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Abstract 

Obesity is characterized by the excessive expansion of adipose tissue, while cholesterol 

homeostasis is important for maintaining adipose tissue function. Among the regulators 

of cholesterol homeostasis, SOAT1 is the key enzyme responsible for converting free 

cholesterol into cholesteryl ester in adipocytes. However, the role of cholesterol 

esterification in regulating adipocyte expandability remains unclear. Here, we 

investigated the role of SOAT1 in regulating adipogenesis and cholesterol homeostasis 

within adipocytes, as well as the physiological function of SOAT1 in mature adipocytes. 

A positive correlation between the expression pattern of SOAT1 in adipose tissue and 

adiposity in both murine and human was observed, suggesting a potential role of 

SOAT1 in adipose tissue expansion. Supportively, SOAT1 was found to be essential for 

adipogenesis, but not for adipocyte hypertrophy in vitro. We found SOAT1 deficiency 

alters cholesterol trafficking and distribution within adipocytes, leading to impaired 

maturation of SREBP2. Notably, the adipogenic capacity of SOAT1-deficient 

preadipocytes could be restored by enhancing the transcription of PPARγ or SREBP1, 

as well as through the addition of specific nutritional factors, like oleic acid and high 

cholesterol. These results demonstrated an important role of SOAT1 in maintaining 

cholesterol homeostasis and adipogenesis in adipocytes. 

To examine the physiological functions of SOAT1 in mature adipocytes, we generated 

adipocyte-specific SOAT1-knockout (AKO) mice by crossing Adiponecin-Cre mice 

with SOAT1 flox/flox mice. SOAT1 flox/flox mice were used as control (CTRL) ones.  

To investigate the importance of SOAT1 in adipocytes in response to excessive 

exogenous cholesterol overload, we employed a high cholesterol diet treatment for 

those mice. We found the AKO mice displayed elevated energy expenditure and 

browning in the iWAT even under normal room temperature conditions compared to 

CTRL. Furthermore, the ATGL protein level were enhanced in iWAT of AKO mice. 

Consistently, we knockout SOAT1 in vitro also exhibited a similar phenotype. These 

findings suggest that SOAT1 may play a crucial role in promoting WAT beiging through 

ATGL-mediated enhanced lipolysis. 

To investigate the adipocyte-SOAT1 function during obesity development, we 



 3 

employed a high fat high cholesterol diet with normal diet as control. Under HFHC 

feeding, AKO mice exhibited little impact on BW and fat mass, however it 

demonstrated a decreased non-alcoholic fatty liver disease (NAFLD) severity 

phenotype. Furthermore, echocardiography revealed a significant decrease in heart 

function parameters and an increase of heart mass in AKO mice. These findings 

suggested the participation of adipocyte-SOAT1 in the crosstalk between adipose tissue 

and distant organs. Under ND feeding, AKO mice exhibited increased fat mass as well 

as adipocyte size compared with CTRL. This pro-adiposity effect of SOAT1 deficiency 

was observed as early as 8-week old. These findings indicate the adipocyte-SOAT1 may 

engage in the adipose tissue development at early stage. 

In summary, our study has elucidated the important role of SOAT1 as a regulator in 

maintaining cholesterol distribution and adipogenesis in vitro, as well as activating 

WAT thermogenesis in vivo under HCD feeding. The process of cholesterol 

esterification plays a critical role in adipose tissue expansion and overall metabolic 

health. 

 

 

(491 words) 
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CHAPTER 1.  LITERATURE REVIEW 
 

1.1 Obesity 
 
Obesity is a pressing public health concern as it involves the excessive accumulation of 

calories in the body due to an imbalance between energy intake and expenditure. This 

results in weight gain and various health complications. According to the latest report 

from The Lancet [1], the key factors that influence obesity are systematic power, 

environmental factors, and personal lifestyle. Individuals experiencing poverty often 

face restricted access to nutritious food choices, resulting in a dependence on affordable, 

high-calorie foods. This reliance on calorie-dense options can contribute to weight gain. 

Consuming a diet that is high in calories, sugar, and saturated fat can also contribute to 

weight gain, as can a sedentary lifestyle with limited opportunities for physical activity. 

Obesity has become a global problem and requires a multifaceted approach to 

prevention and treatment. 

 

1.1.1 The occurrence of obesity and related diseases 

According to a report from the WHO in 2017, the global development of obesity 

continues to rise, affecting approximately 650 million adults, 340 million adolescents, 

and 39 million children. These data indicate a concerning trend of increasing obesity 

rates worldwide [2]. The prevalence of obesity is significant in China, with more than 

one in seven individuals meeting the criteria for overall obesity, and one in three 

individuals meeting the criteria for abdominal obesity [3]. In Hong Kong, around 30% 

of the adult population is obese [4]. The WHO estimates that one out of five adults 

worldwide will be obese by 2025 [5]. 

Obesity is associated with an increased risk of developing various diseases, including 

type 2 diabetes (T2D). In obesity, adipocytes are less responsive to insulin, which 

impedes the capacity of insulin to stimulate cells to uptake glucose. resulting in high 

blood glucose levels. Adipocyte hypertrophy also triggers the secretion of 
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inflammatory molecules, including TNF-alpha and MCP-1, which can promote 

inflammation and further impair the insulin signal pathway [6]. Obesity promotes high 

insulin levels in the blood, which further promotes lipogenesis and inhibits lipolysis in 

the liver, causing NAFLD happened [7]. The development of NAFLD in obese 

individuals can also be influenced by specific genetic factors. For example, the 

PNPLA3 and TM6SF2 genes have been identified as potential contributors to the 

elevated risk of NAFLD in obese individuals [8]. 

A high insulin level in the bloodstream also contributes to atherosclerosis, or the 

buildup of plaques in the arteries, which can result in heart attack and stroke, increasing 

the risk of CVD. Obesity is closely link to inflammation, which causes DNA damage, 

and high insulin levels in the blood promote cancer cell growth. Some hormones, such 

as IGF-1, promote certain types of cancer and are secreted more by obesity [9]. 

In summary, obesity is associated with an increased risk of type 2 diabetes, CVD, 

respiratory problems, and musculoskeletal disorders [10]. Developing effective anti-

obesity drugs is crucial for improving health outcomes, reducing the economic burden 

of obesity, and offering additional treatment options for individuals facing challenges 

associated with obesity. 

 

1.1.2 Treatment for obesity 

The pharmaceutical industry has made significant progress in combating obesity due to 

the rapid advancement of scientific technology. Anti-obesity strategies including 

calorie restriction, lifestyle management, drug therapy, and weight-loss surgery have 

been suggested, such as bariatric surgery, but these interventions are inadequate to meet 

the worldwide medical demands [11]. Recently, numerous studies focusing on reducing 

appetite or increasing satiety pathways have been proposed [12], and Liraglutide (a 

GLP-1 agonist) is one of the most promising drugs for anti-obesity treatment. GLP-1 is 

a gut-derived hormone that can be stimulated by the presence of nutrients in the blood 

and then released by intestine L-cells. The circulating GLP-1 levels elevate after a meal. 

GLP-1 exerts its functions through its receptor - GLP-1Rs, which have broad 
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expression in pancreas, liver, and brain. Activate GLP-1 receptors inhibits the release 

of hunger hormone neuropeptide Y (NPY) and appetite-stimulating hormone ghrelin, 

which reduces appetite and increases satiety. In the pancreas, GLP-1 stimulates the 

release of insulin through the cAMP signal pathway to elevate blood glucose levels, 

and also inhibits the release of glucagon, which aids in the reduction of blood glucose 

levels. In the liver, GLP-1 reduces glucose production and promotes the storage of 

glucose as glycogen. The demonstrated effects of GLP-1 indicate its potential as an 

attractive candidate for treating T2D and various metabolic conditions [13]. In a clinical 

study, obese patients were treated with Beinaglutide, a GLP-1 agonist, for a period of 

three months. The results showed significant reductions in fasting blood glucose levels, 

body mass index (BMI), as well as decreased levels of leptin and tumor necrosis factor 

[14]. 

Other anti-obesity drugs include Orlistat, which works by blocking the absorption of 

dietary fat into smaller components in the intestines by inhibiting the lipase enzyme, 

leading to weight loss. Phentermine, a sympathomimetic amine, works by activating 

the release of norepinephrine, a neurotransmitter that helps to reduce appetite and 

increase energy expenditure, leading to reduced calorie intake and weight loss. 

Bupropion is a combination medication that is a prescription medication that works by 

reducing appetite and cravings, leading to reduced calorie intake and weight loss. 

Figure 1-1 lists the weight-loss drugs in clinical development during 2015-2019. 

However, these drugs still have some limitations, such as causing gastrointestinal side 

effects (such as diarrhea, abdominal pain, and flatulence), dry mouth, constipation, 

insomnia, etc. [15]. 
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Figure 1-1 [16] Weight-loss medications that have been under clinical development since 2015 
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1.2 Adipose tissue 
 
Adipose tissue was first identified as a connective tissue filled with lipid droplets in the 

late 1940s [17], and it was originally thought of as an organ that only served as an 

energy storage warehouse to store calories after feeding. Later, more and more studies 

found multiple functions (energy storage, thermoregulation, endocrine organ) of 

adipose tissue [17].  

 

 

1.2.1 Adipose tissue function 

Adipocytes accumulate lipids through two main processes. One is the uptake of 

circulating FFAs liberated from TAGs by lipoprotein lipase (LPL). LPL hydrolyzes 
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TAGs in lipoproteins such as VLDL and chylomicrons (CM) produced by the liver and 

small intestine, respectively. Glucose uptake by adipocytes is accompanied by its 

conversion into glycerol, which serves as the foundation for TG synthesis. Free fatty 

acids are esterified by the enzyme diacylglycerol acyltransferase (DGAT) and 

synthesized into TAGs. DGATs are key enzymes in maintaining adipocyte lipid 

metabolism. Mice lacking either DGAT1 or DGAT2 in adipocytes do not show a 

significant metabolic phenotype in ND feeding. However, adipocyte-specific KO of 

DGAT1 result in an reduction of WAT mass and LDs accumulating in the liver in HFD 

feeding, suggesting the importance of DGAT1 [18]. Another process is de novo 

lipogenesis (DNL), which encompasses the synthesis and esterification of fatty acids. 

After a meal, particularly a high-carbohydrate diet, adipocytes take up excess glucose 

through insulin-dependent (GLUT4) or insulin-independent (GLUT1) pathways, 

through glycolysis and the TCA cycle, fatty acid precursors undergo a series of 

metabolic transformations to produce citrate. ACLY and ACC1 then generate acetyl-

coenzyme A (acetyl-CoA), which serves as the substrate for fatty acid synthase (FASN) 

to synthesize palmitic acid.The palmitic acid is further elongated and desaturated to 

synthesize fatty acids. The main transcriptional regulators in the DNL process involved 

in ChREBP and SREBP1 in adipose tissue. Adipose tissue-specific knockout of 

ChREBP in mice decreased DNL ability and led to insulin resistance [19]. Nevertheless, 

global KO SREBP1 in mice did not yield any significant effects on adipose tissue [20]. 

 

 
 

1.2.1.1 Lipid storage 

The equilibrium of TAG homeostasis is upheld through the interplay between 

lipogenesis and lipolysis. Lipolysis of stored TAGs is activated in all tissues during 

fasting, exercise, or exposure to cold stimuli. ATGL, MGL and HSL regulate the 

lipolysis process by breaking down TAGs into diacylglycerols (DAGs) and 

monoacylglycerols (MAGs), which are then converted into FFAs and glycerol. FFAs 

can either be re-esterified within the adipocyte to participate in the process of 
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lipogenesis or be released into the bloodstream for utilization by the liver in 

gluconeogenesis or by the muscles in oxidative phosphorylation [21]. 

 

1.2.1.2 Secretory functions 

Adipose tissue, in addition, functions as an endocrine organ, releasing a diverse range 

of mediators, including lipids, miRNAs, proteins, and peptide hormones (Figure 1-2). 

Leptin, adiponectin, and resistin are well-documented adipokines that are secreted by 

adipose tissue and have important regulatory effects. However, some pro-inflammatory 

and insulin-antagonist mediators like IL-8, IL-6, and RBP4 are secreted under 

hypertrophy and obesity physiology, which can also attenuate adiponectin secretion 

[22]. 
Figure 1-2 Summary of adipocyte- secreted mediators 

Mediator Functions in adipocytes Reference 

BMPs 

Activate transcription factors and signal pathway to promote the process 

of preadipocytes differentiation into mature adipocytes. BMP4 has been 

linked to elevated adiposity and insulin resistance in both human and 

rodent. BMP4 activates nuclear entry of the pparγ transcriptional 

activator ZFP423 to promote adipose tissue adipogenesis. 

[23] 

RBP4 

A protein produced by liver and adipose tissue, inhibit insulin signal 

pathway in adipocytes and lead to insulin resistance. Promote lipolysis 

in adipocytes and increase circulating FFAs. 

[24] 

PAI-1 
Inhibit insulin signal pathway in adipocytes lead to insulin resistance. 

Increase lipogenesis and decrease lipolysis in adipocytes.  
[25] 

Omentin 

A hormone produced by adipose tissue improves insulin sensitivity by 

enhancing the insulin signal in adipocytes, increasing glucose uptake 

and utilization. Increases lipolysis, which helps to reduce adipocyte size 

and number, preventing obesity. 

[26] 

FGF21 
A hormone mainly produced by liver and adipose tissue, directly to 

brown adipocytes to improve insulin sensitivity. Increase lipolysis. 
[27] 
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Apelin A peptide produced by adipose tissue, improve insulin sensitivity.  [28] 

Visfatin An adipokine, enhancing adipocytes insulin signal [29] 

miRNAs 

Regulate adipogenesis process, like miR-33a and miR-122 have shown 

to modulate target genes involved in both fatty acid synthesis and 

oxidation. miR-155 have shown to promote the pro-inflammatory 

cytokines in adipose tissue. 

[30] 

Lipocalins 

Stimulates lipolysis in adipocytes and exhibits anti-inflammatory effects 

by inhibiting pro-inflammatory cytokines and chemokines. lipocalin-2 

has been shown to regulate glucose uptake and utilization in adipocytes. 

[31] 

Vaspin 

An adipokine predominantly expressed in adipose tissue. Improve 

insulin sensitivity and increase lipolysis. Individuals with obesity often 

exhibit reduced levels of vaspin, which plays a significant role in the 

development of insulin resistance and various metabolic disorders. 

[32] 

Adipsin 
A protein produced by adipose tissue, promote triglycerides synthesis 

and regulate inflammation in WAT.  
[33] 

 

Leptin, the first hormone derived from adipocytes [34]. It is positively related to fat 

mass in both humans and mice, and its main function is to inhibit food intake by 

regulating appetite through leptin-melanocortin pathway. Due to its function as an 

appetite suppressant, leptin has been developed as an anti-obesity drug. However, in 

mice that are obese or have been fed HFD for a long time, leptin resistance can develop, 

which makes them unable to respond to leptin. 

Adiponectin has many beneficial functions, including anti-hyperglycemic and anti-

inflammatory effects, these characteristics make it a promising target for obesity 

treatment. The level of adiponectin in human plasma is 2-20 μg/ml, which is 

significantly higher than most other secreted factors such as resistin, insulin and leptin 

[35]. In contrast to leptin, adiponectin levels exhibit a negative correlation with fat mass 

and obesity. Adiponectin manifests in three forms: HMW, MMW, and LMW trimers, 

representing the oligomers of varying molecular sizes. HMW is the beneficial form of 
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adiponectin, which can lower plasma glucose levels and improve insulin sensitivity. 

Adiponectin also has many beneficial effects in other organs, such as inhibiting hepatic 

glucose uptake, promoting glucose uptake in muscles, as well as enhances fatty acid 

oxidation and insulin sensitivity. Administration of adiponectin into adiponectin-

knockout mice ameliorates insulin resistance and improves insulin sensitivity [36]. 

Resistin is an adipokine hormone secreted by adipose tissue, with regulatory roles in 

metabolism. Encoded by the RETN gene, it is primarily produced by adipocytes but 

also found in other tissues like the liver and skeletal muscle. Resistin can hinder insulin 

signaling in the liver and skeletal muscle, leading to reduced glucose uptake and 

increased glucose production. It has been associated with inflammation and the immune 

system, potentially in obesity and metabolic disorders [37]. Additional investigation is 

necessary to elucidate the specific functions of resistin, its potential protective effects 

against inflammation require further investigation [38]. 

 

1.2.2 Adipogenesis  

1.2.2.1 Adipogenesis process 

Adipogenesis is the process through which preadipocytes undergo differentiation to 

become fully mature adipocytes, specialized cells responsible for storing and releasing 

lipids based on metabolic requirements. Adipogenesis occurs primarily in adipose 

tissue, but also occurs to some extent in other tissues like muscle and bone marrow. 

Adipogenesis encompasses multiple stages, beginning with the commitment of 

preadipocytes to the adipocyte lineage. This commitment is controlled by TFs such as 

early EBF1, KLF4, and C/EBPδ. Following the commitment of preadipocytes, the 

subsequent stages of adipogenesis involve the proliferation and differentiation. The 

process is regulated by growth factors such as FGF1 and PDGF, which support the 

expansion of the preadipocyte population. The differentiation process is further 

controlled by key TFs, including PPARγ, C/EBPα, and SREBP1c. These factors 

facilitate the gene expression related with lipid metabolism and storage. The process of 
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adipogenesis is characterized by the maturation of mature adipocytes, which includes 

the formation of lipid droplets—specialized organelles responsible for storing 

triglycerides and other lipids [39]. The regulation of adipogenesis involves a complex 

interplay of TFs and signaling pathways that are essential for controlling the expression 

of genes related to adipocyte differentiation and function (Figure 1-3). 

 
Figure 1-3 [40] Transcription regulators involved in adipogenesis. 

GATAs: GATA-binding factor; KLFs: Krüppel-like factors; EBF-1: Early B-cell factor; ZFPs: Zinc 
Finger Protein; BMPs: Bone morphogenetic proteins; C/EBPs: CCAAT-enhancer-binding proteins.  

 

1.2.2.2 activator of adipogenesis 

PPARγ is the principal transcription factor that promotes adipogenesis. It is expressed 

in preadipocytes and upregulated during the differentiation process. PPARγ directly 

controls the expression of genes which are critical for adipocyte differentiation and 

function, including adipose protein 2 (aP2), LPL, and FASN. These genes participate 

in crucial functions such as the uptake, synthesis, and storage of lipid molecules within 

adipocytes. Adipocyte-specific PPARγ KO mice exhibited decreased fat mass and 

insulin resistance [41]. Human mutations in PPARγ lead to severe insulin resistance 

and lipodystrophy [42]. Thiazolidinediones (TZDs) are a type of drugs that bind to and 

activate PPARγ, and they are used clinically to treat type 2 diabetes by improving 

insulin sensitivity. 

During early adipogenesis, C/EBPβ and C/EBPδ work together to promote adipocytes 

differentiation by inducing gene expression for adipogenic TFs C/EBPα and PPARγ 
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[43]. C/EBPα promotes the gene expression related with lipid metabolism and storage, 

like ap2 and LPL. The expression pattern and activity of C/EBP family members are 

positively regulated by several hormonal and metabolic factors, such as insulin, 

glucocorticoids, and dietary factors. 

The Signal Transducer and Activator of Transcription (STAT) family of TFs exert 

crucial function in regulating adipocyte metabolism and function. Except for their 

involvement in adipogenesis, STATs also contribute to lipid metabolism and glucose 

regulation, as well as the secretion of adipokines like leptin and adiponectin. Activation 

of STAT3 in adipocytes leads to increased mRNA level of genes related with lipid 

metabolism and storage, such as FASN, ACC, and perilipin. STAT3 also influences 

genes related to insulin sensitivity, such as GLUT4 and IRS1. On the other hand, STAT1 

and STAT4 are linked with the regulation of inflammation and immune function within 

adipose tissue. Activation of STAT1 and STAT4 in adipocytes lead to the down-

regulation of genes connected with lipid metabolism and insulin sensitivity, facilitating 

the occurrence of metabolic dysfunction like insulin resistance and T2D [44]. 

 

1.2.2.3 Inhibitors of adipogenesis 

Wingless-related integration site (Wnt) signaling is a complex pathway that exerts 

decisive function in the regulation of adipogenesis. During early adipogenesis, Wnt 

signaling pathway impedes the differentiation of adipocytes by suppressing the activity 

of TFs involved in adipogenesis. The inhibition of adipogenic gene expression is 

mediated through the foster the canonical Wnt pathway, which triggers the β-catenin 

stability. This stabilization then leads to the suppression of adipogenic gene expression. 

However, during late adipogenesis, Wnt signaling promotes adipocyte differentiation 

and function by inducing the genes connected with lipid metabolism and storage, such 

as LPL, FASN, and adiponectin. The activation of the non-canonical Wnt pathway, 

which includes the activation of Wnt receptors, mediates the promotion of gene 

expression involved in lipid metabolism and storage, such as FZD5 and RORα, and 

downstream effectors, such as JNK and PKC [45]. 

GATA transcription factors are named based on their DNA binding specificity in the 
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GATA sequence. The GATA family includes six members (GATA1-6). GATA2 and 

GATA3 are transcription factors that are expressed in preadipocytes and are upregulated 

during the differentiation process, which could promote adipocyte differentiation. 

GATA4 and GATA6 are late transcription factors that are expressed in mature 

adipocytes and are essential for the continuation of adipocyte function. GATA1 and 

GATA5 are transcription factors that play distinct roles in adipose tissue biology. 

GATA1 promotes the gene expression connected to erythropoiesis and angiogenesis, 

contributing to adipose tissue expansion. Additionally, GATA5 regulates the genes 

inculpated to lipid metabolism and storage, including FASN and ADRP (adipose 

differentiation-related protein) [46]. 

Generally, pro-inflammatory cytokines inhibit adipogenesis. Pro-inflammatory 

cytokines inhibit adipocyte differentiation by suppressing the adipogenic TFs, like 

PPARγ and C/EBPα. TNF-α, IL-6 and IL-1β competent to activate intracellular 

signaling pathways, which lead to decreased gene expression of adipogenic. 

Furthermore, foster adipocyte apoptosis and inflammation by pro-inflammatory 

cytokines contribute to the onset of metabolic disorders [47]. 

 

1.2.3 Adipose tissue remodeling during obesity 

1.2.3.1 Adipose tissue hypertrophy and hyperplastic 
 

WAT expands through two ways: hypertrophy and hyperplasia. Adipose tissue 

hypertrophy occurs when the size of existing adipocytes increases due to an 

accumulation of triglycerides, while hyperplasia refers to an increasement of adipocytes 

number through preadipocytes differentiation. The presence of hypertrophic adipocytes 

is linked to the development of metabolic dysfunction, including insulin resistance, 

T2D, and CVDs. This occurs because hypertrophic adipocytes display reduced insulin 

sensitivity and release higher amounts of pro-inflammatory cytokines and adipokines. 

These factors can lead to the emergence of metabolic dysfunction. Adipose tissue 

hyperplasia occurs when preadipocytes differentiate into mature adipocytes. This 
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process can occur in response to positive energy balance, physical activity, and certain 

hormonal and metabolic factors. Compared to hypertrophic adipose tissue, hyperplastic 

adipose tissue is associated with enhanced insulin sensitivity as well as the reduction 

risk of metabolic disorders [48]. 

 

1.2.3.2 Signaling modulators in obesity 

 

1.2.3.2.1 PI3K/AKT pathway 

The PI3K/Akt pathway have an important role in participating adipocyte differentiation, 

glucose uptake, and lipid metabolism. It influences the activity of PPARγ by promoting 

its phosphorylation and activation [49]. Insulin, a key component of this pathway, 

triggers its activation by engage with its cell surface receptor. Insulin stimulates the 

downstream activation of PI3K, which then activates Akt. Akt, in turn, modulates the 

function of various downstream targets, including GLUT4 and FoxO1. Upon the 

PI3K/Akt pathway activation, the phosphorylation and inhibition of glycogen synthase 

kinase 3 (GSK3) occur, leading to the re-translocate GLUT4 from cytoplasm to PM and 

facilitating glucose uptake. Additionally, the PI3K/Akt pathway promotes the 

degradation of Sort1, a crucial component for GLUT4 translocation [50]. 

PI3k/AKT pathway regulate appetite through CNS system and FoxO1. Akt signaling 

has been shown to promote the activity of POMC neurons by inhibiting the activity of 

the FoxO1 transcription factor, which normally functions to suppress POMC gene 

expression. Akt also promotes the processing of POMC into α-MSH, which is released 

to suppress appetite. In addition to its effects on POMC neurons, Akt signaling has also 

been shown to inhibit the activity of AgRP neurons by promoting the degradation of 

the neuropeptide Y (NPY) receptor, which is required for AgRP signaling. Inhibit PI3K 

pathway abolish leptin effect on suppressed appetite [51]. 

The mTOR pathway is modulated by the PI3K/AKT pathway, which is activated when 

growth factors such as insulin bind to their respective cell surface receptors. This 

activation triggers PI3K, which subsequently activates Akt. Akt, in turn, activates 

mTOR by inhibiting the TSC1/TSC2 complex, which typically suppresses mTOR 
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signaling. In the hypothalamus, mTOR pathway activation exhibited decreased appetite 

and improve age-related obesity in animal studies. This effect is mediated through the 

activation of POMC neurons, which are stimulated by mTOR signaling to release α-

MSH to suppresses appetite [52, 53].  

 

1.2.3.2.2 MAPK signal pathway 

MAPK (mitogen-activated protein kinase) pathway activation has been shown to 

promote adipogenesis and increase adipocyte size and number, leading to increased 

adiposity and the development of obesity. Dysregulation of the MAPK pathway has 

been linked with IR and impaired glucose uptake, as it involved in controlling 

thermogenesis, appetite, glucose metabolism, and insulin sensitivity. The ERK 

(extracellular signal-regulated kinase) branch of the MAPK pathway exert a critical 

role in maintaining proper metabolic equilibrium. Activation of the ERK pathway 

stimulates POMC activation and suppresses AgRP activity. In mice lacking JNK1, a 

component of this pathway, reduced appetite and increased EE are observed [54]. 

