achard, C.S. and D.R. Laybutt, Lipid-induced endoplasmic reticulum stress in liver cells 

results in two distinct outcomes: adaptation with enhanced insulin signaling or insulin 

resistance. Endocrinology, 2012. 153(5): p. 2164-77. 

64. Chalasani, N., et al., The diagnosis and management of non-alcoholic fatty liver 

disease: practice guideline by the American Gastroenterological Association, American 

Association for the Study of Liver Diseases, and American College of Gastroenterology. 

Gastroenterology, 2012. 142(7): p. 1592-609. 

65. Zhang, K. and R.J. Kaufman, From endoplasmic-reticulum stress to the inflammatory 

response. Nature, 2008. 454(7203): p. 455-62. 



  References 

80 
 

66. Zhang, X.Q., et al., Role of endoplasmic reticulum stress in the pathogenesis of 

nonalcoholic fatty liver disease. World J Gastroenterol, 2014. 20(7): p. 1768-76. 

67. Zhu, D., et al., Cichoric Acid Reverses Insulin Resistance and Suppresses Inflammatory 

Responses in the Glucosamine-Induced HepG2 Cells. J Agric Food Chem, 2015. 63(51): 

p. 10903-13. 

68. Marra, F., et al., Molecular basis and mechanisms of progression of non-alcoholic 

steatohepatitis. Trends Mol Med, 2008. 14(2): p. 72-81. 

69. Gariani, K., et al., Inhibiting poly ADP-ribosylation increases fatty acid oxidation and 

protects against fatty liver disease. J Hepatol, 2017. 66(1): p. 132-141. 

70. Ekstedt, M., et al., Long-term follow-up of patients with NAFLD and elevated liver 

enzymes. Hepatology, 2006. 44(4): p. 865-73. 

71. Bataller, R. and D.A. Brenner, Liver fibrosis. J Clin Invest, 2005. 115(2): p. 209-18. 

72. Sack, M.N. and T. Finkel, Mitochondrial metabolism, sirtuins, and aging. Cold Spring 

Harb Perspect Biol, 2012. 4(12). 

73. Jing, E., S. Gesta, and C.R. Kahn, SIRT2 regulates adipocyte differentiation through 

FoxO1 acetylation/deacetylation. Cell Metab, 2007. 6(2): p. 105-14. 

74. Boutant, M. and C. Canto, SIRT1 metabolic actions: Integrating recent advances from 

mouse models. Mol Metab, 2014. 3(1): p. 5-18. 

75. Li, Y., et al., Hepatic SIRT1 attenuates hepatic steatosis and controls energy balance in 

mice by inducing fibroblast growth factor 21. Gastroenterology, 2014. 146(2): p. 539-

49 e7. 

76. Sebastian, C. and R. Mostoslavsky, The role of mammalian sirtuins in cancer 

metabolism. Semin Cell Dev Biol, 2015. 43: p. 33-42. 

77. Picard, F., et al., Sirt1 promotes fat mobilization in white adipocytes by repressing 

PPAR-gamma. Nature, 2004. 429(6993): p. 771-6. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

81 
 

78. Hirschey, M.D., et al., SIRT3 regulates mitochondrial fatty-acid oxidation by reversible 

enzyme deacetylation. Nature, 2010. 464(7285): p. 121-5. 

79. Lin, R., et al., Acetylation stabilizes ATP-citrate lyase to promote lipid biosynthesis and 

tumor growth. Mol Cell, 2013. 51(4): p. 506-518. 

80. Dryden, S.C., et al., Role for human SIRT2 NAD-dependent deacetylase activity in 

control of mitotic exit in the cell cycle. Mol Cell Biol, 2003. 23(9): p. 3173-85. 

81. Vaquero, A., et al., SirT2 is a histone deacetylase with preference for histone H4 Lys 16 

during mitosis. Genes Dev, 2006. 20(10): p. 1256-61. 

82. Park, H.J., et al., Parasympathetic response in chick myocytes and mouse heart is 

controlled by SREBP. J Clin Invest, 2008. 118(1): p. 259-71. 

83. Kim, H.S., et al., SIRT2 maintains genome integrity and suppresses tumorigenesis 

through regulating APC/C activity. Cancer Cell, 2011. 20(4): p. 487-99. 

84. de Oliveira, R.M., et al., SIRT2 as a Therapeutic Target for Age-Related Disorders. Front 

Pharmacol, 2012. 3: p. 82. 