ERK pathway activation promotes adipogenesis by stimulating PPARγ and C/EBPα 

expression. Whole-body ERK KO mice exhibited resistance to obesity under HFD 

treatment, and SVF differentiated adipocytes show impaired adipogenesis [55]. p38 

MAPK pathway activation is pivotal for the differentiation of preadipocytes into mature 

adipocytes, as observed in 3T3-L1 cells. When p38 MAPK is inhibited, adipocyte 

differentiation is suppressed, resulting in reduced lipid accumulation and a reduction in 

the expression of adipocyte markers like PPARγ and adiponectin [56]. In human 

adipocytes, p38 MAPK pathway activation stimulates the secretion of pro-

inflammatory cytokines, containing IL-6 and TNF-α, which bring about the onset of 

insulin resistance and metabolic dysfunction in adipocytes [57]. 

The activation of the ERK pathway has negative impact on insulin signaling and 

diminish insulin sensitivity in multiple cell types, including adipocytes and hepatocytes. 

ERK activation has been shown to phosphorylate IRS-1 leading to its degradation and 

impaired insulin signaling. JNK1 and JNK2 activation phosphorylate IRS-1, inducing 

insulin resistance in obese individuals, while JNK3 activation improves insulin 
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sensitivity [58]. The MAPK pathway also regulates thermogenesis through IL-27 and 

irisin secretion to enhance thermogenesis regulated gene expression. Overexpression 

of MEK6 (MAPK/ERK kinase 6)- upstream of p38, decreased UCP1 and HSL 

expression in adipocytes [59]. 

 

1.3 The role of cholesterol homeostasis in Adipose tissue 
 
Cholesterol, an essential fat naturally occurring in the body, serves a critical role in 

numerous cellular functions. These include the synthesis of hormones, production of 

vitamin D, and formation of bile acids. Adipose tissue is the largest free cholesterol 

pool inside our body, which has a paramount role in regulating cholesterol metabolism. 

While WAT retains the highest amount of free cholesterol in the entire body, the 

biosynthesis activity of cholesterol in adipocytes is relatively low. Therefore, the main 

resource of cholesterol in adipocyte is from circulating lipoprotein [60].  

1.3.1 Cholesterol homeostasis in adipocyte 

1.3.1.1 Unique role of adipocyte in cholesterol storage 

WAT is a crucial part in the storage of fat within the body, produce hormone and 

thermogenesis, its metabolism deeply influence the whole body metabolism [61]. 

Almost all cholesterol reside in adipose tissue are located in adipocytes with its 

unesterified form, and 88% of them reside in the lipid droplet surface while the other 

part rest in plasma membrane [62]. It is worth note that adipocyte has unique position 

among other type of cells since peripheral cells contain few FC and most of the FC 

locate in plasma membrane. Adipocyte also quite different from adrenal cell (steroid-

hormone production) as well as foam cell (cholesterol laden in atherosclerotic), which 

are able to produce excess cholesterol ester (CE) and store it [63]. The excess FC has 

detrimental effect on cells. The uptake of exogenous cholesterol by cells results in the 

suppression of endogenous cholesterol biosynthesis and decreased LDLR expression. 

These cells have developed other mechanism to consume the excess cholesterol [64] 

(figure 1-4), one mechanism is cholesterol esterification by the SOATs. There are two 
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isoforms of SOAT- SOAT1 and SOAT2. While SOAT1 is widely expressed in different 

cell types, SOAT2 is specifically found in intestinal epithelial cells and hepatocytes 

[65]. The other mechanism is cholesterol efflux to prevent FC accumulation, we will 

discuss it later. Within peripheral cells, FC undergoes a transformation into CE in the 

ER and is subsequently stored in droplets. The CE stored in droplet will go through 

hydrolysis process and become cholesterol consistently, and the if the body does not 

need cholesterol, the excess cholesterol will be returned to ER to undergo re-

esterification process and re-sediment in droplet. In adipocytes, most cholesterol exist 

as the FC form because SOAT activity is low in adipocytes [66]. The large amount of 

FC reside in a stable status in adipocyte due to its solubility of FC in TG and it can 

efflux into circulating lipoprotein [67]. 

Cholesterol ester transfer protein (CETP) exert key function in regulating CE and TG 

transportation in plasma lipoprotein, which has the potential function to transfer the CE 

from ER to lipid droplet (LD) [68]. Except for its rich expression in hepatic, it can also 

be synthesized by adipose tissue, tissue macrophage and adrenal. Growing evidence 

show that it has the intracellular functions in mediate CE uptake form HDL into 

adipocyte in mouse hepatocytes [69]. CETP plays a crucial role in facilitating the 

reverse cholesterol transport (RCT) process by enhancing the upregulation of LDL 

receptors. A deficiency in CETP function may increase the susceptibility to 

atherosclerosis. Liver X receptor (LXR) and etoposide is the activator of CETP, which 

is a strong nuclear factor and a topoisomerase II inhibitor to induce CETP gene 

expression, respectively [70]. CETP expression is tightly associated with cholesterol 

homeostasis, they have observed that CETP deficiency led to cellular CE increased 2-

3 fold in SW872 adipocytes, as well as disturb the capacity of efflux cholesterol to 

receptor of these cells [71]. Thus, the ectopic cholesterol deposition cause influence on 

error sense of sterol status and break cholesterol homeostasis finally [72]. 
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Figure 1-4 The mechanism of excess FC transportation.  

FC uptake from lipoprotein and transport to ER become CE by SOAT, npc1 will influence cholesterol 

transportation. The other part of FC will remove from intracellular to extracellular when cholesterol 

acceptor present. 

 

1.3.1.2 Cholesterol efflux pathway in adipocytes 

ABCA1 and ABCG1, both members of the ATP-binding cassette transporters family, 

have a crucial function in facilitating the transport of cholesterol to HDL particles and 

apoA1. This process was essential for the formation of nascent HDL particles [73, 74]. 

HDL transport cholesterol has high rate in adipocyte, while there are few studies have 

reported the associated metabolic disease. Several researches have introduced the 

important role of ABCA1 in control intracellular cholesterol level. For example, 

Hayden et al [75] revealed that mice AT specific KO ABCA1 impaired glucose 

homeostasis through GTT and ITT test, along with decreased insulin secretion when 

subjected to HFD feeding. ABCA1 deficiency in brain would alert motor activity and 

sensorimotor function, reduce the insulin release if lack in β cells. The cholesterol 

efflux in gonadal adipose tissue (GAT) reduced upon ABCA1 knockdown with the 

increased cholesterol storage [76, 77]. ABCA1 is regulated by multiple mechanism, 

such as LXR and RXR. LXR belongs to the nuclear receptor superfamily of protein and 
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serves as the primary cholesterol sensor in cells. LXR is capable of activating ABCA1 

expression, which in turn promotes cholesterol efflux [78]. Although LXR deficiency 

mice exhibit lean phenotype as well as prevent diet-induced obesity compared with 

their little mate, the mechanism is still under debate. This maybe explain as LXR 

deficiency mice led to less fat depot, increase lipid oxidation and reduce cholesterol 

efflux. LXR agonist will reduce cholesterol accumulation of cells and prevent the lesion 

of atherosclerosis [79]. Recent research has indicated that the OE ABCA1 has a positive 

impact on the progression of atherosclerosis in apoE knockout transgenic mice [80]. 

Furthermore, LXRs are implicated in regulate cholesterol efflux transporters ABCA1 

and ABCG1 transcriptional, ABCA1 deficiency has close relationship with body 

weight loss while ABCG1 deficiency prevent diet-induced obesity. In the LXR 

deficiency mice they also observe fatty acid oxidation regulation, especially increased 

activity of uncoupling protein1 (UCP1), which caused the adipose tissue browning. 

ABCG1 promote cholesterol move from ER to plasma membrane (PM), thus, easily to 

release sterol to exocellular lipoprotein acceptors [81, 82].                                                                                                                                                                     

 

Figure 1-5 [83] Model of ABCA1 and ABCG1 regulate adipose fat storage.  

Under stable condition, 95% cholesterol storage in adipose tissue as free cholesterol form and balance 

with TG. The relationship between FC, TG and SM content is unknown. The adipocyte maintains the 

FC and TG content in a relative stable level mainly through the ABCA1 mediated cholesterol efflux 
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function to led to lipolysis process, while the mechanism is not clear. The efflux of SM mediated by 

ABCG1 is linked to a reduction in the amount of SM present in the plasma membrane. 

 

1.3.1.3 Uptake of cholesterol 

Although adipose tissue functions as the primary reservoir of free cholesterol in the 

body, its capacity for synthesizing cholesterol is relatively limited, accounting for only 

4% of that of the liver. Thus, the main source of cholesterol for adipocyte is from 

circulating lipoproteins, such as from ox-LDL and HDL [84]. CD36, alongside SR-BI, 

belongs to the family of cell surface glycoproteins known as type B scavenger receptors. 

CD36 is ubiquitous express in various cell type, such as adipocyte, cardiac myocytes, 

macrophages, and microglia. It has two transmembrane domains; two very short 

intracellular domain and its extracellular domain contain binding sites. CD36 plays vital 

function in lipid metabolism sensing and dietary lipid content regulation [85]. CD36 in 

taste cell recognize FA in dietary and induce cytosolic calcium upraise, led to 

neurotransmitter release and central fat sensing. CD36 also mediate the proportion of 

FA and cholesterol in CM (chylomicron), it removes the dietary lipid from intestine to 

blood. The particle size of CM in CD36 deficiency mice is smaller than WT mice, what 

is more, CD36 deficiency will damage the process of CM remove from bold, which 

cause hyperlipidemia in postprandial and fasting states. There is also evidence show 

that high level of CM residual with postprandial hyperlipidemia in CD36 deficiency 

patients.  CD36 is the main FA transporter and support energy for beta-oxidation in 

cells. CD36 is the marker of progenitors in human adipocytes, the cells contain higher 

CD36 have the potential to form fat and TG storage capacity. CD36 silence reduce the 

fat accumulation in adipocyte in both vivo and vitro condition. The level and 

transportation of CD36 is also consistent with lipolysis and FA re-esterification. CD36 

deficiency interact with SRC and ERK signal pathway to increase cAMP level, result 

in TG hydrolysis and free FA increased in blood [86-88]. Thus, CD36 is necessary to 

maintain lipid homeostasis.  
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Figure 1-6 [89] The mechanism of hyperlipidemia in CD36 deficiency patients.  

Loss of CD36 cause preference to HFD. Damage to CM clearance process, lipid metabolism, reduced 

fat storage and lipolysis effect increased further cause hyperlipidemia happened. 

OLR1 is a scavenger receptor that is responsible for binding, endocytosing, and 

hydrolyzing oxidized LDL. OLR1 is expressed at minimal levels in mature adipocytes, 

its expression is significantly increased following treatment with thiazolidinedione 

(TZD), a ligand for the PPARg receptor. TZD treatment or adenvirus delivery will 

upregulate OLR1 expression, which led to increased ox-LDL in adipocyte uptake 

process. And it will also raise cholesterol content in adipocyte and reduce ox-LDL level 

in serum. The interaction between CD36 and OLR1 is crucial for adipocytes to maintain 

proper cholesterol levels, particularly in the presence of oxidized LDL. ox-LDL is 

considered as booster for early lesion to plaque rupture in atherosclerosis [90, 91]. Thus, 

adipose tissue is serve as the antidote for ox-LDL efflux, inhibit the formation of foam 

cell and atherosclerosis disease. 

Scavenger receptor type-BI (SR-BI) is localize in PM cholesterol-enriched 

microdomains caveolae, participate selective uptake CE from liver and sterol formation 

tissue of HDL. There is abundant express of SR-BI in adipocytes, but its function and 

regulation is still unclear. The uptake of CE and SR-BI occurs specifically in a subset 

of caveolae that are abundant in cholesterol. Within these caveolae, CE can be 

hydrolyzed into free cholesterol [92, 93]. 
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Figure 1-7 [94] Cholesterol uptake pathway in adipocyte, 

The pathway is regulated by ox-LDL, SR-BI independent and dependent pathway.  

 

1.3.2 Experiment model of hypercholesterolemia 

Adipocytes can uptake cholesterol from plasma, and the concentration of PM 

cholesterol directly affects the cholesterol levels present in adipocytes., which is then 

stored. Several studies have shown that the cholesterol concentration in adipocytes can 

increase with an enahnced circulating cholesterol levels. African Green monkeys fed 

HCD exhibited elevated levels of FC and increased adipocyte sizes specifically in the 

visceral fat region. In addition to the cholesterol levels, the pro-inflammatory genes and 

macrophage recruitment, as well as the FC efflux protein levels, were also increased, 

while the cholesterol biosynthesis and lipoprotein uptake were decreased in visceral fat 

[95]. After adding dietary cholesterol to the diet of LDLR −/− mice for 24 weeks, 

resulted in the manifestation of increased insulin resistance, adipocyte hypertrophy, 

macrophage accumulation, and local inflammation to be more severe in the 

intraabdominal adipose tissue compared to other diets [96]. Rats that were exposed to 

a HFHC diet exhibited evident signs of steatosis and inflammation. Additionally, 

hepatocyte ballooning and fibrosis were observed in their liver tissues., in comparison 

to rats fed a HFD diet after 18 weeks of treatment [97]. 

In conclusion, exposure to cholesterol through dietary intake or genetic factors that 

induce hypercholesterolemia results in the aggregation of cholesterol in WAT, generate 
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the development of IR. This phenotype varies in different animal models. 

1.3.3 Cholesterol imbalance in adipocytes 

In the context of obesity, the accumulation of free cholesterol can result in an 

approximate 50% increase in the total body free cholesterol levels. Thus, the unstable 

cholesterol level in adipocyte is regarded as an omen of obese. Strong evidence show 

that adipocyte dysfunction has close relationship with cholesterol metabolism, 

including cholesterol overload re-attribution and efflux. When adipocytes are larger in 

size, they tend to contain more cholesterol. This suggests that cholesterol may be 

overloaded in larger adipocytes [95, 98]. In addition, the triglyceride accumulation is 

also increased proportionally to the cholesterol content, although few research shows 

they are not always following the same pattern [99, 100]. Although cholesterol will 

accumulate within the lipid droplet with the adipocyte growth, however, the plasma 

membrane cholesterol content decreased in hypertrophied adipocyte [101], which 

imply that adipocyte hypertrophy will alter cholesterol distribution. The cholesterol 

balance will be interrupted in enlarged adipocyte and associate with whole body 

metabolic complication occur. In individuals with obesity, dyslipidemia manifests as 

elevated levels of LDL cholesterol, commonly known as the "bad" cholesterol, and 

reduced levels of HDL cholesterol, referred to as the "good" cholesterol. Elevated LDL 

cholesterol can lead to the development of cholesterol plaques in arteries, increasing 

the likelihood of atherosclerosis and heart disease. Conversely, higher amounts of HDL 

cholesterol are connected with a decreased occurance of heart disease. 

 

1.4 SOAT enzymes 

1.4.1 SOATs introduction 

Sterol O-acyltransferase (SOAT), also referred to as cholesterol acyltransferase 1 

(ACAT), including SOAT1 and SOAT2, were the primary enzyme located in the ER 

responsible for esterifying free cholesterol into cholesteryl esters. While SOAT1 is 
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present in various tissues, SOAT2 is primarily expressed in the liver and intestines. The 

cDNA sequence for SOAT1 was first identified in TY-Chuang's lab [102]. The majority 

of human SOAT1 mRNA is transcribed from exon 1-16, which can translate into a 50 

kDa protein. Less mRNA from exon Xa translates into a 56 kDa size protein that has 

less SOAT enzyme activity. Human SOAT2 is located on chromosome 12 and translates 

into a 46 kDa protein [65]. In mice, SOAT1 mRNA is transcribed from exon 1-17, 

which can translate into a 48 kDa size protein [103]. SOAT1 is a protein located in the 

ER and contains nine transmembrane segments. The active-site residue of SOAT1 is 

His460, and its structure is a dimer of a dimer [104]. SOAT2 mRNA levels are relatively 

low compared to SOAT1 in adult liver, liver cell line L02 and hepatocytes. However, 

in several tumor cells, such as HCC, SOAT2 mRNA is significantly upregulated 

compared to normal cells [105]. This suggests that SOAT2 expression is inducible 

while SOAT1 is more constant. The expression pattern of SOAT1/SOAT2 in mice and 

monkeys closely resembles that of humans, with the exception that SOAT2 exhibits 

high expression levels in the liver under normal conditions. For example, the SOAT2 

activity is four-fold higher in African monkeys compared to human liver [106]. SOAT2 

is the primary isoform in mouse hepatocytes and plays an essential role in the storage 

and packaging of CE into lipoproteins that contain apoB within the liver. Notably, the 

highest expression levels of SOAT2 are observed in the proximal small intestine of 

mice. Moreover, SOAT2 is likely involved in the control of various cholesterol 

metabolism gene expression in the small intestine, including NPC1L1, accountable for 

the uptake of dietary cholesterol. 

1.4.2 SOATs in various study 

Meiner et al. first generated global knockout mice for SOAT1 [103] and SOAT2 [107]. 

SOAT1 deficiency in mice decreased CE levels in fibroblasts, adrenal membrane, and 

peritoneal macrophages, but not in the liver, suggesting tissue-specific regulation of 

SOAT1. Global KO of SOAT1 in mice did not affect their viability but resulted in a 

shortened lifespan compared to the control group. Additionally, these KO mice 
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exhibited an accumulation of free cholesterol (FC) in the skin and brain tissues. [108] 

and larger atherosclerotic lesion areas [109]. Myeloid-specific SOAT1 KO mice 

exhibited resistance to HFD-induced obesity and decreased inflammation in WAT. In 

both chow and HFD feeding, adipocyte size decreased and insulin sensitivity was 

upregulated in KO mice [110]. Myeloid-specific KO of SOAT1 in ApoE-/- mice models 

for early lesions significantly decreased macrophages in the lesion area and suppressed 

atherosclerosis progress. In advanced lesion stages, mice lacking myeloid SOAT1 also 

reduced lesion cholesterol crystal content and reduced lesion size [111]. 

The study conducted on SOAT2 deficiency mice revealed resistance to 

hypercholesterolemia induced by diet and the formation of cholesterol gallstones. 

Additionally, these mice exhibited reduced accumulation of hepatic LDs [107]. This 

was due to the intestine lacking CE synthesis ability and reduced cholesterol absorption 

ability. These findings suggest the significant engagement of SOAT2 in the body's 

response to dietary cholesterol, suggesting that inhibiting SOAT2 could be a valuable 

approach for treating hypercholesterolemia [112]. Mice with either liver or intestinal-

specific KO of SOAT2, when fed with HCD, demonstrated reduced cholesterol 

absorption and lower accumulation of CE. Furthermore, these mice exhibited decreased 

levels of biliary cholesterol. [113]. SOAT2 KO exhibited a beneficial effect in several 

kinds of disease models. The absence of functional LDL receptors in LDLR KO mice 

hinders the effective clearance of LDL particles from the bloodstream. As a 

consequence, these mice experience elevated levels of LDL cholesterol, which 

contributes to the development of atherosclerosis. However, cross SOAT2 -/- mice with 

LDLR -/- mice; their offspring exhibited a 19% decrease in total plasma cholesterol 

levels, and atherosclerosis was 88% lower [106]. ApoE-/- mice were susceptible to 

atherosclerosis; however, when SOAT2 -/- mice are crossed with ApoE-/- mice, their 

offspring no longer had significant atherosclerosis, and the apoB-containing lipoprotein 

contained TGs instead of CE. The deficiency of SOAT2 in the ApoE-/- background 

resulted in a compensatory effect, leading to increased activity of lecithin-cholesterol 

acyltransferase. This, in turn, further enhanced the promotion of CE accumulation in 

HDL particles in the plasma. [112]. 
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The majority of SOAT inhibitors are hydrophobic, and this characteristic enables them 

to penetrate the lipid bilayer of the membrane and interact with residues that are 

essential for substrate binding. The SOAT1-specific inhibitor-K604, which is being 

investigated by Kowa [114], has shown efficacy in reducing atherosclerotic lesions in 

atherosclerosis mice, improving liver steatosis and inflammation in NAFLD model, and 

inhibiting tumor growth in mouse models of lung cancer and liver cancer. The 

administration of SOAT inhibitors, such as CI-1011, F-1394, and K604, result in 

decreased CE levels within atherosclerotic lesions, leading to the regression of plaques 

without significant alteration of overall serum cholesterol levels. However, in human 

patients, CI-1011 did not demonstrate enhanced efficacy when combined with statins 

in reducing the development of coronary atherosclerosis. Notably, the administration 

of CI-976, an SOAT inhibitor that targets both intestinal and hepatic, rabbits on a 

hypercholesterolemic diet resulted in a decrease in aortic foam cell area [115].  

SOAT1 also serves as a target for many cancer treatments. In both human pancreatic 

cancer and pancreatic cancer cell lines, there is a notable accumulation of SOAT1. The 

inhibition of SOAT1 using shRNA or targeted inhibitors has demonstrated significant 

potential in suppressing tumor growth and inhibiting metastasis, as evidenced by 

studies conducted in an orthotopic mouse model. Furthermore, SOAT1 inhibition led 

to an increase in intracellular FC levels, which are closely linked to ER stress and 

apoptosis [116]. Inhibiting SOAT1 decreased LDs formation in GBM, suppressing the 

lipogenesis process in GBM and prolonging xenograft mouse survival [117]. SOAT1 

promotes lipid synthesis in gastric cancer. Knockdown or inhibition of SOAT1 

suppresses GC cell proliferation and CE synthesis [118]. The depletion of SOAT1 in 

cancer cells results in a reorganization of cellular cholesterol distribution, leading to a 

significant reduction in the proliferation and migration of hepatocellular carcinoma 

[119]. In a rat study, an increase in SOAT1 methylation levels improved rat heart failure 

[120]. KD SOAT1 or using avasimibe increased PM cholesterol levels of CD8+ T cells, 

further enhancing their proliferation [121]. 
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1.4.3 SOATs relationship with obesity 

Inhibition of SOAT1 effectively reduces CE synthesis and LD formation in human 

podocytes [122]. In pig intramuscular differentiation, OE SOAT2 inhibits 

differentiation and LD formation, which is rescued by avasimibe [123]. OE SOAT2 in 

3T3-L1 pre-adipocytes inhibits adipocyte differentiation and promotes lipolysis [100]. 

Honoki can inhibit adipogenesis and promote WAT browning to alleviate obesity in 

mice, and the mechanism is mainly through SOAT1 [124]. 

Under physiological conditions, treatment of DIO mice with the SOAT1 inhibitor 

avasimibe markedly reduces body weight, fat mass, appetite, with increasing EE. The 

administration of avasimibe has been found to significantly decrease blood glucose and 

insulin levels of obese mice. Additionally, it has demonstrated ameliorated glucose 

tolerance in these mice [125]. Huang et al. (2019) shown that myeloid-specific KO of 

SOAT1 in mice fed with HFD decreases adipocyte size and increases insulin sensitivity, 

making them resistant to obesity. SOAT1-deficient mice also demonstrate decreased 

infiltrating macrophages in WAT [126]. Additionally, myeloid-specific KO of SOAT1 

decreases the presence of macrophages within atherosclerotic lesions and effectively 

inhibits the progression of atherosclerosis. However, in another study of global KO of 

SOAT1 in mice fed with HFD, body weight is significantly increased compared to WT 

mice [127]. Thus, the mechanism of how SOAT1 regulates fat mass development is still 

unclear.  

 

 

1.5 Hypothesis and aims of the study 
 
SOAT1 was studied as a treatment target for arteriosclerosis for a long time, however, 

its study in adipocytes and role in obesity development is limited known. We 

hypothesize that cholesterol esterification by SOAT1 is critical for LD expandability in 

adipocytes and adipocyte-SOAT1 deficiency may lead to systemic metabolic disorder. 

In this study, we will reveal how SOATs mediate adipocyte-LD expandability, as well 

as demonstrate a link between adipose tissue expansion and metabolic disorders, 
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providing essential insights for further developing pharmaceutical strategies to 

ameliorate obesity associated metabolic syndrome by targeting adipose tissue 

expandability.  

In summary, the specific aims are as follows: 

1. Functional characterization of SOAT in lipid droplet (LD) development during LD 

initiation 

2. Elucidation of the molecular mechanism by which SOAT functionally contribute to 

LD initiation 

3. Evaluation of the physiological significance of adipocyte-SOAT1 in systemic 

metabolism in vivo 
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CHAPTER2. SOAT1 DEFICIENCY IMPAIRS CHOLESTEROL 

METABOLISM AND ADIPOGENESIS IN ADIPOCYTES 
 

2.1 Abstract 
 

Cholesterol homeostasis is critical to maintain adipocyte function during obesity 

progression. However, the role of cholesterol esterification in adipocytes remains 

elusive. Sterol O-acyltransferase 1 (SOAT1) is the dominant enzyme to synthesize 

cholesteryl ester from free cholesterol in adipocytes. Our previous study has revealed 

that either SOAT1 or SOAT2 knockdown inhibited adipogenesis, while the mechanism 

remains unclear. In this study, we found a higher level of SOAT1 mRNA in adipose 

tissue from obese human than that from lean subjects. Knocking down SOAT1 in either 

human preadipocytes or primary murine preadipocytes attenuated adipogenesis as 

indicated by ~70% reduction in lipid content. Notably, the inhibition of adipogenesis 

caused by SOAT1 could be rescued by facilitating the transcription of PPARγ or 

SREBP1. Paradoxically, the free cholesterol levels decreased upon SOAT1 knockdown, 

accompanied by disturbed cholesterol trafficking and distribution within adipocytes. 

Additionally, the maturation of sterol regulatory element-binding protein-2 (SREBP-2) 

and the expression of its downstream genes involved in cholesterol uptake were down-

regulated in response to SOAT1 deficiency. Moreover, the adipogenic ability of 

SOAT1-deficient preadipocytes could be restored by nutritional factors such as oleic 

acid or high cholesterol conditions. In summary, our results reveal that SOAT1 is 

essential for adipogenesis and maintaining cholesterol homeostasis within adipocytes. 

These findings highlight the potential role of cholesterol esterification in adipose tissue 

expansion and overall adipocyte function. 

 

 

 

 



 50 

2.2 Introduction 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Obesity is a globally emerging disease, and the use of GLP-1R agonists has shown 

promise as an anti-obesity drug for treating obese patients [14]. However, these 

drugs have been associated with side effects such as nausea, vomiting, and 

abdominal discomfort. Clinical research has also demonstrated an increased risk 

of medullary thyroid cancer (MTC) with the use of GLP-1R agonists, leading the 

FDA to prohibit their application in patients with a personal or family history of 

MTC [128].Certain anti-obesity drugs and lipodystrophy treatments have been 

found to have side effects on the cardiovascular system. Previous studies have 

reported that Orlistat, while reducing BW, also lowers serum sterols, including FC, 

and oxidized sterols in obese patients [129]. Many anti-Asian obesity lack of white 

adipose tissue (WAT) expandability but high cholesterol in plasma [130]. Besides 

the potential direct effect of the anti-obesity drugs on the cardiovascular 

system/hypercholesterolemia [131], the function of WAT in storing surplus energy 

and regulate metabolism systemically as an endocrine organ may be disrupted by 

these anti-obesity strategies and led to the unfavorable health concerns. Thus, a 

deeper understanding about the role of WAT expansion is needed to help develop 

safer anti-obesity strategies to combat different obesity segments. 

WAT overexpansion is a hallmark of obesity development. There are significant 

changes during WAT expansion upon a continuous demand of energy storage, 

including hypertrophy and hyperplasia [132]. However, the increment of 

cholesterol in WAT during fat mass expansion is often overlooked. About four 

decades ago, Kovanen PT and Miettinen TA research teams have found WAT as a 

major cholesterol reservoir, with  nearly 50% of body cholesterol in obese people 

[133]. Meanwhile, during WAT expansion, cholesterol is proportionally increased 

with TG in WAT [99]. Further studies by Hartman reported that cholesterol level 

in WAT increased dramatically when plasma cholesterol level was high, especially 

on subcutaneous WAT [134], suggesting that WAT may help to clean up excessive 

cholesterol in the plasma by accumulating cholesterol in WAT. Given that 
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intracellular cholesterol homeostasis is critical for maintaining the plasma 

membrane fluidity, signalling transduction and hormonal production [135], it is 

important to investigate the role of cholesterol homeostasis in adipocytes, 

including the key players responsible for cholesterol homeostasis in WAT, and the 

effect of surplus cholesterol to WAT. 

Plasma membrane (PM) and lipid droplet (LD) membrane in adipocytes are the 

major sites where cholesterol located in WAT [136]. Thus, the connections between 

cholesterol homeostasis and adipocyte function have also been preliminarily 

explored. During adipocyte hypertrophy stage, the plasma membrane cholesterol 

decreased in hypertrophied adipocytes [137], suggesting a potential role of 

cholesterol distribution in WAT expansion. Additionally, β-cyclodextrin or apoA-I 

could facilitate cholesterol trafficking between the PM and LD and subsequently 

effluxing cholesterol from PM [136]. Meanwhile, SR-BI and ABCA1 in 

adipocytes could also promote cholesterol transfer to HDL particles in vivo [138]. 

Parks et. al. demonstrated that in adipocyte-specific ABCA1 knockout mice, the 

level of HDL cholesterol in plasma decreased by 30% [139]. These findings 

suggested a homeostatic situation of cholesterol between adipocytes and plasma. 

In addition to cholesterol itself, perturbing cholesterol homeostasis has an 

enormous impact on metabolism in adipocytes. The metabolic pathways of fatty 

acids and cholesterol are tightly regulated by a group of nuclear receptors that are 

sensitive to the intracellular lipid type and amount [140]. In the context of this 

regulation, it has been observed that the ability of fatty acid uptake was 

significantly diminished in 3T3-L1 adipocytes as a consequence of sterol depletion 

[141]. Moreover, cholesterol efflux gene-ABCA1 deficiency in adipocytes could 

result in cholesterol accumulation within adipocytes, accompanied with the 

reduction in the TG content [139]. However, the key players regulating cholesterol 

homeostasis during adipocyte expansion has not been fully elucidated. 

The cholesterol homeostasis is determined by uptake, transport, esterification, de 

novo synthesis, and efflux [142]. Among these key players, SOAT [as known as 

acyl-CoA: cholesterol acyltransferase (ACAT)] esterifies cholesteryl ester (CE) 
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from free cholesterol and fatty acids with the help of ATP and coenzyme A [143]. 

SOAT enzymes play a vital role in converting FC and long-chain fatty acids into 

CE. Two isoforms, SOAT1 and SOAT2, have been identified, with SOAT1 

expressed widely and SOAT2 expressed in predominantly in the liver and small 

intestine [144, 145]. The enzyme activity of SOATs is primarily regulated by the 

presence of substrates, while the protein level of SOATs itself is not subject to 

regulation [146]. The SOAT1 protein consists of nine transmembrane domains and 

is primarily located in the ER [147]. Additionally, it is also found in the MAM 

(mitochondria-associated membrane), which serves as the connection between the 

ER and mitochondria [148]. SOAT1 is emerging as a potential target for pancreatic 

cancer [149], gastric cancer [118], hepatocellular carcinoma [119], heart failure 

[120] and Alzhemier’s disease [144]. However, to our knowledge, there are only a 

handful studies reported the SOATs function in adipocytes or obesity. Previously, 

we found that either SOAT1 or SOAT2 deficiency attenuated adipogenesis in 

murine 3T3-L1 preadipocytes [150]. Interestingly, overexpressing SOAT1 in 

murine 3T3-L1 adipocytes reduced LD size and led to adipocyte dysfunction in 

vitro [151]. These data suggested that SOAT1 may be regulated precisely in 

adipocytes. Up to now, the role of SOAT1 in adipocytes is still ambiguous and the 

mechanism remain unclear. 

In the present study, we found that SOAT1 level increased during WAT expansion 

both in mice and human, furthermore, SOAT1 level increased during adipogenesis 

both in mice and human preadipocytes. Consistently, knocking down SOAT1 in 

murine 3T3-L1 preadipocytes or human SGBS preadipocytes suppressed 

cholesterol uptake, de novo lipogenesis and LD development during adipogenesis. 

However, SOAT1 deficiency showed little effect on LD size in mature adipocytes 

in vitro. Mechanistically, SOAT1-deficiency altered the transcription levels of 

genes for cholesterol trafficking at the early stage of adipogenesis, accompanied 

with the increased intracellular-FC level and reduced PM-FC content. 

Subsequently, the increased intracellular-FC suppressed SREBP2 maturation and 

reduced SRE binding activity, and thus reduced its downstream genes involved in 
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cholesterol uptake. As expected, overexpressing SOAT1 or replenishing PM 

cholesterol restored the expression of genes involved in cholesterol uptake and 

adipogenesis in SOAT1-deficient adipocytes. Surprisingly, either agonists for 

adipogenic transcriptional factors, PPARr and LXR, or nutritional factors, oleic 

acid, could rescue the impaired adipogenesis in SOAT1-deficient preadipocytes in 

vitro. Collectively, our results demonstrated that SOAT1 is an important positive 

regulator for adipogenesis in vitro via manipulating cholesterol trafficking and 

distribution, but SOAT1’s positive role in adipogenesis could be replaced by either 

adipogenic transcriptional factors or nutritional interventions. 

 

 

2.3 Methods and materials 
 

2.3.1 Animal model and treatment 

All animal experiments were conducted at The Hong Kong Polytechnic University and 

were approved by the Centralized Animal Facilities (CAF). The mice used in this study 

were of C57BL/6J background and were housed at room temperature with a 12-hour 

light/dark cycle. They were fed a standard chow diet (PicoLab Rodent Diet 20) and 

given sterile water ad libitum. SOAT1flox/flox mice were generated by inserting two 

Loxp sites covering SOAT1 exon 14 (provided by Dr. Ta-Yuan Chang [126]). 

Adipocyte-specific SOAT1 knockout mice (Adipoq-SOAT1) were generated by 

crossing SOAT1flox/flox mice with adiponectin-Cre (Adipoq-Cre, provided by Dr. 

CHENG, King Yip [152]). Male SOAT1flox/flox mice aged 4-6 weeks were used in 

this study for stromal vascular fraction isolation 
 

2.3.2 Cell culture and treatment 

3T3-L1 mouse preadipocytes (ATCC #CL-173) were acquired and maintained in 

DMEM/F12 medium (Gibco) supplemented with 10% FBS and 100 IU/ml 

penicillin/streptomycin. 

For the isolation and culture of mouse pre-adipocytes, inguinal fat pads were surgically 
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extracted from male SOAT1 flox/flox mice aged 4-6 weeks (kindly provided by Dr. Ta-

Yuan Chang [126]) and were minced in 3-cm dishes. To prepare the digestion solution, 

collagenase type II (17101015, Thermo) at a concentration of 1mg/ml and Dispase II 

(D4693, Sigma-Aldrich) at a concentration of 2.4 IU/ml were added to Dulbecco's PBS 

buffer. The inguinal fat pads were minced and then subjected to digestion using 2 ml of 

the prepared digestion solution in a shaking water bath at 37°C for 30-60 minutes. 

Following digestion, the suspensions were filtered through a 100 μm cell strainer 

(Falcon) and supplemented with 10 ml of pre-warmed PBS buffer. After centrifugation 

at 1000 g for 5 minutes, the cell pellets at the bottom of the tube were collected and 

cultured with DMEM. SGBS cells, provided by Prof. Martin Wabitsch, were cultured 

using a previously described protocol [153]. The cells were maintained in a controlled 

incubation environment at 37°C with 5% CO2, providing optimal conditions for their 

growth and viability. 

Adipocyte differentiation: For 3T3-L1 and iWAT-isolated SVFs, adipocyte 

differentiation protocol was slightly modified from a previous study [154]. In short, the 

day when the cells reached 100% confluence was designated as day -2. On day 0, which 

was two days post-confluence, the cells were treated with 10 μg/ml insulin (I6634, 

Sigma-Aldrich), 0.5 mM 1-methyl-3-isobutylxanthine (IBMX) (I7018, Sigma-Aldrich), 

1 μM dexamethasone (D4902, Sigma-Aldrich), and 0.1 μM rosiglitazone (R2408, 

Sigma-Aldrich). The cells were then incubated with these compounds for 2 days, 

referred to as day 2. Then cells were incubated with 10 μg/ml insulin until harvest day. 

Nuclear DNA and lipid droplets were stained with Hoechst 33342 (H1399, Thermo) 

and Oil Red O (O1391, Sigma-Aldrich), respectively, and were visualized with the help 

of optical microscopy (Olympus CKX41, Tokyo, Japan).  

 

2.3.3 Plasmids 

SRE-luciferase plasmids were generated by inserting four copies of the sterol 

regulatory element (SRE, ATCACGTG) from the pGMSREBP (Yeasen) into a pNL2.1-

Nluc (Promega) luciferase vector.  
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RFP labeled Domain 4 plasmid were generously provided by Dr. Deng Yongqiang and 

sequence were listed in Table 2-1.  

 

2.3.4 Luciferase assay 

To perform reporter assays, the same protocol as described in a previous study [155] 

was followed. In short, 3T3-L1 cells were transfected with pGL4.2-SRE-Luc2, which 

is an expression plasmid containing Firefly luciferase (Promega). Following a 3-day 

differentiation period, the Dual-Luciferase™ reporter system (Promega E1910) was 

utilized to measure luciferase activity. The plates were allowed to cool for 10 minutes, 

and then 30 µl of each assay reagent was added. Subsequently, the plates were shaken 

for 10 minutes using a multi-plate shaker. Luminescence readings were obtained using 

an EnVision plate reader (Perkin Elmer) with a 100 msec integration time. 

 

2.3.5 Virus transduction 

To achieve KD SOAT1 in 3T3-L1 pre-adipocytes, we applied the lentivirus-mediated 

shRNA interference technique. The shRNA sequence for SOAT1 was  5’-

GCAAGAGTTCTCACCCATTGA-3’, the sequence for scramble was 5’- 

TTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTT

TT- 3’, the KD virus was Lent-U6-GFP-shSOAT1-Puro (3x108 particles/mL, WZ 

Biosciences, Inc. Jinan, China), the control virus was Lent-U6-GFP-shCTRL-Puro 

(5x108 particles/mL, WZ Biosciences, Inc. Jinan, China). 1x106 3T3-L1 cells were 

seeded in a 6-well plate and infected with a mixture of 10 μg/ml Polybrene and 1 μL 

lentivirus. We further performed puromycin selection at 2 μg/ml for 3 days and 

differentiated to adipocytes for various analyses.  

For the generation of SOAT1 KO in SVF-derived pre-adipocytes, the cells were seeded 

at 1x106/well and infected with 100 MOI Adenovirus. Adenoviruses carrying the Cre 

gene (Ad5-CMV-Cre-mCMV -copGFP, 2x1010 particles/mL) and empty adenovirus 

(Ad5-CMV-copGFP, 2x1010 particles/mL) were constructed by WZ Biosciences, Inc. 

Jinan, China.  
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For the generation of SOAT1 OE in 3T3-L1 pre-adipocytes, the cells were seeded at 

1x106/well and infected with 100 MOI Adenovirus. Adenoviruses expressing SOAT1 

(pADM-CMV-SOAT1-mCherry, 2x1010 particles/mL) and control (pADM-CMV-

mCherry, 2x1010 particles/mL) were purchased from WZ Biosciences, Inc. Jinan, 

China). 

 

2.3.6 Gene expression analysis 

To analyze gene expression, total RNA was extracted using Trizol Reagent and 

converted into cDNA with a First-Strand cDNA Synthesis Kit. Real-time PCR using 

SYBR Green was employed to quantify the PCR products, and the mRNA levels were 

normalized to β-actin or GAPDH using the delta-delta Ct method. The primer 

sequences for qPCR can be found in the supplementary table (S2).. 

 

2.3.7 Western blotting  

Protein samples were extracted using RIPA lysis buffer (P0013B, Beyotime) 

supplemented with a protease inhibitor cocktail (HY-K0021, MedChem Express). The 

protein concentrations were determined using the BCA Protein Assay Kit (23225, 

Thermo Fisher Scientific). Equal amounts of protein were loaded onto 12% SDS-PAGE 

gels, followed by transfer onto PVDF membranes (Millipore). The subsequent steps 

were carried out according to the previously described procedure [156]. The primary 

antibodies against SOAT1, Glut4, SREBP2 were purchased from Abcam, and the 

primary antibodies against PI3K, P-PI3K, P-AKT (Ser-473), P-AKT (Ser-308) from 

Cell Signaling Technology. The primary antibodies against GAPDH, Cav-1 were 

purchased from Thermo Fisher Scientific. Primary antibodies were all diluted by 

1:1000 in dilution buffer. Secondary antibodies of horseradish peroxidase-conjugated 

anti-mouse (1:10000) or anti-rabbit (1:10000) were purchased from Thermo Fisher 

Scientific. The membranes were processed by ECL (32106, Thermo Fisher Scientific) 

and delivered to ChemiDoc Imaging System (Bio-Rad) to capture picture and further 

were analyzed with ImageJ software. 
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2.3.8 Immunofluorescence staining 

Cells cultured on glass coverslips in 6-well dishes were fixed with 10% (v/v) formalin 

in PBS for 20 minutes at room temperature. After two rinses with PBS, the coverslips 

were permeabilized with 0.1% (v/v) Triton X-100 in PBS for 5 minutes at 4°C. 

Following two additional rinses with PBS, the coverslips were incubated overnight at 

4°C with a primary antibody diluted in PBS (1:100). Subsequently, the cells were 

washed three times with 1 ml of PBS and incubated with a secondary antibody for 1 

hour at room temperature in the dark. After four additional washes with 1 ml of PBS, 

the coverslips were mounted on slides using ProLong Diamond antifade mountant 

(#S36936, Thermo). Confocal microscopy was performed using a Leica TCS SPE 

Confocal Microscope (Leica, Germany), with a 63X/1.4 oil immersion objective used 

for imaging, unless otherwise specified for specific requirements. 

 

2.3.9 Cholesterol and cholesteryl ester measurement 

To begin, cholesterol was extracted from adipocytes or adipose tissue by combining 

hexane (Ajax FineChem) and isopropanol (Ajax FineChem) in a ratio of 3:2. The 

mixture was allowed to incubate for 30 minutes in the fume hood. The solvent was then 

transferred to 2-ml glass vials. The dried samples were subsequently diluted in an 

appropriate volume of 1x reaction buffer, and the levels of free cholesterol (FC) and 

cholesterol esters (CE) were determined using the Amplex Red cholesterol assay kit 

(A12216, Thermo) following the manufacturer's instructions. The reaction mixtures 

were incubated for 30 minutes at 37°C, shielded from light, and the fluorescence was 

measured using a microplate reader (Thermo Scientific Varioskan LUX). After drying 

the dish, the cells were lysed with 0.1M NaOH for 15 minutes at room temperature. 

Protein concentrations were determined using a BCA Kit, and the cholesterol contents 

were normalized to the protein level. 

To measure the plasma membrane (PM) and intracellular cholesterol content, a 

cholesterol oxidation-based method previously described [121] was employed. In brief, 



 58 

cells were fixed with 0.1% glutaraldehyde and then treated with 2Uml−1 cholesterol 

oxidase for 15 minutes to oxidize the plasma membrane cholesterol. The cholesterol 

was subsequently extracted using hexane/isopropanol (vol/vol, 3:2), and the non-

oxidized cholesterol was quantified using the Amplex Red cholesterol assay kit. By 

subtracting the intracellular cholesterol from the total cellular cholesterol, the value of 

the plasma membrane cholesterol was obtained. 

 

2.3.10 Modulation of the plasma membrane cholesterol level by MβCD and MβCD-

coated cholesterol 

We depleted the lipid in serum by adding fumed silica (Sigma, S5130, 20g/L) to FBS 

followed by incubation overnight, centrifugation and filtering [157]. To remove 

cholesterol from the plasma membrane, adipocytes were exposed to 5 mM MβCD for 

15 minutes at 37 °C, followed by three washes with PBS. For cholesterol replenishment, 

adipocytes were incubated with culture medium containing 20 μg/ml of MβCD-coated 

cholesterol for 15 minutes at 37 °C. 

 

2.3.11 Glucose uptake 

Glucose uptake was induced by the addition of 1 mM 2-deoxyglucose for 20 minutes, 

followed by cell lysis. Intracellular glucose levels were determined using the Glucose 

Uptake Colorimetric Assay Kit (#K676, BioVision) according to the manufacturer's 

instructions. Initially, the cells were starved by incubating them with KRPH buffer for 

40 minutes on the day of sample collection. Subsequently, the cells were treated with 

or without 1 µM insulin for 20 minutes. Following insulin treatment, 10 mM 2-DG was 

added to each well to measure glucose uptake, and the OD was measured at 412 nm 

wavelength. 

2.3.12 Statistical analysis  

The data are presented as means ± S.D. or means ± S.E.M., as specified in the figure 

legends. Statistical significance for comparisons between control and treatment groups 

was assessed using GraphPad Prism software with a two-tailed student's t-test or one-
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way ANOVA. Statistical significance is reported for comparisons with a p-value < 0.05, 

as indicated in the figure legends. 

 

 

2.4 Results 
 

2.4.1 The expression of SOAT1 in adipocytes was associated with WAT expansion 

To identify the association of SOAT1 expression in WAT and fat mass expansion, we 

re-analyzed the RNA-seq data of subcutaneous white adipose tissue (sWAT) and found 

that the mRNA level of SOAT1 in sWAT from lean people was significantly lower than 

that from either metabolic healthy obese (MHO) or metabolic unhealthy obese (MUO) 

ones (Figures 2-1A [158], S2-1A [159], S2-1B [160] ). In contrast, the mRNA level of 

SOAT2 in sWAT was extremely low based on the RNA-seq data [158]. Therefore, the 

expression of SOAT1, instead of SOAT2, in human sWAT seems associated with the 

fat mass expansion, but it is unknown whether the increased SOAT1 level during fat 

mass expansion is attributed to adipocytes or non-adipocytes who are resident in WAT. 

To identify the potential role of adipocyte-SOAT1 during fat mass expansion, we 

further isolated mature adipocytes from WAT in lean and obese mice, respectively. 

Accordingly, the mRNA levels of SOAT1 was higher in mature adipocytes from obese 

mice than that from lean ones in either epiWAT or ingWAT (Figure 2-1B). Interestingly, 

SOAT2 was also expressed (although much lower than SOAT1) in murine adipocytes 

and its mRNA level was positively associated with adiposity in epiWAT, but not in 

ingWAT in mice (Figure S2-1C). Considering the potential mRNA degradation during 

mature adipocyte isolation, we also isolated RNA from bulk WAT and found that 

mRNA levels of both SOAT1 and 2 in epiWAT from DIO mice were higher than those 

from lean ones, respectively (Figure S2-1D), without altering CD146 [161], a marker 

for macrophage foam cells which express SOAT1 significantly [162]. At the protein 

level, the SOAT1 protein expression was also higher in Epi-WAT of DIO and ob/ob 

mice than that of lean ones (Figure 2-1C). In contrast, the SOAT2 protein level was 

undetectable in epiWAT (Figure S2-1E). Furthermore, FC, CE and CE:FC were higher 



 60 

in epiWAT (Figures 2-1 D-F) and ingWAT (Figure S2-1 H-J) from obese mice than that 

from lean ones, indicating an increased SOAT activity during fat mass expansion. 

Collectively, these data illustrated a positive association between adipocyte-SOAT1 and 

fat mass expansion. 

Adipogenesis, together with adipocyte hypertrophy, is a major contributor to fat mass 

expansion when extra calories need to be stored. To study the role of SOAT1 in 

adipogenesis, we employed cell models from both murine and human sources. As 

expected, SOAT1’s mRNA level was upregulated upon adipogenic stimulation in 

human SGBS preadipocytes without SOAT2 inducement (Figure 2-1G). Consistently, 

SOAT1 was induced at both mRNA and protein levels during adipogenesis in murine 

cell models: mature adipocytes differentiated from mouse adipose stromal vascular 

fraction (SVF) (Figures S2-1 F-G) and 3T3-L1 cell line (Figure 2-1 H-J). Furthermore, 

the level of CE and CE:FC were also gradually upregulated during adipogenesis in the 

murine 3T3-L1 model (Figure 2-1 K-M). Thus, these results demonstrated a positive 

association between SOAT1 and adipogenesis both in murine and human. 

 

2.4.2 SOAT1 was important for adipogenesis, but not necessary for adipocyte 

hypertrophy in vitro  

Previously, we have demonstrated that inhibiting SOAT1 or knocking down SOAT1 

would attenuate adipogenesis in murine 3T3-L1 cells [163]. Interestingly, 

overexpressing SOAT1 by 1500 fold could also inhibit adipogenesis in murine 3T3-L1 

cells [100]. This “controversy” suggested that the role of SOAT1 in adipogenesis may 

require precise regulation. To further confirm the role of SOAT1 in adipogenesis, we 

employed different cell models and gene manipulation methods. Firstly, we generated 

lentivirus-mediated shSOAT1 to knockdown SOAT1 in 3T3-L1 preadipocytes, 

achieving ~60% KD efficiency without significant compensatory increasement of 

SOAT2 at the mRNA level (Figure S2-2A). Additionally, the SOAT1 enzyme activity 

was determined by the fluorescent intensity of 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-

yl)amino)-23,24-bisnor-5-cholen-3β-ol (22-NBD cholesterol) [145]. As expected, the 
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fluorescence intensity was significantly lower in shSOAT1 cells than shCTRL ones 

(Figure S2-2B). After six days of differentiation, SOAT1-KD adipocytes significantly 

decreased LD formation as reflected by Nile red and Oil Red O staining, compared with 

sh CTRL adipocytes (Figure 2-2A, S2-2 C-D). Consistently, upon six days’ adipogenic 

inducement, the mRNA levels of genes for TG synthesis (PPARγ, DGAT2, SCD1) and 

lipid formation (GPAT3, AGPAT2) were significantly lower in shSOAT1 adipocytes 

than shCTRL ones (Figure 2-2B). To examine the potential off-target effect of 

shSOAT1, adenovirus-mediated overexpression of SOAT1 with a 200-250 fold of 

increasement at the mRNA level was used (Figure S2-2E). As expected, overexpressing 

SOAT1 rescued the attenuated adipogenesis in shSOAT1 cells, as indicated by the 

rescued intracellular lipid level (Figures 2-2 C-D) with increased mRNA levels of genes 

involved in adipogenesis (PPARγ) and lipid synthesis  (DGAT2, GLUT4, CD36, 

SCD1) (Figure 2-2E). In contrast, overexpressing the catalytic dead mutant (SOAT1-

H460A) had no effect on adipogenesis (Figure S2-2F). Secondly, we isolated SVF from 

ingWAT of SOAT1fl/fl mice and induced adipogenesis in vitro. We knocked out SOAT1 

with cre-expressing adenovirus at the preadipocyte stage (Figure 2-2F), with the 

knockout efficiency of 70% at the protein level (Figure S2-2G). In agree with our 

previous findings, knock out SOAT1 significantly attenuated adipogenesis, as 

determined by ORO and adipogenic-related gene expression (PPARγ, FAS, ACC, 

SCD1) (Figures 2-2 G-I). Finally, the importance of SOAT1 during adipogenesis was 

also confirmed in human SGBS preadipocytes (Figures 2-2 J-K, S2-2L), without 

SOAT2 compensation.  

Glucose can be converted into glycerol-3-phosphate, which serves as a backbone for 

TG synthesis within adipocytes [164]. Therefore, we hypothesize that SOAT deficiency 

impairs glucose uptake during adipogenesis. Adipocytes differentiated at D4 of KD or 

OE SOAT1 were treated with or without 100 nM insulin to measure the glucose uptake 

ability. At the basal level, SOAT1 deficiency did not alter glucose uptake much, 

however, overexpressing SOAT1 was able to increase glucose uptake (Figure 2-2L). 

Under the insulin stimulation condition, knocking down SOAT1 suppressed the glucose 

uptake by 50% (figure 2-2M). On contrast, OE SOAT1 increased the glucose uptake 
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ability by 3 folds as to response to insulin stimulation, and fully rescued glucose uptake 

ability in shSOAT1 adipocytes (Figure 2-2M). These data suggested that SOAT1 is 

important for insulin mediated glucose uptake. 