85. Lemos, V., et al., The NAD+-dependent deacetylase SIRT2 attenuates oxidative stress 

and mitochondrial dysfunction and improves insulin sensitivity in hepatocytes. Hum 

Mol Genet, 2017. 26(21): p. 4105-4117. 

86. Xu, S.N., et al., SIRT2 activates G6PD to enhance NADPH production and promote 

leukaemia cell proliferation. Sci Rep, 2016. 6: p. 32734. 

87. Gomes, P., T. Fleming Outeiro, and C. Cavadas, Emerging Role of Sirtuin 2 in the 

Regulation of Mammalian Metabolism. Trends Pharmacol Sci, 2015. 36(11): p. 756-

768. 

88. Wang, F., et al., SIRT2 deacetylates FOXO3a in response to oxidative stress and caloric 

restriction. Aging Cell, 2007. 6(4): p. 505-14. 

89. Jiang, W., et al., Acetylation regulates gluconeogenesis by promoting PEPCK1 

degradation via recruiting the UBR5 ubiquitin ligase. Mol Cell, 2011. 43(1): p. 33-44. 



  References 

82 
 

90. Watanabe, H., et al., Sirt2 facilitates hepatic glucose uptake by deacetylating 

glucokinase regulatory protein. Nat Commun, 2018. 9(1): p. 30. 

91. Ramakrishnan, G., et al., Sirt2 deacetylase is a novel AKT binding partner critical for 

AKT activation by insulin. J Biol Chem, 2014. 289(9): p. 6054-66. 

92. Arora, A. and C.S. Dey, SIRT2 negatively regulates insulin resistance in C2C12 skeletal 

muscle cells. Biochim Biophys Acta, 2014. 1842(9): p. 1372-8. 

93. Luthi-Carter, R., et al., SIRT2 inhibition achieves neuroprotection by decreasing sterol 

biosynthesis. Proc Natl Acad Sci U S A, 2010. 107(17): p. 7927-32. 

94. Bobrowska, A., et al., SIRT2 ablation has no effect on tubulin acetylation in brain, 

cholesterol biosynthesis or the progression of Huntington's disease phenotypes in vivo. 

PLoS One, 2012. 7(4): p. e34805. 

95. Quatorze, M., Unraveling the Role of Sirtuin 2 in Metabolic Homeostasis, in Life 

Sciences Department. 2016, University of Coimbra: University of Coimbra. 

96. Valério, P., Insights into the role of sirtuin 2 in obesity and insulin resistance, in Life 

Sciences Department. 2017, University of Coimbra. 

97. He, Z., et al., p73 regulates autophagy and hepatocellular lipid metabolism through a 

transcriptional activation of the ATG5 gene. Cell Death Differ, 2013. 20(10): p. 1415-24. 

98. Carmona, V., et al., Unravelling Endogenous MicroRNA System Dysfunction as a New 

Pathophysiological Mechanism in Machado-Joseph Disease. Mol Ther, 2017. 25(4): p. 

1038-1055. 

99. Wu, G., et al., PP4R1 accelerates cell growth and proliferation in HepG2 hepatocellular 

carcinoma. Onco Targets Ther, 2015. 8: p. 2067-74. 

100. Galbraith, D.W., M.T. Anderson, and L.A. Herzenberg, Flow cytometric analysis and 

FACS sorting of cells based on GFP accumulation. Methods Cell Biol, 1999. 58: p. 315-

41. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

83 
 

101. Garcia-Ruiz, I., et al., In vitro treatment of HepG2 cells with saturated fatty acids 

reproduces mitochondrial dysfunction found in nonalcoholic steatohepatitis. Dis Model 

Mech, 2015. 8(2): p. 183-91. 

102. Yao, H.R., et al., Lipotoxicity in HepG2 cells triggered by free fatty acids. Am J Transl 

Res, 2011. 3(3): p. 284-91. 

103. Liu, J., et al., [An in vitro hepatic steatosis cell model for study of non-alcoholic fatty 

liver disease]. Zhejiang Da Xue Xue Bao Yi Xue Ban, 2009. 38(6): p. 626-9. 

104. Jing, H., et al., SIRT2 and lysine fatty acylation regulate the transforming activity of K-

Ras4a. Elife, 2017. 6. 

105. Ponugoti, B., et al., SIRT1 deacetylates and inhibits SREBP-1C activity in regulation of 

hepatic lipid metabolism. J Biol Chem, 2010. 285(44): p. 33959-70. 

106. Liu, G., et al., Loss of NAD-Dependent Protein Deacetylase Sirtuin-2 Alters 

Mitochondrial Protein Acetylation and Dysregulates Mitophagy. Antioxid Redox Signal, 

2017. 26(15): p. 849-863. 