To overlooking the transcriptional changes caused by SOAT1 deficiency during 

adipogenesis, we generated shCTRL and shSOAT1 preadipocytes in murine 3T3-L1 

cells with lentivirus-mediated shRNA-based interference system, and performed RNA 

sequencing (RNA-seq) analysis on shCTRL and shSOAT1 cells at day 0, day 3 and day 

6 post adipogenic stimulation, respectively (Figure S2-3B). The biological process 

analysis revealed that SOAT1-deficiency attenuated the transcriptional inducement in 

genes involved in fatty acid, lipid regulation, coenzyme and sterol metabolic process 

pathway during adipogenesis (Figures 2-3A). The attenuation was even greater after 6 

days of induction compared to day 3 (Figure S2-3A). The deficiency of SOAT1 

attenuated adipogenesis in the early stage of adipogenesis, as characterized by the lower 

transcripts of genes for coding lipid droplet-associated proteins (CideC, Plin1, and 

Bscl2), TG synthesis (DGAT2) and do novo lipogenesis (FAS, ACC) after 3 days’ 

adipogenic stimulation (Figure 2-2B), as compared to shCTRL cells. Adipogenesis is 

predominantly regulated by turning on or off a cascade of transcriptional regulators 

[165]. Accordingly, the key transcriptional factors that promote adipogenesis, PPARγ 

[166], C/EBPα [167], KLF15 [168], Ebf1 [169], SREBP1 [170], were less responsive 

to the adipogenic cocktail in shSOAT1 preadipocytes than shCTRL preadipocytes. In 

contrast, the genes that negatively regulating adipogenesis, such as KLF2 [171] and 

SIRT2 [172], were either upregulated or failed to be downregulated during adipogenesis 

in shSOAT1 preadipocytes, as compared to shCTRL ones (Figure S2-3C). Collectively, 

SOAT1 deficiency suppressed the inducement of adipogenic transcriptional cascade up 

on adipogenic stimulation at the early stage of adipogenesis in vitro. 

LD size expansion is one of the key contributor to fat mass expansion. As the mRNA 

levels of SOAT1 was positively associated with fat mass (Figure 2-1B), we examined 

the contribution of SOAT1 to adipocyte size expansion. In the mature adipocytes that 

differentiated from SVF in ingWAT of SOAT1fl/fl mice, we knocked out SOAT1 with 

cre-expressing adenovirus, and the corresponding control group was treated with 
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control adenovirus (Figure S2-2I). Surprisingly, the LD size distribution was not 

significantly different between the CTRL and SOAT1-KO adipocytes (Figures S2-2 J-

K). Collectively, these results demonstrated that SOAT1 is not required for lipid droplet 

expansion in mature adipocytes in the in vitro system. 

 

2.4.3 SOAT1 regulated intracellular cholesterol homeostasis, including cholesterol 

quantity and distribution  

During adipogenesis, the content of free cholesterol (FC) increases as triglyceride (TG) 

accumulation occurs [173]. Simultaneously, the PM cholesterol content decreased in 

hypertrophied cells [137]. Considering that more than 95% of cholesterol in adipocytes 

are in the form of FC [174], maintaining equilibrium in cholesterol homeostasis may 

play a crucial role in adipocyte function. SOATs are the only enzymes so far found to 

convert FC to CE intracellularly to adjust FC availability [143], and SOAT1 is the 

predominant isoform in murine and human adipocytes during adipogenesis. Thus, we 

further investigated the role of SOAT1 in regulating FC pool during adipogenesis.  

For total cholesterol quantity, KD SOAT1 attenuated the increment of total cholesterol 

that induced by adipogenic cocktail during adipogenesis (figure 2-3B), while this 

attenuation can be rescued by overexpressing SOAT1. As for cholesterol sub-segments, 

FC could be categorized into plasma-membrane FC and intracellular FC based on the 

location. After five day’s adipogenic stimulation, we found that shSOAT1 adipocytes 

exhibited lower cholesterol level in the plasma membrane but higher cholesterol level 

intracellularly with the help of oxidation-based assay, as compared to shCTRL 

adipocytes (Figure 2-3C). To further confirm the results, we transfected 293T cells with 

a recombinant RFP-tagged version of domain 4 (D4) expressing plasmid and to 

visualize the free cholesterol in the cytosolic leaflets of membranes. D4 is a domain of 

Perfringolysin O and could bind to the cholesterol without cytotoxicity [175]. 

Consistently, there were less D4-RFP signals distributed in the PM but more in 

intracellular compartment in shSOAT1 cells comared to shCTRL cells (Figure 2-3D). 

Therefore, SOAT1 deficiency altered cholesterol distribution between PM and 
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intracellularly. These data demonstrated that SOAT1 is an important player to regulate 

cholesterol homeostasis during adipogenesis, including cholesterol quantity and 

distribution. 

Cholesterol homeostasis is determined by uptake, trafficking, efflux, do novo synthesis, 

utilization, and storage (or esterification). Consistent to the reduced total cholesterol 

level in shSOAT1 cells as compared to shCTRL cells (Figure 2-3B), knocking down 

SOAT1 inhibited the upregulation of mRNA levels of several genes that induced by 

adipogenic cocktail, and these genes are mainly involved in cholesterol uptake (LDLR, 

CD36), de novo cholesterol synthesis (SREBP1a, SREBP2), and cholesterol trafficking 

(NPC1, NPC2) (Figure 2-3 E-F). Therefore, that SOAT1 deficiency attenuated 

cholesterol increment during adipogenesis may be attributed to the inhibition in 

cholesterol uptake and synthesis. Complementarily, the dominant cholesterol efflux 

associated gene-ABCA1 was also suppressed by SOAT1-KD during adipogenesis 

(Figure 2-3F).  

Here in this study, higher intracellular cholesterol level and lower PM cholesterol were 

observed in SOAT1-KD cells than shCTRL cells (figure 2-3C), suggesting a role of 

SOAT1 in regulating cholesterol trafficking. Moreover, the cholesterol transporter gene 

NPC1 and NPC2 mRNA levels were higher in shSOAT1 group compared with shCTRL 

in differentiated adipocytes. (Figure 2-3F). These findings suggest that the knockdown 

of SOAT1 disrupts the cholesterol trafficking process within adipocytes. 

The main gene responsible for cholesterol trafficking have been depicted (Table 2-3). 

For cholesterol trafficking between ER and endosome, the transcriptional level of 

related genes, STARD3 and OSBPL1a, were not significantly affected by the deficiency 

of SOAT1.  

OSBPL1a and OSBPL5 serve as cholesterol sensors, facilitating the movement of 

LDL-derived cholesterol from the late endosome to ER [176, 177]. In our study, the 

OSBPL5 mRNA was decreased during adipogenesis process, and KD SOAT1 slowed 

down the rate of decrease, which may imply enhanced cholesterol movement from 

lysosomes to the ER in SOAT1-deficiency adipocytes.  

In addition to ER, lysosomal cholesterol can move to PM and Golgi via OSBPL2 and 
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STARD5, respectively. OSBPL2 aids in the transport of cholesterol from the lysosome 

to the PM [178]. Previous research has found that STARD5 is involved in the transfer 

of cholesterol and other lipids between cellular membranes, such as from lysosomes to 

the Golgi apparatus [179]. In our study, we observed a decrease in STARD5 mRNA 

during the adipogenesis process, which was subsequently followed by a gradual 

increase. Notably, KD SOAT1 resulted in a significant increase in STARD5 mRNA 

levels. 

OSBPL8 located on the ER, promote cholesterol exchange between the ER and PM 

[180, 181]. In our result, there were no difference on OSBPL8 mRNA level.  

Except for lysosome, PM cholesterol could also transfer to ER by GRAMD1s. 

GRAMD1 proteins facilitate the movement of accessible PM cholesterol, transporting 

it to the ER [182]. In our study, the Gramd1b mRNA was increased during adipogenesis 

process, and KD SOAT1 slowed down the rate of increase, which may imply decreased 

cholesterol movement from lysosomes to the ER in SOAT1-deficiency adipocytes. 

PLTP not only transfer phospholipids but also FC from adipose tissue to plasma [183]. 

It is also known that PLTP can bind directly to ABCA1, contribute to the cholesterol 

efflux process [184]. In our results, we found a significant increase in PLTP mRNA 

after SOAT1 KD, suggesting an enhancement of apoA-I-mediated cholesterol efflux in 

SOAT1-deficiency adipocytes.  

The STARD4 gene encodes a protein involved in the regulation of lipid metabolism, 

particularly the transport of cholesterol and phospholipids between different cellular 

membranes. A previous study in HEPG2 cells found that KD of STARD4 increased PM 

cholesterol, decreased ER cholesterol, and reduced CE levels [185]. SREBP2 promotes 

STARD4 transcription, increasing mitochondrial cholesterol levels in HCC cells [186]. 

In our study, STARD4 mRNA levels decreased markedly after SOAT1 KD, suggesting 

a disruption in the dynamic equilibrium of cholesterol distribution.  

Those above data suggested that SOAT1 plays a role in regulating cholesterol 

trafficking, however, the detailed cholesterol trafficking between the intracellular 

organelles requires further investigation.  
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2.4.4 SOAT1 deficiency upregulated intracellular FC level and suppressed SREBP2 

activation 

SOAT1 deficiency led to higher intracellular cholesterol level (Figure 2-3C), but the 

intracellular location of the increased cholesterol is unknown. There are several 

cholesterol/sterol sensors in the cells, including INSIGs, SCAP and SREBPs [142].The 

activation of SREBPs requires the translocation of SREBP2 from ER to the Golgi 

apparatus for the subsequent cleavage, resulting the active N-terminal fragment of 

SREBP2, which enters the nucleus and mediates the transcription of the downstream 

genes [187]. While this translocation is negatively regulated by the ER localized 

cholesterol level [142]. Our RNA-seq data revealed lower transcripts of both SREBP1 

and 2, as well as their downstream targeted genes (Figure S2-3 F-G) in shSOAT1 

adipocytes than those in shCTRL ones (day 3 after adipogenic stimulation). Thus, we 

hypothesized that knocking down SOAT1 increased ER-localized cholesterol, which in 

turn attenuated the SREBP2 translocation and consequently downregulated the target 

genes. To test the hypothesis, we examined the pre-SREBP2 and n-SREBP2 protein 

level in shCTRL and shSOAT1 cells after four days’ of adipogenic stimulation. The 

processed SREBP2 (i.e. nuclear SREBP2, n-SREBP2) to pre-SREBP2 ratio was 

significantly lower in shSOAT1 adipocytes under cholesterol depletion condition, as 

compared with shCTRL (Figures 2-3 H-K). Consistently, our confocal microscopy 

results further validated that knocking down SOAT1 could inhibit SREBP2 maturation 

(Figures S2-3 H-K). Furthermore, since the reduced level of n-SREBP2 does not 

necessary lead to the reduced transcriptional activity of SREBP2, we transfected 

adipocytes with SRE-luciferase plasmid, which contained four copies of SRE, the 

sequence that SREBP bind to for turning on the downstream gene expression. As 

expected, SRE luciferase activity was significantly decreased in shSOAT1 cells 

compared with shCTRL (Figure 2-3G). Consistently, SREBP2’s downstream genes 

(LDLR, CD36) were lower in the transcriptional level in shSOAT1 adipocytes 

compared with shCTRL (Figure 2-3F). In addition, the KD of SOAT1 increased 

ERLIN1’s transcription level during the early stage of adipogenesis (Figure S2-3E), 
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while ERLIN1 is one of the major proteins that tightly bind SREBP-SCAP complex in 

ER as to response to high cholesterol in ER [188].These above data suggested that the 

knocking down SOAT1 may upregulate the FC pool in ER in adipocytes.  

 

2.4.5 The inhibition of adipogenesis in preadipocytes lacking SOAT1 is mediated 

through the transcriptional regulation of PPARγ and SREBP1 

Previously, we observed a significant reduction in PPARγ mRNA levels upon SOAT1 

deficiency (figure 2-2B), and OE-SOAT1 increased PPARγ mRNA level (Figure 2-2E). 

Considering that PPARγ is a “master” transcription factor for adipogenesis, we 

hypothesized if SOAT1 regulates adipogenesis via regulating PPARγ transcriptionally. 

To test it, we loaded PPARγ agonist, rosiglitazone, during the first two days of 

adipogenesis and found that LD (figure 2-4 A-B) and PPARγ, SCD1 and SREBP2 genes 

(figure 2-4C) could be fully rescued in shSOAT1 adipocytes. Thus, SOAT1-deficiency 

suppressed adipogenesis via, at least partially, inhibiting PPARγ.  

Besides the well-known role of PPARγ in controlling adipogenesis, there are also 

PPARγ-independent pathways that can contribute to adipogenesis [189]. Early study 

have found that SREBP1 in 3T3-L1 cells induce PPARγ mRNA level [190]. Previously, 

we found that knocking down SOAT1 downregulated SREBP1 targeted genes, 

including SCD1 and FASN (Figure 2B, S3G), OE-SOAT1 resuce SCD1 mRNA level 

(Figure 2-4E). Therefore, we employed an LXR agonist-T0901317 to stimulate 

SREBP1 transcription. Interestingly, the LXR agonist rescued adipogenesis in SOAT1-

deficient preadipocytes without increasing the mRNA level of PPARγ (Figure 2-4 D-

F). Thus, SOAT1-deficiency suppressed adipogenesis via, at least partially, reducing 

SREBP1 transcription. 

KLF2 (Krüppel-like factor 2), a transcription factor known to inhibit adipogenesis by 

suppressing the PPARγ promoter [191], was found to have significantly upregulated 

mRNA levels in shSOAT1 cells during day 3 of adipocyte differentiation in our study 

(Figure S2-4A). To investigate the role of KLF2 in SOAT1-mediated adipogenesis, we 

employed siRNA targeting mouse KLF2 to knock down its expression. The siRNA 
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sequence designed for mouse KLF2 effectively reduced KLF2 expression (Figure S2-

4B). However, upon performing Oil red-O staining, it was observed that KLF2 siRNA 

failed to effectively rescue the lipid droplet (LD) accumulation in SOAT1-deficient 

adipocytes compared to the control group. 

Collectively, we have demonstrated that adipogenesis in SOAT1 deficient 

preadipocytes can be rescued either PPARγ activation or SREBP1 expression. 
 
2.4.6 Nutritional factors could rescue adipogenesis in SOAT1 deficient pre-adipocytes 

Although we found that KD of SOAT1 in vitro suppressed adipocyte differentiation 

(Figure 2-2), previous studies have shown that mice lacking SOAT1 [127] or SOAT2 

[192] can still develop similar amount of fat mass, without the compensatory effect 

from the other SOAT isoform (unpublished data). Given that upregulation of PPARr 

and SREBP1 could rescue adipogenesis in SOAT1 deficient preadipocytes (Figure 2-

4), we hypothesize that nutritional factors in the microenvironment of WAT might 

rescue the adipogenesis in WAT in vivo via activating PPARr or SREBP1.  

Here in our study, Oleic acid (OA), a PPARr enhancer, also serves as the substrate for 

TG synthesis. Supplementing culture medium with OA successfully induced lipid 

accumulation in both shCTRL and shSOAT1 groups (Figure 2-5 C-D), with the 

increment of associated genes (PPARγ, SCD1, and FAS (Figure 2-5E). Meanwhile, the 

transcription level of SREBP1c were also significantly rescued by OA treatment in the 

shSOAT1 preadipocytes upon adipogenic stimulation.  

In our study, loading cholesterol via methyl-beta-cyclodextrin (MβCD) (Figure 2-5A) 

successfully rescued adipogenesis, as indicated by the mRNA levels of genes involved 

in adipogenesis and cholesterol uptake, which were suppressed by SOAT1-KD (Figure 

2-5B). 

Collectively, these results demonstrated that adipogenic ability of SOAT1 deficient 

preadipocytes could be restored to the levels as shCTRL preadipocytes under high 

cholesterol or oleic acid conditions. 
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2.5 Discussion 
 
WAT is the primary storage depot for TG and it contains the most prominent free 

cholesterol pools in our body, which is crucial for energy metabolism [193]. Several 

studies have reported that disrupting cholesterol homeostasis impairs adipocytes 

function [139]. However, it is still unclear the role of SOAT1, as one of the regulators 

for cholesterol homeostasis, in regulating such large pool of FC in normal adipocytes 

during WAT expansion. Our previous study demonstrated that either SOAT1 or SOAT2 

deficiency resulted in suppressed lipogenesis and FC level during adipogenesis in 

murine 3T3-L1 cells [150]. Additionally, global SOAT1 knockout mice fed a chow diet 

did not show a difference in fat mass compared to controls. However, when fed a HFD, 

the SOAT1 knockout mice exhibited a significant reduction in fat mass [127]. Therefore, 

our scientific question is how SOAT1 regulates the cholesterol pool during the 

adipogenesis process. In this study, we manipulated SOAT1 expression in adipocytes 

through overexpression or knockdown and demonstrated that SOAT1 is necessary for 

fat accumulation in both human and murine subjects under obese conditions. SOAT1 

deficiency impairs key adipogenesis transcriptional factor transcription and glucose 

uptake, blocking SREBP2 maturation process by decreased PM cholesterol level and 

relatively increased intracellular part in adipocytes. 

For the tissue distribution of SOAT1, SOAT1 is widely expressed in various tissues of 

adult mice [194], while in human samples, it is primarily expressed in the adrenal 

glands [195]. Here, we found that the mRNA level of SOAT1 in either mice or human 

was higher in obesity than that in lean ones (Figure 1A-B). In contrast, the mRNA level 

of SOAT2 in human WAT is extremely low, while that in mouse EpiWAT was positively 

associated with adiposity level (Figure S1C). Interestingly, the mRNA level and protein 

level of SOAT1 are consistently associated with adiposity in mice (Figure 1B-C), while 

the protein level of SOAT2 was undetectable in WAT from mice (Figure S1E). This 

absence of SOAT2 in WB may be due to its property of being easily degradable with 

fewer transmembrane structures than SOAT1 [144, 196]. Considering the mRNA of 

SOAT2 is extremely low in WAT of human, we postulate that SOAT1 is the dominant 
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isoform regulating CE in human WAT. Thus, we focused on SOAT1 in the later 

investigations. Notably, in murine samples, knockdown either SOAT1 or SOAT2 could 

suppress adipogenesis [154], suggesting the non-negligible roles of either isoform of 

SOATs. Although it is not clear whether SOAT1 and SOAT2 in adipocytes overlaps 

significantly, we may need to be careful about the compensatory effect between SOAT1 

and SOAT2 when study the role of SOATs in adipocytes using murine samples. 

Additionally, the difference in expression pattern in WAT between human and mice 

should be considered as well.   

Our results demonstrated that SOAT1 regulates cholesterol quantity and distribution 

during adipogenesis in vitro. We found that KD of SOAT1 decreased PM cholesterol 

levels while upregulating intracellular part. Consistently, a previous study found 

inhibiting SOAT1 decreased  PM cholesterol levels in T cells, leading to modulation 

of  cholesterol metabolism and promotion of an antitumor response [121]. Agpat2 

deficient adipocytes did not alter PM cholesterol content, but decreased caveolae 

number and impaired adipogenesis, suggesting the cholesterol distribution in PM, 

besides PM cholesterol quantity, is also critical  [197]. The PM cholesterol content 

exert crucial role in adipocyte function. Previous study found sterol depletion in 3T3-

L1 adipocytes lead to glucose oxidation inhibition, inflammation and GLUT4 mRNA 

level decreased [141]. Ortegren et al, founded that membrane cholesterol decreased 

would result in insulin mediated glucose uptake signal pathway impaired [198]. The 

other cholesterol metabolism regulator genes such as ABCA1 and ABCG1 also 

associated with changes in energy metabolism and function of adipocytes. Previous 

study found that ABCG1 stable KD in 3T3-L1 preadipocytes reduces TG storage and 

diminishes lipid droplet size through inhibition of PPARγ protein level [199]. 

Lipogenesis is active and important in adipocytes. Previously, we found either SOAT1 

or SOAT2 deficiency inhibit adipogenesis in 3T3-L1 adipocytes  [154]. Here, we 

found that deficiency of SOAT1 in pre-adipocytes blocks adipocyte differentiation in 

both human and murine cells. Consistently, a few studies have explored the link of 

SOAT1 and lipogenesis in non-adipocytes and also found that target SOAT1 block LD 

synthesis. SOAT1 expression is highly induced in various aggressive cancer cells, 
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including adrenocortical cancer [200], glioma cancer [201], renal cancer [202] and liver 

cancer [119]. Inhibiting SOAT1 could suppress the proliferation of several types of 

cancer cells [203] and extend survival rate in xenograft models [117]. One of the 

popular underlying mechanism was that SOAT1 inhibited SREBP1 maturation and 

subsequently reduced the transcriptional expression of its downstream lipogenic genes 

[117]. SOAT1 also promotes the expression of SREBP1 and SREBP2, resulting in 

elevated levels of VEGFC, thereby facilitating the invasion of gastric cancer [118]. 

Additionally, KD of SOAT1 inhibits cell proliferation and slows down lipid synthesis 

by reducing the desaturase activity of SCD1, which is upregulated in prostate cancer 

[203]. The regulation of palmitoylation by fatty acids directly influences axonal 

amyloid-beta peptide (Aβ) generation in Alzheimer’s disease [204]. Inhibition of ACAT, 

an enzyme involved in the transfer of fatty acyl groups, leads to a substantial reduction 

in the levels of both palmitoylated APP and Aβ [205]. 

For the role of SOAT1 in adipocyte hypertrophy, in our SVF differentiated mature 

adipocyte model, we did not observe a significant role of SOAT1 in altering LD size.  

However, in the JBC paper using 3T3-L1 cell model, overexpressing SOAT1 in mature 

adipocytes with 1500 fold reduced LD size and impaired insulin signalling [151]. This 

suggested that too high level of SOAT1 expression may disturb the reservoir of FC, and 

subsequently disturb the FC associated process, including LD expansion and caveolae 

associated signalling pathways. Notably, about four decades ago, Krause and Hartman’s 

teams found that the cholesterol storage in subcutaneous adipocytes increased, without 

changing adipocyte size, with the increment of plasma cholesterol level [134]. Thus, 

the size of adipocytes is not always positively correlated with the level of cholesterol 

storage. 

In summary, our results suggested that SOAT1’s role in adipocytes may be delivered 

via SREBP2-dependent pathway. SOAT1 deficiency resulted in suppression of 

lipogenesis and the re-distribution of cholesterol pool. Therefore, it is worth to explore 

SOAT1 inhibition effect on anti-obesity treatment.  
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Figure 2-1 The expression of SOAT1 in adipocytes was associated with WAT expansion. 

(A) SOAT1 expression in subcutaneous abdominal adipose tissue in the Lean-normal (Lean-NL; n=14), 

Obese-normal (Ob-MHO; n=25) and obese-unhealth (Ob-MUO; n=27). Data are means ± SEM  

*p<0.05, ***p<0.001. CPM=counts per million. (B) SOAT1 mRNA level in mature adipocytes from lean 

and DIO mice (HFD for 14 weeks) white adipose tissue. (C) SOAT1 protein level in epididymal adipose 

tissue of corresponding mice. (D) Free cholesterol level in eWAT of lean and obese mice. (E) Cholesterol 

ester level in eWAT of lean and obese mice. (F) The proportion of eesterified cholesterol over free 

cholesterol. SGBS and 3T3-L1 were differentiated and collected during the adipogenic time course for 

qPCR (G-I) and WB (J) analysis. Free cholesterol (K) and cholesterol ester (L) were extracted at different 

differentiation time in 3T3-L1 cells. (M) The proportion of esterified cholesterol over free cholesterol 

been calculated at indicated time. Data is presented as Mean ± SEM and analysed by independent t-test 

or two-way ANOVA followed by Turkey’s test. Difference at values of p<0.05 were considered to be 

significant. 
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Figure S2-1 SOAT1 expression upregulated during obesity progress 

(A) SOAT1 expression in subcutaneous abdominal adipose tissue in the Lean-normal (Lean-NL; n=10), 

Obese-normal (Ob-NL; n=14). Data are means ± SEM *p<0.05, ***p<0.001. CPM=counts per 

million.(B) SOAT1 expression in subcutaneous abdominal adipose tissue in the Lean-normal (Lean-NL; 

n=12), Obese-normal (Ob-NL; n=21). (C) SOAT2 mRNA level in mature adipocytes of lean and DIO 

mice in white adipose tissue. (D) Epididymal Adipose tissue was harvested from HFD (60% fat) feed 8 

weeks old mice by Trizol reagent for RT-PCR analysis. (E) SOAT2 protein level in epididymal adipose 

tissue of corresponding mice. SVF were differentiated and collected during the adipogenic time course 

for qPCR (F) and WB (G) analysis. (H) Free cholesterol level in iWAT of lean and obese mice. (I) 

Cholesterol ester level in iWAT of lean and obese mice. (J) The proportion of eesterified cholesterol over 

free cholesterol. Data is presented as Mean ± SEM and analysed by independent t-test or two-way 

ANOVA followed by Turkey’s test. Difference at values of p<0.05 were considered to be significant. 
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Figure 2-2 SOAT1 was important for adipogenesis, but not necessary for adipocyte hypertrophy in 
vitro 

(A) Nile red staining of LDs in 3T3-L1 mature adipocytes. (B) mRNA levels of genes involved in 

adipogenic transcription program and TG synthesis in 3T3-L1 mature adipocytes. (C) ORO staining of 

3T3-L1 mature adipocytes under different treatment. (D) LD accumulation of ORO of figure C. (E) 

mRNA levels of genes involved in adipogenic transcription program and TG synthesis in 3T3-L1 mature 

adipocytes. (F) schematic of SVF cell culture. (G) ORO staining of primary adipocytes and (H) the 

intensity of the TG spots in ORO was quantified by absorbance at 500nm. (I) mRNA level of genes 

involved in adipogenic transcription program and TG synthesis in SVF differentiated adipocytes. (J) 

Lipid droplets were observed under microscopy after 12 days of differentiation. (K) Adipogenesis related 

gene expression of SGBS cell. (L-M) Glucose uptake ability were measured in 3T3-L1 of fours days 

differentiation. Data is presented as Mean ± SEM and analysed by independent t-test or two-way ANOVA 

followed by Turkey’s test. Difference at values of p<0.05 were considered to be significant. 
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Figure S2-2 SOAT1 was important for adipogenesis, but not necessary for adipocyte hypertrophy in 
vitro 

(A) mRNA level in pre-adipocyte of 3T3-L1 cells. (B) 0.5μg/ml 22-NBD were loaded in mature 

adipocyte of each group for 6h. (C) ORO staining of shCTRL and shSOAT1 group. (D) ORO 

quantification of (C). (E) SOAT1 mRNA level in pre-adipocyte of each group. (F) ORO staining of 

control and mutant group. (G) SOAT1 protein level in SVF cells with or without cre Ad-virus. (H) 

Schematic of Cre- loxp system. (I) Depletion of SOAT1 was confirmed by PCR analysis of cDNA to 

detect the loxp/loxp, excised genes for each of the SOAT1 subunits in primary adipocytes. (J) Cre were 

added at Differentiation day 4 and Nile red staining of LDs in primary adipocytes. (K) Quantification of 

the LDs size in I. n=70. (L) SOAT1 mRNA level in SGBS pre-adipocytes. Data is presented as Mean ± 

SEM and analysed by independent t-test or two-way ANOVA followed by Turkey’s test. Difference at 

values of p<0.05 were considered to be significant. 
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Figure 2-3 SOAT1 regulated intracellular cholesterol homeostasis, including cholesterol quantity and 
distribution 

(A)Top 10 downregulated signalling pathway analysed by biological process in shSOAT1 vs shCTRL 

cells in D3. (B) Cholesterol level were measured after fully differentiation under different groups of 3T3-

L1 cells. (C) Cholesterol quantification of total, plasma membrane and intracellular part in 3T3-L1 

mature adipocytes. (D) D4 plasmid transfect in shCTRL and shSOAT1 of 293T cells at D0, image were 

taken by D1. (E) Heat map depicting the fold change of representative genes in cholesterol metabolism 

pathway of D3. (F) mRNA levels of genes involved cholesterol metabolism in differentiated D3 of 3T3-

L1 adipocytes. (G) Luciferase activity of SRE reporter constructs in shCTRL and shSOAT1 pre-

adipocytes. (H) 3T3-L1 cells were harvested at day 4 and subject to immunoblotting under different 

treatment. (I-K) Quantification of SREBP2 protein levels. Data is presented as Mean ± SEM and 

analysed by independent t-test or two-way ANOVA followed by Turkey’s test. Difference at values of 

p<0.05 were considered to be significant. 
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Figure S2-3 SOAT1 regulated intracellular cholesterol homeostasis, including cholesterol quantity and 
distribution  

(A)Top 10 downregulated signalling pathway analysed by biological process in shSOAT1 vs shCTRL 

cells in D6. (B) Schematic of RNA-seq sample collection. (C) mRNA expression in D3 differentiated 

adipocyte (n=3). Data are means ± SEM  *p<0.05, ***p<0.001. CPM=counts per million. (D) mRNA 

levels of genes involved in cholesterol metabolism in SVF differentiated mature adipocytes. (E) mRNA 

expression in D3 differentiated adipocyte (n=3). Data are means ± SEM  *p<0.05, ***p<0.001. 

CPM=counts per million. (F-G) The heat map analysis of SREBP1 and SREBP2 target genes was 

performed based on D3 shSOAT1 vs shCTRL. (H) SREBP2 immunofluorescence staining under 

different treatment. (I) Percentages of SREBP2 intensity in the nuclei normalized to the total SREBP2 

intensity in (H), (J) Nuclear SREBP2 intensity in (H), (K) total SREBP2 intensity in (H). 10 cells/trail, 

3 independent trails. Data is presented as Mean ± SEM and analysed by independent t-test or two-way 

ANOVA followed by Turkey’s test. Difference at values of p<0.05 were considered to be significant. 
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Figure 2-4 The inhibition of adipogenesis in preadipocytes lacking SOAT1 is mediated through the 
transcriptional regulation of PPARγ and SREBP1 

(A) ORO staining of LDs in 3T3-L1 mature adipocytes. (B) Quantification of ORO staining in (A). (C) 

mRNA levels of genes involved in adipogenic in 3T3-L1 mature adipocytes. (D) ORO staining of LDs 

in 3T3-L1 mature adipocytes. (E) Quantification of ORO staining in (D). (F) mRNA levels of genes 

involved in adipogenic in 3T3-L1 mature adipocytes. Data is presented as Mean ± SEM and analysed by 

independent t-test or two-way ANOVA followed by Turkey’s test. Difference at values of p<0.05 were 

considered to be significant. 
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Figure S2-4 siKLF2 not promote LD accumulation in 3T3-L1 cells 

(A) KLF2 mRNA level  in differentiated D3 of 3T3-L1 adipocytes. (B) KLF2 mRNA level in both 

shCTRL and shSOAT1 pre-adipocytes. (C) ORO staining of LDs in 3T3-L1 mature adipocytes. (D) 

Quantification of ORO staining in (C). Data is presented as Mean ± SEM and analysed by independent 

t-test or two-way ANOVA followed by Turkey’s test. Difference at values of p<0.05 were considered to 

be significant. 
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Figure 2-5 Nutritional factors could rescue adipogenesis in SOAT1 deficient pre-adipocytes  

(A) Cholesterol level measured in 3T3-L1 mature adipocytes with or without MβCD-coated cholesterol. 

(B) mRNA levels of genes involved in cholesterol metabolism and adipogenesis in 3T3-L1 mature 

adipocytes. . (C) ORO staining of 3T3-L1 adipocytes and (D) the intensity of the TG spots in ORO was 

quantified by absorbance at 500nm. (E) mRNA levels of genes involved in fatty acid metabolism and 

adipogenesis in 3T3-L1 mature adipocytes. Data is presented as Mean ± SEM and analysed by 

independent t-test or two-way ANOVA followed by Turkey’s test. Difference at values of p<0.05 were 

considered to be significant. 
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Table 2-1 Primer sequence 

Primer Sequence 
D4-RFP GGTGGAGGCGGTTCAAAGGGAAAAATAAACTTAGATCATAGTGGAGCCTATGT

TGCACAGTTTGAAGTAGCATGGGATGAAGTTTCAGCgcTGACAAAGAAGGAAAT
GAAGTTTTAACTCATAAAACATGGGATGGAAATTATCAATGGtggAAAACAGCTC
ACTATTCAACAGTAATACCTCTTGAAGCCAATGCAAGAAATATAAGAATAAAG
GCAAGAGAGTGTACAGGTCTTTGGtggTGGGAATGGTGGAGAGATGTTATAAGT
GAATATGATGTTCCATTAACAAATAATATAAATGTTTCAATATGGGGAACTACT
TTATACCCTGGATCTAGTATTACTTACAATTAA 

 
Table 2-2 qRT-PCR primers 

Gene 
name Forward primer Revere primer 

Gapdh AAGAAGGTGGTGAAGCAGGCATC CGAAGGTGGAAGAGTGGGAGTTG 

β-actin AGATGACCCAGATCATGTTTGAGA CACAGCCTGGATGGCTACGT 

CD146 CGAGGCAGAAAGTAACCAGGAC GTCTCACGTTGTTTAGCTGGAGG 

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG 

GPAT3 AGTGAGCTGGTGCATCTGACCT GATTGGCGACACAGATACCTCC 

SOAT1 TCGCACTCCTCATCCTATTCG GTACCAGCCTTCCTTCATCGAT 

SOAT2 AGACTTGGTGCAATGGACTCGAC CATAGGGCCCGATCCAACAG 

AGPAT2 TTTGAGGTCAGCGGACAGAA AGGATGCTCTGGTGATTAGAGATGA 

SCD1 GGTGATGTTCCAGAGGAGGTACTAC AGCGTGGGCAGGATGAAG 

CD36 GTTCTTCCAGCCAATGCCTTT ATGTCTAGCACACCATAAGATGTACAGT 

Ppar-γ ACCTCTGCTGGGGATCTGAA TGGCATTGTGAGACATCCCC 

AdipoQ GGAACTTGTGCAGGTTGGAT GCTTCTCCAGGCTCTCCTTT 

Glut4 GGCTTTGTGGCCTTCTTTGAG GACCCATAGCATCCGCAACAT 

Fas ATGCACACTCTGCGATGAAG CAGTGTTCACAGCCAGGAGA 

Srepb1c GGCCCGGGAAGTCACTGT CATCTTTAAAGCAGCGGGTG 

ACC GTCCCCAGGGATGAACCAATA GCCATGCTCAACCAAAGTAGC 

LDLR AGGCTGTGGGCTCCATAGG TGCGGTCCAGGGTCATCT 

Dgat2 GCCGTGTGGCGCTACTTC GTGGTCAGCAGGTTGTGTGTCT 

Leptin CACACACGCAGTCGGTATCC AGCCCAGGAATGAAGTCCAA 

ABCA1 AGTTTCGGTATGGCGGGTTT AGCATGCCAGCCCTTGTTAT 

LPL GCGTAGCAGGAAGTCTGACCAA AGCGTCATCAGGAGAAAGGCGA 

hSOAT1 GAAGTTGGCAGTCACTTTGATGA GAGCGCACCCACCATTATCTA 

hAdipoQ GGTGAGAAGGGTGAGAAAGGA TTTCACCGATGTCTCCCTTAG 
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Table 2-3 Summary of cholesterol trafficking gene  

Cholesterol 

Trafficking 

direction 

Related 

gene name  

mRNA 

Changes 

during day 

0-3 

mRNA 

Changes 

during day 

3-6 

Effect of 

SOAT1 

deficiency 

during day 

0-3 

Effect of 

SOAT1 

deficiency 

during day 

3-6 

reference

s 

Lysosome 

to 

intracellula

r part 

NPC1 Significantl

y decreased 

Significantl

y increased 

Significantl

y decreased 

Significantl

y increased 

[206] 

Lysosome 

to 

intracellula

r part 

NPC2 Significantl

y decreased 

Significantl

y increased 

Trend to 

decrease 

Significantl

y increased 

[206] 

cholesterol 

export out 

of 

lysosome 

LAMP2 Significantl

y decreased 

Significantl

y increased 

Significantl

y decreased 

Significantl

y increased 

[207] 

Lysosome 

to ER 

OSBPL1a No 

difference 

Significantl

y decreased 

No 

difference 

No 

difference 

[176] 

Lysosome 

to ER 

OSBPL5 Significantl

y decreased 

No 

difference 

Significantl

y decreased 

Trend to 

increase 

[177] 

Lysosome 

to PM 

OSBPL2 No 

difference 

Significantl

y increased 

No 

difference 

No 

difference 

[178] 

Lysosome 

to Golgi 

STARD5 No 

difference 

Significantl

y increased 

No 

difference 

No 

difference 

[179] 

Between 

ER and PM 

OSBPL8 No 

difference 

Significantl

y increased 

No 

difference 

Trend to 

increase 

[180, 

181] 
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PM to ER GRAMD1

b 

Significantl

y increased 

No 

difference 

Significantl

y increased 

No 

difference 

[182] 

ER to 

lysosome 

STARD3 No 

difference 

No 

difference 

No 

difference 

No 

difference 

[208] 
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Chapter 3 ADIPOCYTE SOAT1 DEFICIENCY PROMOTE IWAT BEIGE AND 

ENHANCE ADIPOSE TISSUE LIPOLYSIS IN HIGH CHOLESTEROL FED 

MICE 

 

3.1 Abstract 
 
Adipose tissue (AT) thermogenesis stimulated by cold exposure or sympathetic 

innervation is regarded as a potential therapeutic strategy against obesity. Maintaining 

cholesterol homeostasis is crucial for AT function. However, the physiological effects 

of cholesterol esterification on adipocyte function remain unclear. Sterol-O-

acyltransferase-1 (SOAT1), is the key enzyme responsible for catalyzing free 

cholesterol (FC) into cholesteryl ester (CE). Here, we used adipocyte-specific SOAT1-

knockout (AKO) mice and SOAT1 flox/flox (CTRL) mice and fed them a high-cholesterol 

diet (HCD) for 21 weeks. Compared to CTRL mice, the AKO mice increased energy 

expenditure (EE) and inguinal white adipose tissue (iWAT) browning at room 

temperature without any external stimulus, despite similar fat mass, food intake and 

glucose tolerance. Mechanistically, RNA-seq analysis of iWAT revealed a significant 

upregulation of UCP1 mRNA levels, along with beige-related marker genes (Dio2, 

COX7a1). This was further supported by UCP1 IHC staining, which showed a 

significant upregulation in the iWAT tissue of AKO mice compared to CTRL. 

Additionally, the protein level of ATGL was significantly enhanced in iWAT, suggesting 

that the knockout of SOAT1 induced WAT lipolysis may contribute to the beige 

adipocyte formation process. To further confirm the effect of SOAT1 knockout in 

adipocytes, we utilized an in vitro model by knocking out SOAT1 in mature adipocytes 

derived from the stromal vascular fraction (SVF). This in vitro model also resulted in a 

significant upregulation of UCP1 and beige marker gene (PGC1α, PRDM16) mRNA 

levels, as well as an increase in ATGL protein level and glycerol release from the cell 

culture medium in the KO group. We conclude that blocking SOAT1 in adipocytes 

promotes browning of iWAT and enhances lipolysis under HCD feeding. Our work 

reveals a potential mechanism for the regulation of thermogenic adipocytes and 
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cholesterol esterification. Blocking SOAT1 could serve as a potential target to treat 

obesity 

 

3.2 Introduction 
 
White adipose tissue (WAT), traditionally recognized for its primary role in energy 

storage, has been gaining increasing attentions due to its dynamic functionality and 

plasticity. The ability of WAT to ‘beige’ or ‘brown’, forming cells that possess 

biochemical and functional characteristics of brown adipose tissue (BAT), is of 

particular interest [209]. Compared to regular white adipocytes, beige adipocytes 

exhibit thermogenic capabilities and are distinguished by their expression of 

uncoupling protein 1 (UCP1). UCP1, a protein localizes in the mitochondrial, 

uncouples electron transfer from ATP production in the electron transfer chain and 

subsequently resulted in heat dissipation. The conversion of WAT into a thermogenic 

phenotype promises as a potential therapeutic approach for addressing obesity and 

associated metabolic disorders [210].  

During the process of adipocyte hypertrophy, the cholesterol content also increases, 

with almost half of the cholesterol being stored in AT during obesity [133]. Therefore, 

maintaining cholesterol homeostasis is critical for AT function. However, there is 

limited research focusing on AT cholesterol homeostasis. There are three studies have 

investigated the physiological role of key enzymes involved in cholesterol efflux 

(ABCA1, ABCG1) and synthesis (HMGCR) in adipocytes, as well as their effects on 

metabolic health. Parks et al. conducted a study using adipocyte-specific knockout 

ABCA1 mice and fed them a high-fat, high-cholesterol (HFHC) diet for 16 weeks. The 

knockout mice exhibited significantly decreased body weight, fat mass, and adipocyte 

size compared to control mice [139]. Frisdal et al. used lentivirus intraperitoneal 

injection to knock down ABCG1 in epididymal white adipose tissue (eWAT) for 4 

weeks, along with high-fat diet feeding. The knockdown group showed decreased body 

weight and adiposity compared to the control group [199]. Yeh et al. created adipocyte-

specific knockout HMGCR mice, and these mice developed lipodystrophy [211]. These 
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studies collectively suggest that adipocyte cholesterol homeostasis plays a key role in 

maintaining metabolic health. However, the role of cholesterol esterification in 

regulating metabolic health remains unclear. 

Adipose tissue lipolysis involves the breakdown of triglycerides stored within 

adipocytes, releasing glycerol and free fatty acids to meet the body's energy demands. 

This process is initiated by the activation of lipolytic enzymes such as hormone-

sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), which are the main 

enzymes responsible for hydrolyzing triglycerides [212]. ATGL deficiency impairs 

lipolysis process and promote TG accumulation in WAT. Multiple proteins could 

faciliteta the ATGL from ER translocate to LDs to activate the lipolysis process [213]. 

Most of the adipocyte-free cholesterol is located on the surface of LDs rather than the 

plasma membrane [136, 214]. Disruption of the cholesterol esterification process may 

lead to an increase in free cholesterol levels on the LD surface, promoting the 

translocation of phosphorylated HSL. Adipose tissue lipolysis can be induced by 

various factors such as cold exposure, hormonal signals (glucagon, GH), and 

catecholamines, which can also induce the browning of WAT [215]. Previous studies 

have found that lipolysis-derived linoleic acid from WAT can promote the proliferation 

of beige fat progenitor cells [216]. lipolysis-induced release of FFAs activates signaling 

pathways that promote the browning of WAT by stimulating the expression and 

activation of key regulatory proteins, such as PGC-1α and PRDM16 [217]. 

SOAT1 is the enzyme mainly responsible for transferring free cholesterol into 

cholesterol esters in adipocytes. It is a nine-transmembrane domain protein located in 

the endoplasmic reticulum (ER). Recent research has identified its enrichment in the 

ER-mitochondrial contact site called the mitochondria-associated membrane (MAM) 

[148]. The MAM region is rich in cholesterol and sphingolipids [218]. Previous studies 

have shown that inhibiting SOAT1 can increase the ER-mitochondrial contact site and 

enhance its activity [219]. This suggests that an increased pool of free cholesterol may 

facilitate the transfer of calcium ions from the ER to mitochondria. Mitochondria are 

cellular organelles responsible for generating ATP through oxidative phosphorylation, 

which involves the coupling of electron transport and ATP synthesis. In the presence of 
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uncoupling protein 1 (UCP1), the energy derived from electron transport can be 

uncoupled from ATP synthesis and dissipated as heat [220]. Whether SOAT1 regulates 

mitochondrial function is still not fully understood. 

In this study, we constructed adipocyte-specific knockout mice lacking SOAT1 to 

investigate its function. Remarkably, when these KO mice were fed a HCD diet, we 

observed the formation of beige adipocytes in iWAT and an enhancement in EE. In 

addition, we found that SOAT1 deficiency promoted lipolysis in iWAT both in vivo and 

in vitro. However, the KO of SOAT1 also result in inflammation in iWAT and lipid 

accumulation in liver. Overall, our findings provide valuable insights into the molecular 

mechanisms through which SOAT1 regulates iWAT browning under HCD conditions.  

 

3.3 Methods and materials 
 

3.3.1 Animal model and treatment 

All animal experiments were conducted at The Hong Kong Polytechnic University and 

were approved by the Centralized Animal Facilities (CAF). The mice used in this study 

were of C57BL/6J background and were housed at room temperature with a 12-hour 

light/dark cycle. They were fed with HCD (1.25% cholesterol with 0.5% sodium 

cholate) (Shuyishuer Bio. China) and given sterile water ad libitum. SOAT1flox/flox mice 

were generated by inserting two Loxp sites covering SOAT1 exon 14 (provided by Dr. 

Ta-Yuan Chang [126]. Adipocyte-specific SOAT1 knockout mice (Adipoq-SOAT1) 

were generated by crossing SOAT1flox/flox mice with adiponectin-Cre (Adipoq-Cre, 

provided by Dr. CHENG, King Yip [152]). Male SOAT1flox/flox mice aged 4-6 weeks 

were used in this study for stromal vascular fraction isolation. 

 

3.3.2 Mice genotyping 

Genotyping was carried out using PCR with genomic DNA extracted from tail biopsies 

and follow the procedure as previously stated [21]. The PCR primers for SOAT1 Loxp 

site were as follows: forward, 5’-TATGCCCTCGCCATCTGCCT-3’; reverse, 5’- 
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CCAGCAGTAGGCTCTCATATGC-3’. 

 

3.3.3 Glucose and insulin tolerance tests 

For the glucose tolerance test, mice were fasted overnight followed by i.p. injection 

with glucose (2g/kg). For insulin tolerance test, mice were day fasting 6h and i.p. inject 

with human insulin (0.75 IU/kg). Glucose level were measured from tail blood at 

indicated time point by using glucose meter (Roche, Switzerland ). 

HOMA-IR was calculated based on the following equation: HOMA-IR=fasting serum 

insulin (mU/L) * fasting serum glucose (mg/dl)/405. 

 

3.3.4 Metabolic cage studies 

Mice were housed individually and acclimated for 2 days to the metabolic chambers 

(Promethion System, Sable system international, United States) with ad libitum access 

to food and water at CAF. Data collected as indicated were used to calculate food intake, 

RER, energy expenditure and physical activity as previously described [221].  

 

3.3.5 Histological staining 

Hematoxylin and eosin (H&E) staining was performed as previous described [222]. 

Briefly, tissue were fixed in 10% formalin and subjected to paraffin embedding, and  

sectioned with 5 μm thickness. Adipocyte sizes were quantified by AdipoCount 

software [223].The F4/80 and UCP1 immunohistochemistry (IHC) were performed by 

Servicebio (China) company. Images were taken using a Nikon TS100 microscope 

(Japan) and were quantified by ImageJ software (Version 2.0). 

 

3.3.6 Fecal calorie measurement 

Fecal samples were collected after 21 weeks of treatment. One gram of dried stool was 

used to prepare pellets, and the calorie content was determined using a bomb 

calorimeter 6200 instrument with a 1108 oxygen-bomb model (Parr Instrument Co., 

Moline, Illinois) [224]. Benzoic acid was utilized as the calibration standard. 
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3.3.7 Mature adipocyte isolation 

After euthanizing the mice, their adipose tissue was collected immediately. This tissue 

was then dissected, cut into small pieces, and digested in a solution of PBS with 1 

mg/ml Collagenase IV (17101015, Thermo) and 2.4 IU/ml Dispase II (D4693, Sigma-

Aldrich) for about 50 minutes at 37°C. This digestion was performed in a shaker water 

bath operating at 100rpm. Following digestion, the cells were strained through a 100 

µm cell strainer (352360, Falcon) into a fresh tube and then centrifuged at 600g for 5 

minutes at 4°C. The adipocytes that floated to the top were transferred to another 15ml 

conical tube with DMEM/F12 (11995065, Thermo) medium. A second centrifugation 

was performed under the same conditions, and the adipocytes were then transferred to 

a 1.5ml tube for future experiments. 

 

3.3.8 Blood collection, TG, FFA, glycerol, cholesterol and hormone measurement of 

mouse serum 

Blood samples were collected from overnight or day fasting mice. The blood was stand 

in RT for 30min, then centrifuge at 2,000 g for 30 min to get the supernatant. Serum 

levels of TG were determined by TG kit (A110-1-1, nanjingjiancheng). TC, FC and CE 

were determined by Amplex Amplex Red cholesterol assay kit (A12216, Thermo). 

Adiponectin were measured by Elisa kit (Cat. 32010, IMD). All experimental 

procedures were conducted in accordance with the guidelines provided by the 

manufacturer. 

 

3.3.9 Statistical analysis 

The data are presented as means ± S.D. or means ± S.E.M., as specified in the figure 

legends. Statistical significance for comparisons between control and treatment groups 

was assessed using GraphPad Prism software (version 9.0) with a two-tailed student's 

t-test or one-way ANOVA. Statistical significance is reported for comparisons with a 

p-value < 0.05, as indicated in the figure legends. 

 



 100 

3.4 Results 
 

3.4.1 SOAT1 is selectively deleted by adipocytes 

To investigate the function of SOAT1 in adipocytes in vivo, we generated mice lacking 

SOAT1 in adipose tissue (AKO) by crossing adiponectin-Cre mice to SOAT1 floxed 

mice (Figure 3-1 A). As WAT is composed of various types of cells and SOAT1 is highly 

expressed in macrophages. we employed multiple methods to evaluate the efficacy of 

knockout: 1) tail genotyping (Figure 3-1 B); 2) examine SOAT1 mRNA level by PCR 

and electrophoresis on WAT samples, with primers targeting on exon 13 and 15, 

respectively (exon 14 is flanked by loxP sites) (Figure 3-1 C); 3) examine SOAT1 

protein and mRNA level in mature adipocytes (MA) isolated from iWAT and eWAT, 

stromal vascular fraction (SVF) serving as a positive control. Notably, F4/80 mRNA 

level were significantly reduced in MA (Figure 3-1 D), while the AdipoQ mRNA level 

markable elevated in MA compared to SVF (Figure 3-1 E), indicating the purity of the 

isolated adipocytes. The mRNA (Figure 3-1 F) and protein (Figure 3-1 I) level of 

SOAT1 were significantly diminished in both iWAT and eWAT of AKO mice compared 

to CTRL mice, with no alteration observed in SOAT1 content in SVF (Figure 3-1 G) or 

other tissues (Figure 3-1 H-I). It is important to note that our mouse model did not 

exhibit SOAT1 knockout in brown adipose tissue (BAT). 4) To assess the CE content, 

we observed a prominent decrease in CE levels in WAT of AKO mice compared to 

CTRL mice, as well as a decrease in the CE to FC ratio, but no significant changes were 

observed in liver tissue (Figure 3-1 J-K). 5) using a fluorescent reporter mouse to cross 

with adipoQ-cre mouse for checking the cre-recombination activity. The AKO mice 

exhibited a strong fluorescence signal compared with CTRL in sWAT but not in liver 

(Figure 3-1 L), validating higher cre-recombination activity in sWAT of AKO mice. 

Overall, these findings confirm the successful and specific knockout of SOAT1 in WAT 

of AKO mice. 
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3.4.2 Adipocyte-specific SOAT1 deletion enhance energy expenditure in room 

temperature despite similar body mass 

SOAT1 is an enzyme involved in cholesterol esterification, which plays a crucial role 

in the storage and transport of cholesterol within cells. To understand the functional 

relevance of SOAT1-mediated adipocytes in obesity and its associated metabolic 

disorders, we challenged the CTRL and AKO mice with the HCD diet for 21 weeks 

(Figure 3-2 A). Under HCD for 21 weeks, there was no significant difference in body 

weight or % fat mass between the CTRL and AKO groups, but a slightly increased heart 

mass in the AKO group compared to CTRL (Figure 3-2 B-E). The serum adiponectin 

showed no difference between the CTRL and AKO groups (Figure 3-2 F). Next, we 

examined the effect of SOAT1 on energy balance by measuring the accumulated food 

intake during the 21-week treatment period, as well as the individual food intake in the 

metabolic cage. We found no difference in energy intake between CTRL and AKO mice 

(Figure 3-2 G-H). Fecal energy excretion was significantly upregulated in AKO mice 

compared to CTRL (Figure 3-2 I). Interestingly, the results of the metabolic cage study 

showed that EE of AKO mice in both the dark and light cycles was significantly 

upregulated compared to CTRL, although respiratory exchange ratio (RER) and 

physical activity showed no difference (Figure 3-2 J-M). Collectively, these results 

indicate that the loss of SOAT1 in adipocytes has a minimal effect on body weight and 

adipose tissue mass but significantly upregulates EE. 