107. Ibrahim, S.H., R. Kohli, and G.J. Gores, Mechanisms of lipotoxicity in NAFLD and clinical 

implications. J Pediatr Gastroenterol Nutr, 2011. 53(2): p. 131-40. 

108. Grefhorst, A. and E.J. Parks, Reduced insulin-mediated inhibition of VLDL secretion 

upon pharmacological activation of the liver X receptor in mice. J Lipid Res, 2009. 50(7): 

p. 1374-83. 

109. Xu, F., et al., Lack of SIRT1 (Mammalian Sirtuin 1) activity leads to liver steatosis in the 

SIRT1+/- mice: a role of lipid mobilization and inflammation. Endocrinology, 2010. 

151(6): p. 2504-14. 

110. Zhou, H. and R. Liu, ER stress and hepatic lipid metabolism. Front Genet, 2014. 5: p. 

112. 

111. Basseri, S. and R.C. Austin, ER stress and lipogenesis: a slippery slope toward hepatic 

steatosis. Dev Cell, 2008. 15(6): p. 795-6. 



  References 

84 
 

112. Inaba, Y., et al., Growth arrest and DNA damage-inducible 34 regulates liver 

regeneration in hepatic steatosis in mice. Hepatology, 2015. 61(4): p. 1343-56. 

113. Lee, I.C., et al., Oxidative stress promotes SIRT1 recruitment to the GADD34/PP1alpha 

complex to activate its deacetylase function. Cell Death Differ, 2018. 25(2): p. 255-267. 

114. Nishio, N. and K. Isobe, GADD34-deficient mice develop obesity, nonalcoholic fatty liver 

disease, hepatic carcinoma and insulin resistance. Sci Rep, 2015. 5: p. 13519. 

115. DeZwaan-McCabe, D., et al., ER Stress Inhibits Liver Fatty Acid Oxidation while 

Unmitigated Stress Leads to Anorexia-Induced Lipolysis and Both Liver and Kidney 

Steatosis. Cell Rep, 2017. 19(9): p. 1794-1806. 

116. Lee, J.S., et al., Pharmacologic ER stress induces non-alcoholic steatohepatitis in an 

animal model. Toxicol Lett, 2012. 211(1): p. 29-38. 

117. Jo, H., et al., Endoplasmic reticulum stress induces hepatic steatosis via increased 

expression of the hepatic very low-density lipoprotein receptor. Hepatology, 2013. 

57(4): p. 1366-77. 

118. Shin, J., et al., SIRT7 represses Myc activity to suppress ER stress and prevent fatty liver 

disease. Cell Rep, 2013. 5(3): p. 654-665. 

119. Hart, L.S., et al., ER stress-mediated autophagy promotes Myc-dependent 

transformation and tumor growth. J Clin Invest, 2012. 122(12): p. 4621-34. 

120. Jing, H., et al., A SIRT2-Selective Inhibitor Promotes c-Myc Oncoprotein Degradation 

and Exhibits Broad Anticancer Activity. Cancer Cell, 2016. 29(5): p. 767-768. 

121. Chow, J.D., et al., Genetic inhibition of hepatic acetyl-CoA carboxylase activity increases 

liver fat and alters global protein acetylation. Mol Metab, 2014. 3(4): p. 419-31. 

122. Nikiforov, A., V. Kulikova, and M. Ziegler, The human NAD metabolome: Functions, 

metabolism and compartmentalization. Crit Rev Biochem Mol Biol, 2015. 50(4): p. 284-

97. 



Exploring the role of sirtuin 2 in lipid homeostasis  
 

85 
 

123. Li, J., et al., Nicotinamide ameliorates palmitate-induced ER stress in hepatocytes via 

cAMP/PKA/CREB pathway-dependent Sirt1 upregulation. Biochim Biophys Acta, 2015. 

1853(11 Pt A): p. 2929-36. 

124. Ding, R.B., J. Bao, and C.X. Deng, Emerging roles of SIRT1 in fatty liver diseases. Int J 

Biol Sci, 2017. 13(7): p. 852-867. 

125. Zhao, N.Q., et al., Palmitate induces fat accumulation by activating C/EBPbeta-

mediated G0S2 expression in HepG2 cells. World J Gastroenterol, 2017. 23(43): p. 

7705-7715. 

126. Woods, S.C. and R.J. Seeley, Understanding the physiology of obesity: review of recent 

developments in obesity research. Int J Obes Relat Metab Disord, 2002. 26 Suppl 4: p. 

S8-S10. 

 



  

86 
 

 