 

3.4.3 Adipocyte-specific SOAT1 deletion promotes iWAT beiging 

As whole body thermogenesis is equivalent to total EE [225], we hypothesized that the 

deficiency of SOAT1 promotes WAT browning or enhances BAT thermogenic ability, 

leading to increased heat production. Upon sacrificing the mice, we observed a distinct 

darkening of the iWAT in AKO mice compared to CTRL, while no such change was 

observed in eWAT (Figure 3-3 A). Consistently, hematoxylin and eosin (H&E) staining 

revealed the presence of multilocular lipids, indicative of beige fat biogenesis, in iWAT 

of AKO mice compared to CTRL, but not in eWAT (Figure 3-3 B). 
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Uncoupling protein 1 (UCP1) is a mitochondrial protein predominantly found in BAT, 

responsible for dissipating energy as heat by uncoupling oxidative phosphorylation 

from ATP synthesis [226]. To confirm the browning effect in iWAT of the AKO group, 

UCP1 staining was performed, revealing higher UCP1 expression in AKO mice 

compared to CTRL (Figure 3-3 C-D). Additionally, RNA-seq analysis of iWAT in both 

CTRL and AKO mice was conducted to explore the underlying mechanism. Among the 

top 500 expressed genes based on fold change, UCP1 mRNA level exhibited the most 

significant upregulation in AKO mice compared to CTRL (Figure 3-3 E). Heatmap 

analysis further supported these findings, showing upregulation of beige markers and 

downregulation of adipogenic markers in AKO mice compared to CTRL (Figure 3-3 

F). The conversion of inactive thyroxine (T4) to its active form, triiodothyronine (T3), 

is crucial for thermogenesis and energy metabolism, with Dio2 playing a key role [227]. 

Cytochrome c oxidase subunit 7A1 (COX7a1) and Cytochrome c oxidase subunit 8B 

(COX8b) are genes involved in mitochondrial function and thermogenesis [228]. To 

validate the RNA-seq results, qPCR analysis was performed, confirming the 

upregulation of beige markers in AKO mice compared to CTRL (Figure 3-3 G). 

However, UCP1 mRNA was not induced in BAT or eWAT (Figure 3-3 H), and 

adipocyte morphology remained unchanged in BAT (Figure 3-3 I). Overall, these 

results suggest that the deficiency of SOAT1 in adipocytes promotes increased energy 

expenditure, as well as the formation of beige adipocytes in iWAT under HCD 

challenges. 

 

3.4.4 Adipocyte-specific SOAT1 deletion promote adipocyte lipolysis. 

We further evaluated UCP1 protein level and found it significantly upregulated in iWAT 

of AKO mice (Fugure 3-4 A). The lipolysis releases free fatty acids (FFAs), which could 

activate the beige adipocyte differentiation process. Therefore, we tested the levels of 

lipolysis-related proteins, ATGL and pHSL [217]. The ATGL protein level were 

significantly enhanced in the AKO group compared to CTRL (Figure 3-4 A-D). 
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Additionally, the serum TG levels were notably higher in the AKO group compared to 

the CTRL group, while no difference was observed in non-esterified fatty acids (NEFA) 

levels (Figure 3-4 E-F). To confirm the in vivo results, stromal vascular fraction (SVF) 

was isolated from iWAT of SOAT1fl/fl mice and induced adipogenesis in vitro. SOAT1 

was knocked out using cre-expressing adenovirus at the mature adipocyte stage, and 

the knockout efficiency was confirmed by PCR (Figure 3-4 G-H). Interestingly, UCP1 

mRNA levels were found to be upregulated in the SOAT1 KO group compared to CTRL 

under basal or CL-216,243 stimulus conditions (Figure 3-4 I). Treatment of mature 

adipocytes with the SOAT1 inhibitor Avasimibe (AVA) resulted in upregulated UCP1 

mRNA levels under basal conditions (Figure 3-4 J). Consistent with the in vivo results, 

the other beige marker gene expression (PGC1α, PRDM16, Dio2) and genes involved 

in mitochondrial function and thermogenesis (COX7a1 and COX8b) were markably 

upregulated in SOAT1-KO group compared with CTRL (Figure 3-4 K). The ATGL and 

UCP1 protein level increased in SOAT1-deficient adipocytes compared to CTRL 

(Figure 3-4 L-N). Moreover, glycerol levels, indicative of lipolysis activity, were 

significantly higher in the SOAT1-KO group compared to CTRL when measuring the 

cell differentiation medium collected from mature adipocytes (Figure 3-4 O). In order 

to test if SOAT1 KO promotes lipolysis and further enhances UCP1 mRNA levels 

through ATGL, we loaded the ATGL inhibitor, Atglistatin, in both CTRL and SOAT1 

KO adipocytes. As expected, the UCP1 mRNA levels and glycerol (Figure 3-4 P-Q) 

from the cell culture medium in the KO group were successfully rescued. In summary, 

these findings demonstrate that adipocyte-specific depletion of SOAT1 promote UPC1 

mRNA and protein expression and upregulates adipocyte lipolysis both in vivo and in 

vitro. 

 

3.4.5 Adipocyte-specific SOAT1 deletion induce inflammation and macrophage 

infiltration in adipose tissue 

After performing digital gene expression (DGE) analysis, functional enrichments were 

conducted on the differentially expressed genes (DEGs) using Kyoto Encyclopedia of 
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Genes and Genomes (KEGG) analysis. The significantly upregulated pathways were 

identified in ascending order of the p-value, revealing that inflammation-related 

pathways were the most enriched (Fig 3-5 A). Heatmap analysis revealed the 

upregulation of pro-inflammatory cytokines, such as TNF-α and interleukin-1 beta (IL-

1β), in AKO mice compared to CTRL (Figure 3-5 B). Consistent with our study, 

previous studies have shown that browning of WAT involves significant remodeling of 

the adipose tissue microenvironment, leading to inflammatory responses characterized 

by changes in extracellular matrix composition and immune cell interactions [229]. 

Furthermore, we performed F4/80 staining of iWAT and observed higher macrophage 

infiltration in AKO mice compared to CTRL (Figure 3-5 C-D), suggesting a more pro-

inflammatory state in the iWAT of AKO mice. Additionally, the expression of 

proinflammation-related genes (INOS, IL-6) in SOAT1 KO adipocytes was 

significantly upregulated, while anti-inflammation-related genes (CD206, MGL2) were 

downregulated compared to the CTRL (Figure 3-5 E). To test if pro-inflammatory 

cytokines were released from adipocytes, we collected the conditioned medium from 

SVF-differentiated mature adipocytes and co-cultured it with macrophages. Compared 

to the CTRL group, the inflammatory gene expression in macrophages co-cultured with 

SOAT1-KO medium was enhanced (Figure 3-5 F). Taken together, these results suggest 

that the deletion of SOAT1 in adipocytes induce inflammation and reduces macrophage 

infiltration in adipose tissue. 

 

3.4.6 Adipocyte-specific SOAT1 deletion promotes ectopic lipid deposition in liver 

The liver assumes a pivotal role in the metabolism of lipids throughout the body and 

contributes significantly to overall metabolic health. Therefore, we investigated 

whether liver function is affected by the KO of SOAT1 in adipocytes. We observed no 

abnormal morphology in hepatocytes after SOAT1 KO, but there was a slight increase 

in TG levels in the AKO group compared to the CTRL group (Figure 3-6 A-B). 

Consistently, the mRNA levels of TG synthesis genes, such as SCD1 and DGAT2, were 

significantly higher in the AKO group than in the CTRL group (Figure 3-6 C). However, 
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there were no differences in free cholesterol and total cholesterol levels between the 

CTRL and AKO mice (Figure 3-6 D). These findings suggest that adipocyte-specific 

deletion of SOAT1 may promote TG synthesis in the liver. 

 

3.4.7 Adipocyte-specific SOAT1 deletion has little effect on serum and WAT 

cholesterol levels  

In the absence of functional SOAT1, there would be a disruption in the normal process 

of cholesterol ester formation. Therefore, we measured cholesterol levels in adipose 

tissue, liver, and serum. The free cholesterol level in adipocytes was not altered by 

SOAT1 deficiency (Figure 3-7 A). Heatmap analysis also demonstrated no difference 

in the expression of genes involved in cholesterol synthesis, uptake, and efflux between 

the CTRL and AKO groups (Figure 3-7 B). While there was a trend towards decreased 

levels of free cholesterol and high-density lipoprotein cholesterol (HDL-C) in the AKO 

group compared with CTRL, there were no differences in CE and low-density 

lipoprotein cholesterol (LDL-c) (Figure 3-7 C-E). Collectively, these results indicate 

that the overall cholesterol levels in adipose tissue and serum were not influenced by 

SOAT1 depletion in adipocytes. 

 

3.4.8 Adipocyte-specific SOAT1 deletion has little effect on glucose tolerance and 

insulin sensitivity 

Glucose homeostasis are important markers of metabolic health. Efficient glucose 

regulation, characterized by healthy glucose tolerance and high insulin sensitivity, is 

linked to a decreased risk of metabolic disorders. Conversely, impaired glucose 

tolerance and reduced insulin sensitivity indicate an elevated risk of metabolic 

dysregulation and associated health conditions [230]. Our aim was to investigate the 

role of adipocyte SOAT1 in glucose tolerance and insulin sensitivity. After 21 weeks of 

HCD treatment, there were no differences in glucose tolerance as assessed by glucose 

tolerance test (GTT), insulin sensitivity as assessed by insulin tolerance test (ITT), and 

pyruvate tolerance as assessed by pyruvate tolerance test (PTT) between the CTRL and 
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AKO groups (Figure 3-8 A-C). Consistently, fasting insulin levels, serum glucose levels, 

and the homeostatic model assessment of insulin resistance (HOMA-IR) showed no 

differences between the CTRL and AKO groups (Figure 3-8 D-F). Overall, these data 

suggest that SOAT1 deficiency in adipocytes has minimal effect on glucose tolerance 

and insulin sensitivity. 

 

3.5 Discussion 
 
Activation of WAT browning is accompanied by improved systemic health under obese 

status [231, 232]. The beige adipocytes are generally considered to be more transient 

or short-lived. They can be induced to differentiate from precursor cells under specific 

stimuli but can also revert back to a white adipocyte phenotype if the stimulating factors 

are removed. This plasticity allows them to dynamically respond to meet metabolic 

demands [233, 234]. In this study, we found that SOAT1 deficiency in adipocytes 

promotes iWAT browning and enhances lipolysis without any external stimulus. 

However, body mass, fat mass and glucose homeostasis were not influenced by 

adipocyte specific SOAT1 KO. Our findings uncover a novel role of SOAT1 in beige 

fat biology, highlighting the potential of SOAT1 inhibitors as beneficial agents for 

promoting the browning of WAT. Thus, it presents itself as a prospective target for 

addressing obesity and its associated metabolic diseases. 

Beige cells are a type of mitochondrial-rich adipocytes. Mitochondria regulate the 

formation of beige adipocytes through multiple ways, including increased 

mitochondrial biogenesis and enhanced oxidative capacity [235]. Additionally, 

mitochondria in beige adipocytes contain a higher density of UCP1. A previous study 

found that adipocyte-specific knockout of IFI27 in mice exhibited decreased EE and 

inhibited adipocyte thermogenic ability, mainly due to decreased mitochondrial cristae 

disrupting mitochondrial function [236]. Due to the limited availability of cholesterol 

in the inner mitochondrial membrane (IMM), cholesterol homeostasis may play a 

critical role in regulating mitochondrial metabolism [237]. The ER is physiologically 

connected to the outer membrane of mitochondria [238]. The MAM region exert key 
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role in supporting Ca2+ directly from the MAM to mitochondrial [239, 240]. The MAM 

area contains high levels of neutral lipids, ceramides, and cholesterol [241]. The 

synthesis of phosphatidylethanolamine in mitochondria occurs via MAM to transport 

the precursor phosphatidylserine through intermembrane lipid transport [242]. 

However, the mechanism of cholesterol transportation in the MAM is unclear. Previous 

studies have reported that inhibition of SOAT1 strengthens the connection between ER 

and mitochondria, as well as increases cholesterol content in the MAM [219]. Therefore, 

it is possible that adipocyte SOAT1 deficiency mediated cholesterol transportation 

improves mitochondrial function and promotes adipocyte beige capacity. 

BAT activity is markedly related to cold exposure, which are actually beige adipocytes 

[243]. WAT contains fewer mitochondria than BAT and shows lower expression of FA 

oxidation-related enzymes [244]. In our study, we observed beige adipocytes in iWAT, 

while eWAT and BAT showed no difference in morphology or UCP1 gene expression. 

The possible reason for this discrepancy may be that SOAT1 is not depleted in BAT, as 

the mRNA and protein levels of SOAT1 in the BAT of the AKO group were not reduced 

compared to the control group (Figure 3-1 H-I). In a previous study, Cdkn2a UCP1 KO 

mice exhibited increased EE under HFHS diet, but BAT morphology, as well as the 

thermogenic gene profile, remained unaltered. Thus, beige adipocyte formation may 

not always be accompanied by altered BAT activity. 

It is interesting to note that lipolysis is enhanced in SOAT1-deficient adipocytes. TGs 

within WAT undergo lipolysis, resulting in the release of FFAs into the bloodstream. A 

larger proportion of FFAs are taken up by hepatocytes, where they are further esterified 

into TGs, CE, or phospholipids [245]. A previous study demonstrated that UCP1-

dependent heat production in activated beige adipocytes is induced by FAs generated 

through lipolysis [220]. FFAs can activate the cyclic adenosine monophosphate (cAMP) 

pathway, leading to the activation of protein kinase A (PKA), which phosphorylates and 

activates UCP1, resulting in increased thermogenesis. Along with the presence of beige 

adipocytes in AKO mice, these mice also exhibited ectopic lipid accumulation in the 

liver in our results. These results are intriguing, as beige adipocyte activity has shown 

an inverse correlation with BMI, body fat percentage, glucose levels, and age [246-
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249]. Recent studies have found that beige adipocytes function as endocrine organs, 

secreting peptides, proteins, or lipids to influence systemic metabolism. Therefore, our 

results suggest that the ectopic lipid accumulation in the liver may result from an 

increased release of FFAs from AKO mice, or beige adipocytes may communicate with 

the liver to promote lipid deposition. 

In summary, we have identified SOAT1 as an important player in beige adipocyte 

formation under HCD feeding. Our work introduces the concept that beige adipocytes 

can be formed under room temperature without any external stimuli and could 

potentially be developed as an alternative therapeutic target for the treatment of obesity. 
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Figure 3-1. SOAT1 is selectively ablation in adipocytes.  

A, Scheme of SOAT1 KO mice construction. B, Gel analysis of PCR product for mice genotyping. C, 

PCR analysis genomic DNA to detect loxp/loxp and excised genes and determination of the transcription 

levels for each of the SOAT1 subunits in tissues. D, F4/80 mRNA level in SVF and mature adipocytes . 

E, AdipoQ mRNA level in SVF and mature adipocytes. F, SOAT1 mRNA level in mature adipocytes 

from CTRL and AKO mice. G, SOAT1 mRNA level in SVF from CTRL and AKO mice. H, SOAT1 

mRNA level in different tissues from CTRL and AKO mice (n=4-6 per group). I, Western blot analysis 

of SOAT1 in different tissue from CTRL or AKO mice. J, Cholesterol ester level in different tissues from 

CTRL or AKO mice (n=4-6 per group). K, The proportion of esterified cholesterol over free cholesterol 

(n=4-6 per group). L, Adipose tissue and liver were collected and take photos by epi-fluroscence 

microscopy. Scale bar, 50 μm. Data is presented as Mean ± SEM and analysed by independent t-test, 

#p<0.1, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3-2. Adipocyte-specific SOAT1 (AKO) mice exhibit enhanced energy expenditure. 

A, Experiment procedure. 8-weeks-old CTRL and AKO male mice were feed with HCD diet for 21 

weeks in room temperature. B, Body weight of CTRL or AKO mice (n=4-6 per group). C, Representative 

images of 29-weeks-old CTRL or AKO mice. D, Organ mass of different tissue (n=4-6 per group). E, 

The adipose tissue weight were relative to body weight of CTRL or AKO mice (n=4-6 per group). F, 

Serum Adiponectin level from CTRL or AKO mice (n=4-6 per group). G, Accumulate food intake for 21 

weeks treatment of CTRL or AKO mice. H, Food intake were measured by individual mice (n=4-6 per 

group). I, Fecal samples collected from these mice were subjected to bomb calorimetry to measure fecal 

(n=4-6 per group). The mice were subjected to metabolic cage for 4 days. Metabolic cage detected VO2 

and VCO2 every 30 minutes. Average of three dark cycles and three light cycles were used to calculate 

energy expenditure J and respiratory exchange ratio K. L, Pedmeter value were recorded by metabolic 

cage. M, Energy expenditure of CTRL and AKO mice fed with HCD. Data is presented as Mean ± SEM 

and analysed by independent t-test, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3-3. Adipocyte-specific KO SOAT1 mice exhibited iWAT browning.  

A, Representative images of iWAT and eWAT from CTRL and AKO mice. B, H&E stained of iWAT and 

eWAT. C, Adipocyte image of UCP1 staining and quantification data in D. E, Volcano plot representation 

of differential expression analysis of genes in AKO versus CTRL mice. F, Heat map depicting the fold 

change of representative genes in beige and adipogenic pathway. G, mRNA level of beige marker in 

iWAT. H, UCP1 mRNA level of BAT and eWAT. I, H&E stained of BAT from CTRL and AKO mice. 

Data is presented as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, 

***p<0.001.  
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Figure 3-4. Adipocyte-specific KO SOAT1 mice promote iWAT lipolysis and down-regulate AMPK 
activity.  

A, Western blot analysis of iWAT from CTRL and AKO mice and quantification data in B-D. The mice 

were under day fasting and serum NEFA in E and TG in F were analyzed. G, Schematic illustration of 

the cellular system of KO SOAT1 in vitro. H, PCR analysis genomic DNA to detect loxp/loxp and excised 

genes and determination of the transcription levels. I, UCP1 mRNA level in CTRL or SOAT1 KO mature 

adipocytes with or without CL-216,243 stimulus. J, UCP1 mRNA level in CTRL or Avasimibe treated 

mature adipocytes with or without CL-216,243 stimulus. K, mRNA level of beige marker in iWAT from 

CTRL and SOAT1-KO adipocytes. L, Western blot analysis of mature adipocytes from CTRL and 

SOAT1-KO adipocytes. M-N: Data quantification of L. O, Glycerol level in cell culture medium from 

CTRL and SOAT1-KO adipocytes. P, UCP1 mRNA level in CTRL or SOAT1 KO mature adipocytes 

with or without Atglistatin. Q, Glycerol level in cell culture medium from CTRL and SOAT1-KO 

adipocytes. Data is presented as Mean ± SEM and analysed by independent t-test or two-way ANOVA 

followed by Turkey’s test. Difference at values of p<0.05 were considered to be significant. 
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Figure 3-5. Adipocyte-specific KO SOAT1 mice promote iWAT inflammation.  

A, Upregulated signalling pathway analysed by KEGG in AKO versus CTRL mice. B, Heat map 

depicting the fold change of representative genes in inflammation pathway. C, Representative adipocyte 

image of F4/80 stained of iWAT from CTRL and AKO mice and quantification data in D. E, mRNA level 

of genes involve in inflammation pathway from CTRL and SOAT1-KO adipocytes. F. mRNA level of 

genes involve in inflammation pathway, CTRL-macrophage co-culture with CTRL adipocytes 

differentiated medium, Treatment- macrophage co-culture with SOAT1-KO adipocytes differentiated 

medium. Data is presented as Mean ± SEM and analysed by independent t-test, *p<0.05, **p<0.01, 

***p<0.001.  
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Figure 3-6. Adipocyte-specific KO SOAT1 mice promote TG synthesis in liver.  

A, Representative image of H&E stained of liver from CTRL and AKO mice. B, TG quantification of 

liver tissue from CTRL and AKO mice. C, mRNA level of genes involved in TG synthesis of liver in 

CTRL and AKO mice. D, Cholesterol quantification of liver tissue from CTRL and AKO mice. Data is 

presented as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001.   
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Figure 3-7. Adipocyte-specific SOAT1 deletion has little effect on serum and WAT cholesterol levels  

A, Cholesterol quantification of adipose tissue from CTRL and AKO mice. B, Heat map depicting the 

fold change of representative genes in cholesterol metabolism pathway. C, CTRL and AKO mice were 

fast 6h before sacrifice and serum cholesterol were measured. D, Serum HDL-c level of CTRL and AKO 

mice. E, Serum LDL-c level of CTRL and AKO mice. Data is presented as Mean ± SEM and analysed 

by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3-8. Adipocyte-specific KO SOAT1 mice have minimum effect on glucose metabolism. 

A, The blood glucose level of CTRL and AKO mice under HCD after i.p. injection glucose for glucose 

tolerance tests (GTT). B, The blood glucose level of CTRL and AKO mice under HCD after i.p. injection 

insulin for insulin tolerance tests (ITT). C, The blood glucose level of CTRL and AKO mice under HCD 

after i.p. injection pyruvate for pyruvate tolerance tests (GTT). D, Fasting serum insulin level of CTRL 

and AKO mice. E, Fasting serum blood glucose level of CTRL and AKO mice. F, The HOMA-IR was 

calculated according to the equation shown in the Materials and Methods section. Data is presented as 

Mean ± SEM and analysed by independent t-test, *p<0.05, **p<0.01, ***p<0.001.  
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Table 3-1 qRT-PCR primers 

Gene 
name Forward primer Revere primer 

UCP1 TCATCATCAATTGTACAGAGCTGGTA CGTCATCTGCCAGTATTTTGTTG 

DIO2 CAGTGTGGTGCACGTCTC TGAACCAAAGTTGACCACCAG 

COX7a1 AGCTGCTGAGGACGCA GCTTCTGCTTCTCTGCCAC 

COX8b TTCCCAAAGCCCATGTCTCT GGCTAAGACCCATCCTGCT 

CideA ATACATCCAGCTCGCCCTTT ACTTACTACCCGGTGTCCAT 

PGC1α CTCTGGAACTGCAGGCCTAA TGCCTTGGGTACCAGAACA 

PRDM16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG 

IL-6 TGAACAACGATGATGCACTTG CTGAAGGACTCTGGCTTTGTC 

INOS CTGCAGCACTTGGATCAGGAACCTG GGAGTAGCCTGTGTGCACCTGGAA 

IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

TNF-α TCTGTCTACTGAACTTCGGGGTG ACTTGGTGGTTTGCTACGACG 

ARG1 CCCCAGTACCAACAGGACTACC TGAACGTGGCGGAATTTTGT 

IL-10 CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC 

CD206 GGGACTCTGGATTGGACTCA CCAGGCTCTGATGATGGACT 
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CHAPTER 4. ADIPOCYTE-SPECIFIC SOAT1 DEFICIENCY DECREASED 

DIET INDUCED HEPATIC STEATOSIS AND PROMOTED HEART 

HYPERTROPHY 
 

4.1 Abstract 
 
Although adipocyte cholesterol homeostasis is closely associated with obesity and 

systemic health, the exact mechanism is still not well-studied. SOAT1 is the key 

enzyme responsible for synthesizing CE from FC. Previously, we found that knocking 

down SOAT1 in pre-adipocytes inhibited adipogenesis. However, the physiological 

function of SOAT1 remains unknown. We employed SOAT1 flox/flox (CTRL) mice 

and adipocyte-specific SOAT1-knockout (AKO) mice and fed them with HFHC diet 

for 21 weeks. Compared to CTRL mice, AKO mice exhibited little effects on body 

weight, adipose tissue mass, adipocyte size. Consistently, no significant differences 

were observed between CTRL and AKO mice in systemic energy intake, energy 

expenditure or glucose tolerance. Interestingly, we found that NAFLD activity score 

decreased in AKO mice, with decreased expression of lipogenic genes (SCD1, CD36) 

and reduced macrophage infiltration (F4/80 IHC staining), compared to CTRL mice. 

However, we performed echocardiography and found a significant decrease in % 

fractional shortening and % ejection fraction, and the heart mass markedly increased 

by 16.7% in AKO mice compared to CTRL, suggesting that heart function had 

worsened in the AKO mice.   

Collectively, our study demonstrated that SOAT1 deficiency in adipocytes has a 

minimal influence on adipose tissue mass or body weight in HFHC diet fed mice. 

However, adipocyte-SOAT1 may engage in the crosstalk between adipose tissue and 

organs in distance, including the liver and heart.  
 
 
 

4.2 Introduction 
 

White adipose tissue (WAT) is an important endocrine and metabolic organ that secretes 
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a variety of bioactive factors, known as adipokines, that influence systemic metabolism. 

The adipokine include adiponectin, leptin, resistin, and several pro-inflammatory 

cytokines such as TNF-α and IL-6 [250]. There is increasing recognition that WAT 

communicates with other organs, including the heart and liver. This crosstalk allows 

WAT to regulate energy metabolism in distant organs and conversely, allows other 

organs to modulate WAT function. Disruption of intercellular communication within 

adipose tissue has been associated with obesity, insulin resistance, cardiovascular 

disease, and various other disorders [251]. 

Adipokines can directly influence liver function and metabolism by binding to specific 

receptors on hepatocytes (liver cells) or by modulating the expression of genes 

associated with hepatic lipid and glucose metabolism. Adipose tissue crosstalk also 

impacts cardiac structure and function [252]. Obesity induces pathological cardiac 

hypertrophy, which involves enlargement of cardiomyocytes and increased protein 

synthesis. This is accompanied by inflammation, oxidative stress, and impaired cardiac 

metabolism. Adiponectin, leptin, and FABP4 among others, are thought to play key 

roles in initiating and promoting obesity-related cardiomyopathy. Leptin and FABP4 

have been shown to directly induce pathological hypertrophy of cardiomyocytes. 

Dysregulation of lipid metabolism, particularly increased fatty acid uptake and 

oxidation, also promote the development of cardiac hypertrophy and dysfunction in 

obesity [253].  

SOAT1 is an enzyme involved in the biosynthesis of cholesterol esters. Previous studies 

have reported that adipocyte-specific knockout (KO) of ABCA1, a key enzyme 

involved in cholesterol efflux, in mice reduced serum HDL-c levels when fed a HFHC 

diet [139]. This indicates that maintaining cholesterol homeostasis is involved in the 

synthesis and release of different lipoproteins, including HDL-c. Elevated levels of 

HDL-c are typically linked to a decreased risk of cardiovascular diseases, as they 

facilitate the reverse transport of cholesterol, removing excess cholesterol from the 

body's tissues, including the heart and liver [254].  

In summary, white adipose tissue communicates with the heart, liver, and other organs 

through the release of adipokines and lipids in a process termed adipose tissue crosstalk. 
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Further study is needed to fully elucidate the complex interactions between white fat, 

liver, and heart mediated by SOAT1 and other factors. Understanding adipose tissue 

crosstalk may reveal new therapeutic strategies to mitigate obesity-related 

cardiovascular and metabolic disorders that impact public health. 

 

4.3 Methods and materials 
 

4.3.1 Animal model and treatment 

All animal experiments were conducted at The Hong Kong Polytechnic University and 

were approved by the Centralized Animal Facilities (CAF). The mice used in this study 

were of C57BL/6J background and were housed at room temperature with a 12-hour 

light/dark cycle. They were fed with HFHC (1.25% cholesterol, 60% kcal% from fat) 

(Shuyishuer Bio. China) and given sterile water ad libitum. SOAT1flox/flox mice were 

generated by inserting two Loxp sites covering SOAT1 exon 14 (provided by Dr. Ta-

Yuan Chang [126]). Adipocyte-specific SOAT1 knockout mice (Adipoq-SOAT1) were 

generated by crossing SOAT1flox/flox mice with adiponectin-Cre (Adipoq-Cre, provided 

by Dr. CHENG, King Yip [152]).  

 

4.3.2 Adipose tissue ex-vivo lipolysis  

The adipose tissue was collected from different depots and incubated with KRPH buffer 

(20 mM Hepes, 5 mM KH2PO4, 1 mM MgSO4, 1 mM CaCl2, 136 mM NaCl, 4.7 mM 

KCl, pH 7.4) containing 2% fatty acid-free BSA at 37°C for 2 hours. Subsequently, the 

medium was collected for the measurement of NEFA (Cat. No. A042-1-1, Nanjing 

Jiancheng, China), glycerol (F6428, Sigma-Aldrich, USA), and TG (Cat. No. A110-1-

1, Nanjing Jiancheng, China) levels. All assays were conducted following the 

instructions provided by the respective manufacturers. Tissue weight was used to 

normalize glycerol and FFA values. 
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4.3.3. Real-time RT-PCR analysis 

Trizol reagent (TR 118, Millipore) was used to isolate total RNA from different tissue 

and subsequently reverse to cDNA and perform real-time PCR as described in chapter 

2 method part. The mRNA levels were normalized to ACTB and calculated with the 

comparative CT method. 

 

4.3.4 Glucose tolerance and pyruvate tolerance measurement. 

Mice were fasted 16h for GTT and 6h for PTT at 25 weeks of age. Blood samples were 

obtained from the mice's tail, and glucose levels were assessed using a glucometer as 

described in chapter 3 method part. 

 

4.3.5 Echocardiography in mice 

The mouse heart Echocardiography is performed by Fujifilm VisualSonics (Vevo 3100, 

Canada) [255]. Briefly, the mouse was gently in the palm of one hand and anesthesia 

by isoflurane. Pre-warm the echo transmission gel and apply it to the hairless chest of 

the mouse. The parasternal long-axis view captures a side view of the heart, allowing 

assessment of its structures and function. The short-axis view at the papillary muscle 

level provides detailed information about the left ventricle and the integrity of valves. 

2-D guided M-mode imaging enables real-time visualization of cardiac motion, 

facilitating measurements of cardiac dimensions and movement during the cardiac 

cycle. 

 

4.3.6 Histological analysis 

Adipose tissue samples are collected and fixed 10% formalin. Thin sections (usually 

around 4-6 μm) of the adipose tissue are cut using a microtome. These sections are 

mounted onto glass slides and dried. Then the slide was performed F4/80 IHC or HE 

stained following the standard procedure as described in chapter 3 method part.  
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4.3.7 Statistical analysis 

The data are presented as means ± S.D. or means ± S.E.M., as specified in the figure 

legends. Statistical significance for comparisons between control and treatment groups 

was assessed using GraphPad Prism software (version 9.0) with a two-tailed student's 

t-test or one-way ANOVA. Statistical significance is reported for comparisons with a 

p-value < 0.05, as indicated in the figure legends. 

 

 

4.4 Results 
 

4.4.1 Adipocyte-specific SOAT1 deletion has little impact on metabolic phenotype 

when fed with HFHC diet 

In order to explore the function of SOAT1 in obesity and metabolic syndrome-related 

diseases, we introduced a HFHC diet to SOAT1 knockout (KO) mice. The CTRL and 

AKO mice were treated with HFHC from 8 weeks to 29 weeks old (Figure 4-1 A). 

There was no difference in body weight between the CTRL and AKO groups during 

the 21-week treatment period (Figure 4-1 B-C), as well as in organ mass (Figure 4-3 

D). Adiponectin levels provide insights into insulin sensitivity and overall metabolic 

health, while leptin levels indicate adiposity, appetite regulation, and leptin signaling 

status [256]. We then measure the fasting serum levels of adiponectin and leptin and no 

difference was observed between the CTRL and AKO groups (Figure 4-1 E-F). Energy 

balance was assessed by monitoring individual food intake in metabolic cages (Figure 

4-1 G), measuring fecal calorie content (Figure 4-1 H), and evaluating EE in metabolic 

cages (Figure 4-1 I, L), but no significant differences were found between the CTRL 

and AKO groups. The RER levels, which indicate substrate utilization, were similar 

between the CTRL and AKO groups and close to 0.7 (Figure 4-1 J), suggesting a 

preference for fat as an energy source. Additionally, physical activity measured by 

pedometer showed no significant difference between the CTRL and AKO groups 

(Figure 4-1 K). These results indicate that SOAT1 deficiency in adipocytes has little 

effect on the metabolic phenotype in HFHC feeding. 
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4.4.2 Adipocyte-SOAT1 deficiency has little impact on adipose tissue adipogenesis 

and inflammation when fed with HFHC diet 

Following 21 weeks of treatment, the mice were euthanized, and no significant 

alterations in fat phenotype or the percentage of fat mass were observed between the 

CTRL and AKO groups (Figure 4-2 A-B). F4/80 staining was performed on Ing-WAT, 

Epi-WAT, and Retro-WAT to evaluate inflammation and morphology in different 

adipose tissue depots, but no differences in macrophage infiltration were observed 

between the CTRL and AKO groups (Figure 4-2 C, G-I). Adipocyte size distribution in 

Epi-WAT and Ing-WAT also showed no significant difference (Figure 4-2 D-E), 

although there was an increased prevalence of small adipocytes and a decreased 

prevalence of large adipocytes in Retro-WAT (Figure 4-2 F). Genes involved in 

triglyceride synthesis (DGAT2), fatty acid metabolism (SCD1), adipogenesis 

regulation (PPARγ), and adipokine encoding (AdipoQ and Resistin) did not show 

significant differences between the CTRL and AKO groups (Figure 4-2 J-K). 

Collectively, these results suggest that SOAT1 deficiency in adipocytes has little impact 

on adipose tissue mass and inflammation in the context of HFHC feeding. 

 

4.4.3 Adipocyte-SOAT1 deficiency has little impact on adipose tissue lipolysis and 

total cholesterol level 

Lipolysis is a crucial metabolic process occurring in adipose tissue, wherein stored 

triglycerides are enzymatically broken down into fatty acids and glycerol. This process 

is crucial for regulating energy balance and maintaining overall metabolic health. We 

examined whether the lipolysis process would be altered by SOAT1 KO. The mice were 

fasted overnight, and fat mass was collected for ex-vivo lipolysis experiments. However, 

there were no significant differences in glycerol and NEFA levels in both iWAT and 

eWAT between the CTRL and AKO mice (Figure 4-3 A-B). The released glycerol from 

the breakdown of triglycerides in adipose tissue could enter the bloodstream. Therefore, 

we measured the glycerol, NEFA, and TG levels in the serum and found no significant 

differences between the CTRL and AKO groups (Figure 4-3 C-E). Next, we determined 
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if the absence of SOAT1 in adipocytes affects overall cholesterol storage in adipose 

tissue. We measured total cholesterol and free cholesterol levels in Ing-WAT, Epi-WAT, 

and Retro-WAT and found no differences between the CTRL and AKO groups (Figure 

4-3 F-H). In summary, these data suggest that SOAT1 deficiency in adipocytes has 

minimal impact on adipose tissue lipolysis and cholesterol levels in the context of 

HFHC feeding. 

 

4.4.4 Adipocyte-SOAT1 deficiency ameliorates hepatic steatosis when fed with 

HFHC diet 

The liver plays a crucial role in lipid metabolism, undertaking essential processes 

related to the synthesis, storage, and distribution of lipids. Interestingly, although the 

lipid homeostasis does not seem to change in WAT of AKO mice, there is a significant 

reduction in lipid droplet (LD) content in hepatocytes and TG content in the liver 

compared to CTRL (Figure 4-4 A-B). This reduction is accompanied by decreased 

expression of TG synthesis genes (Figure 4-4 G). Additionally, macrophage infiltration, 

as demonstrated by F4/80 staining, is significantly decreased in AKO mice compared 

to CTRL (Figure 4-4 C-D), suggesting reduced inflammation. No collagen fibers are 

observed in the livers of both CTRL and AKO mice when fed HFHC (Figure 4-4 E). 

Total cholesterol and free cholesterol levels show no difference between CTRL and 

AKO mice, although there is a trend towards decreased expression of cholesterol efflux 

(ABCG1) and synthesis (HMGCS) genes in AKO mice compared to CTRL (Figure 4-

4 F-G). In summary, these results demonstrate that SOAT1 deficiency in adipocytes 

may ameliorate hepatic steatosis in HFHC feeding. 

 

4.4.5 Adipocyte-SOAT1 deficiency promotes heart hypertrophy when fed with HFHC 

diet 

It is interesting to found that the heart mass of the AKO group is significantly higher 

than the CTRL group (Figure 4-5 A), as well as the ratio of heart weight to BW (Figure 

4-5 B). Heart hypertrophy refers to the enlargement or thickening of the heart muscle, 
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specifically the myocardium. Obesity is often associated with systemic metabolic 

abnormalities, such as insulin resistance, dyslipidemia, and chronic low-grade 

inflammation. These factors can further contribute to the development of heart 

hypertrophy and cardiovascular complications [257]. To investigate if heart function is 

damaged in the AKO group, we performed heart echocardiography on mice. As 

expected, the left ventricular mass (LV mass) was significantly higher in the AKO group 

compared with the CTRL group (Figure 4-5 C), indicating the presence of cardiac 

hypertrophy. The thickness of the anterior wall of the left ventricle during systole 

(LVAW;s), representing the phase of ventricular contraction when the heart pumps 

blood out to the body, was increased in AKO mice. Similarly, the thickness of the 

anterior wall of the left ventricle during diastole (LVAW;d), representing the phase of 

ventricular relaxation and filling when the heart receives blood from the atria, was also 

increased in AKO mice. Left Ventricular Posterior Wall at Systole (LVPW;s) and Left 

Ventricular Posterior Wall at Diastole (LVPW;d) were higher in AKO mice compared 

with CTRL (Figure 4-5 D), indicating hypertrophy of the ventricular walls. Additionally, 

the diastolic and systolic diameters (Figure 4-5 E) were increased, further suggesting 

ventricular wall hypertrophy in AKO mice. Increased chamber diameters may indicate 

chamber dilation, which can occur in conditions such as heart failure or volume 

overload. Ejection fraction (EF) quantifies the heart's pumping capacity and signifies 

the percentage of blood expelled from the left ventricle during each contraction. A lower 

EF suggests impaired systolic function in the AKO group when compared to the CTRL 

group (Figure 4-5 F). Fractional shortening (FS) is another measure of systolic function 

and represents the percentage of change in left ventricular diameter during contraction. 

The decreased FS in the AKO group indicates impaired systolic function compared to 

the CTRL group (Figure 4-5 G). The MV E/A ratio is a parameter used to assess 

diastolic function, specifically the filling of the left ventricle during relaxation. The 

ratio compares the early (E) and late (A) diastolic velocities of blood flow across the 

mitral valve. An increased MV E/A ratio indicates diastolic impairment in AKO mice 

compared to the CTRL group (Figure 4-5 H). Global longitudinal strain (GLS) reflects 

the overall contraction and relaxation ability of the LV myocardium. The decreased 
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value of GLS in the AKO group suggests impaired diastolic function (Figure 4-5 I). 

ANP (atrial natriuretic peptide) is a marker of heart hypertrophy. The ANP mRNA level 

in the hearts of AKO mice is higher than in CTRL mice (Figure 4-5 J), further 

confirming that heart hypertrophy has occurred in AKO mice. Collectively, these data 

suggest that SOAT1 deficiency in adipocytes promotes heart hypertrophy in the context 

of HFHC feeding. 

 

4.4.6 Adipocyte-SOAT1 deficiency reduces serum HDL-C level when fed with HFHC 

diet 

Cholesterol plays a vital role as a fundamental component of lipoproteins, 

encompassing both LDL and HDL. The TC, FC, CE, and LDL-C levels showed no 

difference between the CTRL and AKO groups. However, there was a significant 

reduction in HDL-C levels in AKO mice compared to the CTRL group (Figure 4-6 A-

C). Reduced levels of HDL-C are linked to an elevated risk of cardiovascular diseases 

and impaired reverse cholesterol transport, suggesting that AKO mice may have 

metabolic abnormalities. 

 

4.4.7 Adipocyte-SOAT1 deficiency has little effect on glucose tolerance but improve 

insulin sensitivity when fed with HFHC diet 

Glucose tolerance and insulin sensitivity are important indices for assessing metabolic 

health. The pyruvate tolerance test (PTT) primarily reflects the liver's capacity for 

gluconeogenesis, which involves converting pyruvate into glucose. In our study, we 

compared the results of GTT, PTT, and fasting blood glucose levels between CTRL and 

AKO groups (Figure 4-7 A-C). We found no significant differences between the two 

groups in these measures. However, when we examined serum fasting insulin levels 

and HOMA-IR, we observed a significant decrease in AKO mice compared to the 

CTRL group (Figure 4-7 D-E). This finding suggests that AKO mice exhibit improved 

insulin sensitivity, despite no apparent effects on glucose tolerance or gluconeogenesis 

ability. In summary, our data suggest that the absence of SOAT1 in adipocytes does not 
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significantly affect glucose tolerance or gluconeogenesis but does improve insulin 

sensitivity. 

 

4.5 Discussion 
 
The excessive accumulation of adipose tissue in obesity can disrupt the delicate 

equilibrium of cholesterol metabolism. Here, we use an adipocyte-specific SOAT1 KO 

mouse model to evaluate the role of adipocyte SOAT1 in diet-induced obesity. The 

results show that in mice on an HFHC diet, AKO mice have a minimal effect on body 

weight, fat mass, and adipocyte morphology, but it may engage in crosstalk with the 

heart and liver. The hepatic steatosis was ameliorated in AKO mice, along with a 

decrease in macrophage infiltration. However, heart function was impaired, and 

hypertrophy was observed in AKO mice. Adipose tissue is an active endocrine organ 

that secretes adipokines to communicate with other organs, and SOAT1 may serve as a 

key regulator for metabolic regulation. 

Mounting evidence suggests that alterations in cholesterol uptake and efflux are 

connected to modifications in energy metabolism and the functioning of adipocytes. 

ABCA1, the key gene in regulating cholesterol efflux, was found to have significantly 

lower body weight, eWAT weight, and adipocyte size in an ABCA1 KO mice model 

fed with an HFHC diet [139]. In our previous study, we found that knocking down 

SOAT1 in pre-adipocytes blocked LD formation [154]. Thus, we hypothesized that KO 

of SOAT1 in adipocytes could exacerbate obesity. However, we found no significant 

difference in body weight, adipose tissue mass, and cholesterol levels between CTRL 

and AKO groups. We will perform lipidomic analysis to examine if the lipid profile has 

been altered by SOAT1 KO in WAT. 

Various studies have found that adipose tissue can crosstalk with the liver through 

adipokines and hepatokines, AT-derived miRNAs, inflammatory signals, etc. By 

inhibiting autophagy specifically in white adipose tissue, adipocyte-specific Atg7 

knockout (KO) mice demonstrated improvements in liver steatosis and fibrosis, as well 

as a reduction in serum free fatty acid (FFA) levels, indicating the involvement of 
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adipose-liver crosstalk in these beneficial effects [258]. In our study, we found 

decreased ectopic LD accumulation in the liver and reduced macrophage infiltration in 

AKO mice. Adipose tissue and the heart engage in complex crosstalk through various 

molecular and cellular mechanisms, contributing to cardiovascular health and disease. 

For example, adipose tissue releases extracellular vesicles, including exosomes, which 

contain various bioactive molecules, such as proteins, lipids, and microRNAs 

(miRNAs). These extracellular vesicles can be taken up by cardiac cells and influence 

their function [259]. A previous study found adipocyte stress-induced small 

extracellular vesicles (sEVs) were observed to contain an abundance of oxidatively 

damaged mitochondria. These sEVs have the potential to trigger a surge of reactive 

oxygen species (ROS) in cardiac tissue. Moreover, the adipocyte-derived pro-oxidant 

signal protects the heart through hormesis [260]. Chronic low-grade inflammation 

originating from adipose tissue can lead to the development of conditions like 

atherosclerosis and heart failure [261]. In our study, we didn't find AKO mice could 

induce AT inflammation. However, heart function was damaged, and hypertrophy 

occurred in AKO mice. We will perform serum metabonomics and lipidomics to 

identify potential factors that ameliorate liver steatosis and cause heart hypertrophy. 

In summary, the results from our mouse model provide new insights into the crosstalk 

between WAT and the heart and liver. Depletion of SOAT1 in adipocytes ameliorates 

liver steatosis while promoting heart hypertrophy. Further studies are needed to 

understand how adipocyte-specific KO of SOAT1 causes this phenotype. 
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Figure 4-1 Adipocyte-specific SOAT1 (AKO) mice have little effect on metabolic health in HFHC 
feeding.  

A, Experiment procedure. 8-weeks-old CTRL and AKO male mice were feed with HFHC diet for 21 

weeks. B, Body weight of CTRL or AKO mice (n=5 per group). C, Representative images of 29-weeks-

old CTRL or AKO mice. D, Organ mass of various tissue (n=5 per group). E, Serum Adiponectin level 

from CTRL or AKO mice (n=5 per group). F, Serum leptin level from CTRL or AKO mice. G, Food 

intake were measured by individual mice (n=5 per group). H, Fecal samples collected from these mice 

were subjected to bomb calorimetry to measure fecal (n=5 per group). The mice were subjected to 

metabolic cage for 4 days. Metabolic cage detected VO2 and VCO2 every 30 minutes. Average of three 

dark cycles and three light cycles were used to calculate energy expenditure I and respiratory exchange 

ratio J. K, Pedmeter value were recorded by metabolic cage. L, Energy expenditure of CTRL and AKO 

mice fed with HFHC. Data is presented as Mean ± SEM and analysed by independent t-test, #p<0.1, 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 4-2 Adipocyte-specific SOAT1 knockout (AKO) mice has minimum effect on adipocyte 
adipogenesis and inflammation. 

A, Representative images of iWAT and eWAT from CTRL and AKO mice. B, The adipose tissue weight 

were relative to body weight of CTRL or AKO mice (n=5 per group). C, Representative adipocyte image 

of F4/80 stained of iWAT, eWAT and Retro-WAT from CTRL and AKO mice. D-F, Adipocyte size 

quantification of different depots of AT. G-I, F4/80 quantification of different depots of AT. J-K, mRNA 

level of genes involved in adipogenesis and inflammation of iWAT and eWAT. Data is presented as Mean 

± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4-3 Adipocyte-specific SOAT1 knockout (AKO) mice has minimum effect on adipocyte 
lipolysis and cholesterol level. 

The mice were sacrificed, WAT ex-vivo lipolysis for 2h and medium is collected to measure glycerol in 

A and NEFA in B. C, Serum glycerol level. D, Serum NEFA level. E, Serum TG level. Mice WAT were 

homogenized and applied to Amplex cholesterol kit to measure free cholesterol and total cholesterol level 

in iWAT (F), eWAT (G) and Retro-WAT (H). Data is presented as Mean ± SEM and analysed by 

independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4-4 Adipocyte-specific SOAT1 knockout (AKO) mice ameliorates hepatic steatosis. 

A, Representative image of H&E stained of liver from CTRL and AKO mice. B, TG quantification of 

liver tissue from CTRL and AKO mice. C, Representative image of F4/80 stained of liver from CTRL 

and AKO mice. D, F4/80 quantification of liver tissue from CTRL and AKO mice. E, Representative 

image of sirus stained of liver from CTRL and AKO mice. F, Free cholesterol and total cholesterol in 

liver tissue. G, mRNA level of adipogenesis, cholesterol homeostasis related gene in liver tissue. Data is 

presented as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4-5 Adipocyte-specific SOAT1 knockout (AKO) mice promote heart hypertrophy. 

A, Heart weight of CTRL and AKO mice in HFHC feed. B, The ratio of heart weight to body weight. C, 

Left ventricular mass of CTRL and AKO mice. D, LVAW;d, LVAW;d, LVPW;s and LVPW;d 

measurement of CTRL and AKO mice. E, Diameters;d and diameter;s measurement of CTRL and AKO 

mice. F-I, EF, FS MV E/A and GLS measurement by heart echocardiography. J, ANP mRNA level of 

heart tissue. Data is presented as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, 

**p<0.01, ***p<0.001. 

 

 

Figure 4-6. Adipocyte-specific SOAT1 knockout (AKO) mice reduced serum HDL-c level. 

A, Serum total cholesterol, fee cholesterol and cholesteryl ester measurement. B, Serum HDL-c level. C, 

Serum LDL-C level. Data is presented as Mean ± SEM and analysed by independent t-test, *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 4-7 Adipocyte-specific SOAT1 knockout (AKO) mice improves insulin sensitivity. 

A, The blood glucose level of CTRL and AKO mice under HFHC after i.p. injection glucose for glucose 

tolerance tests (GTT). B, The blood glucose level of CTRL and AKO mice under HFHC after i.p. 

injection pyruvate for pyruvate tolerance tests (PTT). C, Fasting serum blood glucose level of CTRL and 

AKO mice. D, Fasting serum insulin level of CTRL and AKO mice. E, The HOMA-IR was calculated 

according to the equation shown in the Materials and Methods section. Data is presented as Mean ± SEM 

and analysed by independent t-test, *p<0.05, **p<0.01, ***p<0.001. 
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CHAPTER 5. ADIPOCYTE-SPECIFIC SOAT1 DEFICIENCY PROMOTE FAT 

MASS AND ADIPOCYTE HYPERTROPHY 
 

5.1 Abstract 
 
Cholesterol homeostasis plays an important role in adipose tissue function; however, 

its impact on adipocyte expansion remains unclear. SOAT1 is a key enzyme responsible 

for converting free cholesterol (FC) to cholesteryl ester (CE). In this study, we utilized 

a mouse model with adipocyte-specific knockout of SOAT1 (AKO) and corresponding 

control (CTRL) mice fed a normal diet (ND) for 21 weeks. Comparing AKO mice to 

CTRL mice, little effects were observed on body weight, energy intake, energy 

expenditure, or glucose tolerance. Surprisingly, AKO mice displayed a significant 

increase in adipose tissue (AT) mass, accompanied by enlarged adipocyte size. This 

phenotype was also evident in 8-week-old mice, where AKO mice exhibited higher 

white adipose tissue (WAT) mass and larger average cell size compared to CTRL mice. 

These findings suggest that SOAT1 deficiency promotes adipogenesis in early-stage 

adipose tissue. 

In summary, our study demonstrates that SOAT1 deficiency in adipocytes has little 

impact on body weight or energy balance in mice fed a normal diet. However, specific 

to adipocytes, SOAT1 may play a role in the process of adipocyte expansion. 
 
 

5.2 Introduction 
 

Adipose tissue, as a specialized form of connective tissue, serves a vital function in the 

human body by playing a critical role in energy storage and metabolism. Despite its 

essential role in multiple bodily functions, excessive accumulation and expansion of 

adipose tissue are associated with numerous health complications, including conditions 

such as obesity, diabetes, cardiovascular diseases, and specific forms of cancer. This 

multifaceted interplay between adipose tissue and human health is underpinned by a 

complex regulatory process known as adipogenesis [262, 263]. 

Adipogenesis is the biological process through which precursor cells, or preadipocytes, 
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differentiate into mature adipocytes. The regulation of this process involves a precise 

sequence of transcriptional events, which prominently feature essential transcription 

factors such as peroxisome PPARγ and C/EBPs [264, 265].  

Adipose tissue can expand through two primary mechanisms: hypertrophy, which 

involves an increase in the size of adipocytes, and hyperplasia, which involves an 

increase in the number of adipocytes. The balance between these two mechanisms is 

considered critical for maintaining metabolic health. However, uncontrolled adipose 

tissue expansion, as observed in obesity, can lead to a pathological state termed 

'adiposopathy' or 'sick fat', characterized by dysregulated adipokine secretion, 

inflammation, and insulin resistance. Therefore, understanding the molecular 

intricacies of adipose tissue adipogenesis and expansion is pivotal for developing 

therapeutic strategies for metabolic disorders [266, 267]. 

SOAT1, is an enzyme that plays a critical role in cholesterol homeostasis. It is primarily 

involved in the esterification of cholesterol, a process that converts FC into CE for 

storage in the LDs of cells. SOAT1 is particularly enriched in the endoplasmic reticulum 

of adipocytes, highlighting its importance in adipose tissue biology [268]. Cholesterol 

homeostasis is a tightly regulated process that balances the levels of cholesterol 

production, intake, and excretion to maintain cellular and systemic health. Disruption 

of cholesterol homeostasis can lead to a variety of health issues, including 

atherosclerosis, cardiovascular disease, and neurodegenerative diseases. Cholesterol 

homeostasis plays a crucial role in adipose tissue by ensuring the structural integrity 

and optimal functioning of adipocytes. Recent evidence suggests that cholesterol 

imbalance can interfere with adipogenesis and adipocyte function, further underscoring 

the relevance of cholesterol homeostasis in adipose tissue biology [269, 270]. 

Overall, the intricate relationship between adipose tissue adipogenesis and expansion, 

the role of SOAT1, and cholesterol homeostasis presents a complex, yet fascinating, 

area of exploration. Unravelling these complexities might pave the way for novel 

therapeutic interventions for a range of metabolic disorders associated with adipose 

tissue dysfunction. 
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5.3 Methods and materials 
 

5.3.1 Animal model and treatment 

All animal experiments were conducted at The Hong Kong Polytechnic University and 

were approved by the Centralized Animal Facilities (CAF). The mice used in this study 

were of C57BL/6J background and were housed at room temperature with a 12-hour 

light/dark cycle. They were fed with HFHC (PicoLab Rodent Diet 20) (Lab supply) and 

given sterile water ad libitum. SOAT1flox/flox mice were generated by inserting two Loxp 

sites covering SOAT1 exon 14 (provided by Dr. Ta-Yuan Chang [126]). Adipocyte-

specific SOAT1 knockout mice (Adipoq-SOAT1) were generated by crossing 

SOAT1flox/flox mice with adiponectin-Cre (Adipoq-Cre, provided by Dr. CHENG, King 

Yip [152]).  

 

5.3.2. Metabolic cage studies 

The mice were individually housed in metabolic cages (Promethion System, Sable 

System International) featuring wire mesh floors and distinct compartments for food 

and water. These cages were maintained in a temperature-controlled room operating on 

a 12-hour light/dark cycle. To measure oxygen consumption (VO2) and carbon dioxide 

production (VCO2), an indirect calorimetry system integrated into the metabolic cages 

was utilized. The respiratory exchange ratio (RER), which reflects substrate utilization, 

was calculated as the ratio of VCO2 to VO2. Locomotor activity was monitored using 

infrared beam breaks, and total activity counts were recorded. Data were collected and 

analyzed as described in chapter 3 method part. 

 

5.3.3 Glucose and insulin tolerance tests 

Glucose tolerance was evaluated following an overnight fast. Mice received an 

intraperitoneal injection of glucose (2 g/kg body weight), and blood samples were 

collected from the tail vein at baseline and at specific time intervals post-injection. 

Insulin tolerance was assessed after a 6-hour fasting period, where mice were 
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intraperitoneally injected with 0.75 IU/kg insulin, and blood glucose levels were 

measured using a glucometer (Roche, Switzerland) at designated time points.  

 

5.3.4 Histological staining 

Different depots of adipose tissue were collected and fixed in 10% formalin. After 

fixation, the tissues were dehydrated by gradually passing them through a series of 

increasing concentrations of alcohol. The dehydrated tissues were then infiltrated with 

a medium, typically paraffin wax or resin, to provide support and facilitate sectioning. 

Subsequently, H&E staining was performed as described in chapter 3 method part. 

 

5.3.5 Blood collection, TG, FFA, glycerol, cholesterol and hormone measurement of 

mouse serum 

Blood samples were collected from overnight fasting mice, and experiment reagents 

and methods were described in chapter 3 method part. 

 

5.3.6 Statistical analysis 

The data are presented as means ± S.D. or means ± S.E.M., as specified in the figure 

legends. Statistical significance for comparisons between control and treatment groups 

was assessed using GraphPad Prism software with a two-tailed student's t-test or one-

way ANOVA. Statistical significance is reported for comparisons with a p-value < 0.05, 

as indicated in the figure legends. 
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5.4 Results 
 

5.4.1 Adipocyte-specific SOAT1 deletion has little impact on metabolic phenotype 

In order to explore the physiological function of SOAT1 in vivo, we constructed 

adipocyte-specific SOAT1 knockout (AKO) mice as described in chapter 3 and fed 

them a ND until 29 weeks old (Figure 5-1 A). After 21 weeks of treatment, there was 

no significant difference in body weight between the CTRL and AKO mice (Figure 5-

1 B). Interestingly, all white adipose tissue (WAT) masses were significantly 

upregulated in AKO mice compared to CTRL, while other organs showed no difference 

(Figure 5-1 C). Serum adiponectin levels were significantly downregulated in AKO 

mice, while leptin levels were upregulated compared to CTRL (Figure 5-1 D-E). 

Adiponectin levels are generally inversely correlated with adiposity, suggesting 

reduced adiposity in AKO mice. During the 21 weeks of treatment, the accumulated 

food intake showed no difference between CTRL and AKO mice (Figure 5-1 F). 

Subsequently, the mice were placed in metabolic cages to record individual food intake 

and energy expenditure (EE). There was no significant difference in individual food 

intake between CTRL and AKO groups (Figure 5-1 G), but fecal energy was 

significantly upregulated in AKO mice (Figure 5-1 H). EE, RER, and physiological 

activity showed no significant difference between CTRL and AKO mice (Figure 5-1 I-

L). In conclusion, these results demonstrate that adipocyte-specific SOAT1 deficiency 

has little effects on body weight and energy balance. 

 

5.4.2 Adipocyte-SOAT1 deficiency promote adipose tissue mass and adipocyte size 

After the mice were sacrificed, the fat mass increased by approximately 50% in eWAT, 

iWAT, and Retro-WAT (Figure 5-2 A). We further evaluated adipocyte size and 

inflammation by conducting F4/80 staining on different depots of WAT (Figure 5-2 B). 

The AKO group exhibited a greater accumulation of larger adipocytes compared to the 

CTRL group, particularly in iWAT (Figure 5-2 C-E). This increase in adipocyte size 

suggests adipocyte hypertrophy in AKO mice. Quantification of F4/80 staining showed 

no significant difference in macrophage infiltration between WAT of CTRL and AKO 
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mice (Figure 5-2 F-H), suggesting that macrophage infiltration was not enhanced by 

SOAT1 knockout in adipocytes. The adipogenesis-related mRNA level were no 

significantly difference between CTRL and AKO group in both iWAT and eWAT. 

Overall, these data indicate that adipocyte-SOAT1 deficiency promotes adipocyte 

hypertrophy but does not enhance macrophage infiltration. 

 

 

5.4.3 Adipocyte-SOAT1 deficiency promote fat mass at 8 weeks old 

Because we observed a significant upregulation of fat mass in 29-week-old AKO mice, 

we hypothesized that adipocyte hypertrophy occurs in the early stages of adipogenesis. 

To test this hypothesis, we sacrificed 8-week-old mice and found a significant increase 

in iWAT fat mass in the AKO group compared to the CTRL group, even though BW 

showed no difference (Figure 5-3 A-B). To further evaluate adipocyte morphology, we 

conducted H&E staining (Figure 5-3 C) and observed a similar distribution of adipocyte 

sizes between CTRL and AKO mice (Figure 5-3 D-E). However, the average adipocyte 

size was larger in AKO mice compared to CTRL (Figure 5-3 F-G). Taken together, 

these data suggest that adipocyte-SOAT1 deficiency promotes adipocyte hypertrophy 

at 8 weeks old. 

 

5.4.4 Adipocyte-SOAT1 deficiency has decrease adipose tissue cholesterol level  

Adipose tissue is recognized as the primary site for storing FC in the body. Previous 

research has provided evidence of a positive association between TG levels and 

cholesterol levels within adipose tissue [271]. Based on this knowledge, we measured 

cholesterol levels in both adipose tissue and serum. In our study, we observed a decrease 

in TC and FC levels specifically in the iWAT of AKO mice compared to the CTRL 

group. However, there was no significant difference in these cholesterol levels in eWAT 

(Figure 5-4 A-B). Furthermore, when we examined the cholesterol levels in the serum, 

we found no significant differences in TC, FC, or CE levels between the AKO and 

CTRL groups (Figure 5-4 C). However, we did observe a slight decrease in HDL-c 
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levels in the AKO mice compared to the CTRL group (Figure 5-4 D). Taken together, 

these findings suggest that adipocyte-SOAT1 deficiency leads to a decrease in 

cholesterol levels specifically in adipose tissue. 

 

5.4.5 Adipocyte-SOAT1 deficiency has little impact on adipose tissue lipolysis 

Next, we assessed the lipolysis ability of adipose tissue. The mice were fasted overnight, 

and different depots of white adipose tissue (WAT) were cultured ex-vivo for 2 hours. 

The culture medium was collected to measure levels of NEFA and glycerol, which are 

indicators of lipolysis. However, we did not observe any significant differences in 

glycerol and NEFA levels between the CTRL and AKO mice in the lipolysis medium 

(Figure 5-5 A-B). Furthermore, we measured the levels of glycerol and NEFA in the 

serum and found no apparent differences between the CTRL and AKO groups. However, 

the levels of TG in the serum were significantly upregulated in AKO mice compared to 

CTRL (Figure 5-5 C-E). Taken together, these results indicate that adipocyte-SOAT1 

deficiency has little effect on adipose tissue lipolysis.  

 

5.4.6 Adipocyte-SOAT1 deficiency has little effect on glucose homeostasis 

Glucose tolerance reflects metabolic health by indicating the body's ability to regulate 

blood glucose levels, its sensitivity to insulin, the risk of developing type 2 diabetes, 

and its association with metabolic syndrome. In our study, we performed the glucose 

tolerance test and insulin tolerance test to assess these parameters and compared the 

results between the CTRL and AKO mice (Figure 5-6 A-B). Interestingly, we did not 

observe any significant differences in glucose tolerance between the two groups. The 

fasting blood glucose levels were also similar in both groups. However, we found that 

insulin levels were significantly decreased in AKO mice compared to CTRL, 

suggesting a potential improvement in insulin sensitivity. This observation was further 

supported by the trend towards decreased HOMA-IR, indicating improved insulin 

sensitivity in AKO mice (Figure 5-6 C-E). Collectively, these results demonstrate that 

adipocyte-SOAT1 deficiency has a minimal effect on glucose homeostasis.  
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5.5 Discussion 
 
Adipocyte hypertrophy refers to the enlargement of individual fat cells within adipose 

tissue, whereas adipocyte hyperplasia involves an increase in the number of adipocytes 

present [272]. In our study, we constructed adipocyte-specific SOAT1-deficient mice 

and treated them with a normal diet (ND) for 29 weeks. We found that this deficiency 

significantly promoted adipocyte hypertrophy and increased AT mass. Consistently, the 

WAT mass increased in 8-week-old AKO mice, suggesting that SOAT1 deficiency in 

adipocytes may cause adipocyte hypertrophy. Our data reveal that SOAT1 itself or other 

interaction functions are involved in the adipogenesis process. 

Adipocyte hypertrophy occurs as a response to prolonged positive energy balance and 

helps distribute the storage capacity for triglycerides across more adipocytes, 

potentially offering metabolic benefits compared to excessive hypertrophy [48, 273]. 

In our study, we did not observe any differences in energy balance, but adipocyte mass 

was upregulated in AKO mice, suggesting that SOAT1 is important for adipocyte 

maintenance. Intracellular cholesterol has been implicated in the dysfunction of adipose 

tissue. Adipocytes derived from individuals with obesity exhibit elevated levels of both 

triglycerides (TGs) and cholesterol within their cellular stores [173]. However, in our 

study, we observed larger adipocytes in the AKO group with decreased cholesterol 

levels, suggesting that the cholesterol level is not always positively related to TG levels 

in lean mice. It is intriguing that although adipogenesis-related gene expression is 

similar between the control and AKO group, the fat mass was significantly upregulated. 

We will perform lipidomics to analyze the changes in lipid profiles caused by SOAT1 

knockout and elucidate the underlying mechanisms. 

SOAT1 deficiency has no obvious of inter-organ crosstalk effect under ND feeding, 

while under HFHC feeding, AKO mice show the opposite phenotype with decreased 

non-alcoholic fatty liver disease. The underlying mechanism may involve adipose 

tissue functioning as a central mediator in regulating crosstalk among multiple organs 

and tissues [274]. When the body senses high nutrient levels, detrimental effects such 

as lipid ectopic deposition in the liver occur under HFHC [275]. SOAT1 KO adipocytes 
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may release factors like EVs or adipokines that mediate the crosstalk process between 

adipose tissue and other organs like the liver, thereby further ameliorating hepatic 

steatosis. Under ND, the SOAT1 activity in adipose tissue is much weaker than in 

HFHC (unpublished data). Additionally, lipid ectopic deposition would not occur in the 

liver, and the crosstalk effect may be ignored, resulting in no observable phenotype in 

the liver. 

Regarding adipose tissue, previous study discovered that SOAT1 deficiency caused hair 

loss and decreased lifespan [109], suggesting that SOAT1 may participate in the 

development process. Another study found that high-affinity SOAT1 ligands remodel 

cholesterol metabolism to inhibit tumor growth [268]. SOAT1 KO in adipose tissue 

may also be involved in cholesterol remodeling, which further inhibits adipose tissue 

development. However, under HFHC conditions, the effects of lipolysis or other 

processes are stronger than fat mass accumulation, resulting in no difference in adipose 

tissue mass and adipocyte size distribution. 

In summary, the results from our study on adipocyte-specific SOAT1 knockout in the 

ND study reveal that SOAT1 plays an important role in the adipose tissue expansion 

process. Depletion of SOAT1 in adipocytes promotes WAT mass and adipocyte 

hypertrophy. Further studies are needed to understand how adipocyte SOAT1 affects 

the adipogenesis process. 
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Figure 5-1 Adipocyte-specific SOAT1 (AKO) mice have minimum effect on metabolic health.  

A, Experiment procedure. 8-weeks-old CTRL and AKO male mice were feed with ND for 21 weeks. B, 

Body weight of CTRL or AKO mice (n=6 per group). C, Organ mass of various tissue (n=6 per group). 

D, Serum Adiponectin level from CTRL or AKO mice (n=6 per group). E, Serum leptin level from CTRL 

or AKO mice. F, Accumulated food intake of CTRL or AKO mice during 21 week treatment time. G, 

Food intake were measured by individual mice (n=6 per group). H, Fecal samples collected from these 

mice were subjected to bomb calorimetry to measure fecal (n=6 per group). The mice were subjected to 

metabolic cage for 4 days. Metabolic cage detected VO2 and VCO2 every 30 minutes. Average of three 

dark cycles and three light cycles were used to calculate energy expenditure I and respiratory exchange 

ratio J. K, Pedmeter value were recorded by metabolic cage. L, Energy expenditure of CTRL and AKO 

mice fed with HFHC. Data is presented as Mean ± SEM and analysed by independent t-test, #p<0.1, 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 5-2 Adipocyte-specific SOAT1 knockout (AKO) mice promote adipose tissue mass. 

A, The adipose tissue weight were relative to body weight of CTRL or AKO mice (n=6 per group). B, 

Representative adipocyte image of F4/80 stained of iWAT, eWAT and Retro-WAT from CTRL and AKO 

mice. C-E, Adipocyte size quantification of different depots of AT. F-H, F4/80 quantification of different 

depots of AT. I-J, mRNA level of genes involved in adipogenesis of iWAT and eWAT.  Data is presented 

as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 5-3. Adipocyte-specific SOAT1 knockout (AKO) mice promote adipose tissue hypertrophy at 8 
weeks old. 

A, Body weight of CTRL and AKO at 8 weeks old (n=6 per group). B, The adipose tissue weight were 

relative to body weight of CTRL or AKO mice (n=6 per group).C, Representative adipocyte image of 

H&E stained of iWAT, eWAT and BAT from CTRL and AKO mice. D-E, Adipocyte size quantification 

of different depots of AT. F-G, Average cell size of iWAT and eWAT. Data is presented as Mean ± SEM 

and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 5-4 Adipocyte-specific SOAT1 knockout (AKO) mice decrease adipose tissue cholesterol level. 

A, Total cholesterol and free cholesterol level of CTRL and AKO mice of iWAT. B, Total cholesterol and 

free cholesterol level of CTRL and AKO mice of eWAT. C, Serum cholesterol level. D, Serum HDL-c 

level. Data is presented as Mean ± SEM and analysed by independent t-test, #p<0.1, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 5-5 Adipocyte-specific SOAT1 knockout (AKO) mice has minimum effect on adipocyte 
lipolysis. 

The mice were sacrificed, WAT ex-vivo lipolysis for 2h and medium is collected to measure glycerol in 

A and NEFA in B. C, Serum glycerol level. D, Serum NEFA level. E, Serum TG level. Data is presented 

as Mean ± SEM and analysed by independent t-test, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5-6 Adipocyte-specific SOAT1 knockout (AKO) mice has minimum effect on glucose 
homeostasis. 

A, The blood glucose level of CTRL and AKO mice after i.p. injection glucose for glucose tolerance 

tests (GTT). B, The blood glucose level of CTRL and AKO mice after i.p. injection insulin for insulin 

tolerance tests (ITT). C, Fasting serum blood glucose level of CTRL and AKO mice. D, Fasting serum 

insulin level of CTRL and AKO mice. E, The HOMA-IR was calculated according to the equation shown 

in the Materials and Methods section. Data is presented as Mean ± SEM and analysed by independent t-

test, #p<0.1, *p<0.05, **p<0.01, ***p<0.001. 
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Chapter 6 FUTURE WORK 
 

6.1 The role of SOAT1 in regulating cholesterol distribution 
 
We found that KD SOAT1 in adipocytes leads to altered cholesterol distribution, 

suppressing SREBP2 maturation and multiple cholesterol trafficking genes. Similarly, 

other research groups have observed that SOAT1 KO in NPC1 mutant fibroblasts 

increases cholesterol content in trans-Golgi-rich membranes and mitochondria, while 

decreasing cholesterol content in late endosomes or lysosomes [276]. How does SOAT1 

KO affect cholesterol content in multiple organelles? It is hypothesized that since 

SOAT1 is located in the ER and the mitochondrial-associated membrane (MAM) region 

[148], KO of SOAT1 may redirect the cholesterol storage pool to other organelles 

through various membrane contacts. Multiple diseases, such as Niemann-Pick disease 

type C [277], hypolipidemia [278], and Smith-Lemli-Opitz syndrome [279], are 

associated with cholesterol deficiency in cell membranes. Regarding future directions, 

one potential therapeutic approach for these diseases is to target SOAT1 in order to 

influence cholesterol distribution and promote the accumulation of FC in the deficient 

cholesterol compartments. 

 

6.2 Dietary effect of SOAT1 in adipocyte in vivo 
 
We observed that KO of SOAT1 in adipocytes in vivo promotes energy expenditure and 

significantly increases UCP1 mRNA levels in iWAT in mice fed a HFD. UCP1 forms a 

proton channel in the inner mitochondrial membrane (IMM), allowing dissipation of 

the proton gradient and resulting in heat generation. How does SOAT1 KO influence 

mitochondrial function, and why does the difference in energy expenditure occur 

specifically in HCD feeding? Previous studies have indicated that cholesterol overload 

in late endosomes/lysosomes leads to cholesterol accumulation in the IMM [280]. 

Another study found that the mitochondria-associated membrane (MAM) region, rich 

in cholesterol and sphingolipids, facilitates direct supply of calcium ions (Ca2+) from 

the ER to mitochondria, promoting ATP synthesis [218]. SOAT1 inhibition has been 
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shown to increase ER-mitochondrial contact sites and strengthen their connectivity 

[219]. This suggests that the increased FC in the MAM region may enhance their 

connection and improve mitochondrial function. Further investigation is needed to 

explore the relationship between SOAT1 KO and mitochondrial function under 

conditions of cholesterol overload. 

We found that SOAT1 KO in adipocytes leads to increased TG levels in the liver under 

HCD feeding, while decreased TG levels were observed under HFHC feeding (Figure 

6-1 A). How does the liver-adipose tissue crosstalk exhibit different responses under 

varying dietary conditions? Previous studies have shown that rats fed a HCD exhibit 

increased hepatic TG levels due to suppressed fatty acid beta-oxidation [281]. Fuakda 

et al. demonstrated that suppression of fatty acid beta-oxidation may contribute to the 

conversion of fatty acids into TGs and cholesterol esters [282]. One hypothesis is that 

under HCD conditions, SOAT1 KO induces enhanced fatty acid oxidation in the liver, 

leading to increased TG levels. Interestingly, we also observed enhanced lipolysis in 

iWAT of SOAT1 KO mice under HCD feeding conditions. Another hypothesis is that 

the liver may uptake more free fatty acids (FFAs) from circulation in SOAT1 KO mice, 

leading to increased TG levels. In contrast, we observed decreased liver TG levels but 

heart hypertrophy in SOAT1 KO mice under HFHC feeding conditions. The concept 

that dietary cholesterol levels increase CVD diseases has been discussed since 1968 

[283, 284], yet multiple studies have demonstrated no strong relationship between them 

[285]. It is worth noting that diets rich in both cholesterol and saturated fatty acids (SFA) 

may increase the risk of CVD due to their SFA content [286]. This raises two 

possibilities: first, adipose tissue in SOAT1 KO mice may secrete specific lipid species 

into the bloodstream, inhibiting TG synthesis in the liver while promoting heart 

hypertrophy. Further lipidomic analysis could shed light on this hypothesis. Second, 

SOAT1 may play a protective role in pericardial fat and exert its functions in the context 

of a HFHC (high CVD risk) diet. 
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6.3 The lipid profile changed in iWAT by SOAT1 KO  
 
We found SOAT1 KO induces browning of iWAT, while fat mass remains unchanged 

during HCD feeding. Previous studies have shown that cold exposure activates gene 

programs associated with glycerolipid and glycerophospholipid metabolism, as well as 

fatty acid elongation in BAT. Cold stimulus leads to an increase in long-chain and odd-

numbered acyl chains in TAG [287]. Another recent study demonstrated that the 

absence of IFI27 in adipocytes promotes thermogenesis and alters the composition of 

TAG and glycerophospholipid species [236]. How does the composition and 

distribution of TAG and glycerophospholipid species change in iWAT? Can SOAT1 

deficiency in adipocytes induce alterations in the composition of specific lipid classes 

or remodeling of acyl chain composition? We performed analysis of genes related to 

fatty acid elongation and glycerophospholipid metabolism, but no significant 

differences were observed between the CTRL and AKO groups (Figure 6-1 B). For 

future directions, we can employ mass spectrometry-based lipidomic analysis to 

investigate if peroxisomal alpha and beta-oxidation of long-chain fatty acids are 

enhanced in the AKO group, and determine the extent to which this contributes to heat 

production. We are particularly interested in studying the composition of cardiolipin 

(CL), a dimeric phospholipid that constitutes approximately 20% of the inner 

mitochondrial membrane and 3% of the outer mitochondrial membrane. CL 

composition is closely correlated with thermogenesis and mitochondrial function [288]. 

 

6.4 The BAT function in SOAT1 regulation 
 
We observed that only iWAT showed a significant improvement in UCP1 mRNA levels, 

while there was no significant change in expression observed in eWAT or BAT. 

Previous studies have indicated that subcutaneous adipose depots, such as iWAT, are 

more responsive to acquiring BAT characteristics compared to visceral depots like 

eWAT [289]. BAT is known for its high metabolic activity and role in thermogenesis 

and heat production. Therefore, it is intriguing to understand why BAT does not respond 

to SOAT1 knockout (KO). There are two possible explanations. Firstly, it is possible 
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that the adipocyte-specific KO of SOAT1 in BAT was either not achieved or had 

minimal impact. Since the expression of adiponectin in WAT is much higher than in 

BAT, and we utilized adiponectin-Cre mice for the knockout, which may not have 

efficient KO efficiency in BAT. In future studies, we can employ UCP1-Cre mice to 

investigate the function of SOAT1 specifically in BAT. Secondly, it is plausible that 

SOAT1 is knocked out in BAT, but the thermogenic activity observed in the SOAT1 

knockout mice under room temperature may be mediated by other factors. Previous 

research has shown that the upregulation of numerous genes in WAT is primarily 

attributed to long-term remodeling effects rather than immediate transcriptional events 

[244]. Beige adipocytes, in particular, are short-lived and easily revert back to normal 

adipocytes after the removal of external stimuli [290]. In our study, we subjected the 

mice to long-term HCD treatment for up to 21 weeks without any additional external 

stimuli. This prolonged treatment may induce remodeling of genes involved in 

controlling beige cell biogenesis. To understand this remodeling process, we can treat 

the mice with HCD for different durations, such as 3 days, 1 week, or 12 weeks, to 

compare the effects with long-term treatment and identify key factors involved. 

 
6.5 The role of SOAT1 and SOAT2 in adipocyte in vivo 

 
We observed that KO of SOAT1 in adipocytes promotes an increase in WAT mass in 

mice fed a ND, as well as in 8-week-old mice (Figure 5-3B). However, it remains 

unclear whether SOAT1 deficiency in adipocytes affects the processes of hypertrophy 

or hyperplasia. For future directions, we can utilize the "Adipochaser" lineage tracing 

system [291] to investigate this further. It should be noted that global KO of SOAT1 in 

mice leads to a short lifespan with detrimental consequences [103]. On the other hand, 

global KO of SOAT2 decreases cholesterol absorption and provides some protection 

against atherosclerosis [192]. Although SOAT2 is primarily expressed in the intestine 

and liver, we observed a significant 10-fold increase in its mRNA level in mature 

adipocytes of DIO mice compared to lean mice (Figure S2-1C). This suggests that 

SOAT2 might also play a crucial role in obesity. For future investigations, we can 
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employ SOAT2 KO in adipocytes and study the effects of SOAT1/SOAT2 double KO 

in adipocytes to further understand the role of cholesterol esterification in regulating 

adipose tissue expansion. 

 

 6.6 The Clinical implication of the observations  

 

In our study, we found that knockdown of SOAT1 in adipocytes led to altered 

cholesterol distribution and inhibited the SREBP2 maturation process. TY Chang 

research group had found SOAT1 was localized within the ER and the mitochondrial-

associated membrane area [219]. Another group found KO SOAT1 in NPC1 mutant 

fibroblasts increases cholesterol content in trans-Golgi-rich membranes and 

mitochondria, while decreasing cholesterol content in late endosomes or lysosomes 

[276]. It is hypothesis that knockdown of SOAT1 may redirect the cholesterol storage 

pool to other organelles through various membrane contacts. Multiple diseases, such as 

Niemann-Pick disease type C [277], hypolipidemia [278], are associated with 

cholesterol deficiency in cell membranes. Targeting SOAT1 may alter cholesterol 

distribution within cells and serve as a potential target to treat these diseases.  
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Figure 6-1 For future direction 

(A) TG level in liver of HCD and HFHC mice in both CTRL and AKO group. (B) Heatmap analysis of 

glycerophospholipid metabolism and FA elongation relevant gene in CTRL and AKO group of HCD 

feeding. Data are shown as mean ± SEM. Data was analyzed by independent t-test, *p<0.05. 
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