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Abstract 
The efforts to prevent or reduce obesity, which is a serious health problem also 

associated with numerous diseases, include the use of natural substances to promote the 

change from white adipocytes toward a brown type. Brown adipose tissue is of interest 

because it can dissipate energy in the form of heat and regulate triglyceride and glucose 

metabolism through expression of uncoupling protein 1 (UCP1). High-throughput RNA 

sequencing was used to investigate transcriptomic changes and to identify key patterns 

involved in adipogenesis and browning during the development of Simpson-Golabi 

Behmel Syndrome (SGBS) human cells, which gradually acquire browning function and 

were used for following study. 

Allicin, a bioactive component of garlic, was used to study its possible browning effect 

in human SGBS cells after six days of differentiation in terms of lipid droplet and 

mitochondrial dynamics, and transcriptomic changes. Allicin promoted the reduction of 

the size and surface area of lipid droplets, leading to the development of multilocular 

adipocytes, and a shift in mitochondrial dynamic toward fission. Increased expression of 

genes related to beige adipocytes, was observed. In addition, allicin was also tested on 

mouse iWAT cells and the expression of UCP1 was stimulated. The results discussed 

support the modulatory role of allicin in stimulating the brown phenotype of SGBS cells, 

which is associated with adynamic modulation of mitochondria and lipid droplets
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I. Introduction 

1. Obesity a major health concern 

Obesity is a complex disease characterized by an increased mass of adipose tissue 

and associated with various metabolic disorders such as insulin resistance, dyslipidemia, 

coagulopathies, hepatosteatosis, and hypertension1. The main cause of obesity is an 

imbalance between energy intake and energy expenditure. The energy imbalance causes 

excess energy to be stored in the form of triglycerides in white adipose tissue (WAT). 

Several environmental factors, such as high-calorie food intake and low physical activity, 

contribute to fat accumulation. In addition, a sedentary lifestyle, and abnormal sleep 

habits may also contribute to the development of obesity2. Genetic factors also play an 

important role in the development of obesity. Mutations in the genes that regulate hunger 

and metabolism, such as leptin, can lead to a hormonal imbalance that results in more 

hunger and less energy expenditure, which ultimately promotes fat accumulation3.The 

World Health Organization (WHO) has provided alarming statistics on the rising 

prevalence of obesity and overweight among children and adults worldwide (WHO, 

https://www.who.int/, accessed on 14 February 2023). In 2016, more than 1.9 billion 

adults were overweight, with more than 650 million of them with obesity. The global 

prevalence of obesity nearly tripled between 1975 and 2016, affecting not only high-

income countries, but also low and middle income countries, particularly in urban areas. 

The prevalence of overweight and obesity among children and adolescents aged 5 to19 

years has also increased substantially from 4% in 1975 to over 18% in 2016. Overweight 

and obesity are associated with more deaths worldwide than underweight, with obesity 

prevalent in all regions except parts of sub-Saharan Africa and Asia. Due to high the 

prevalence of obesity in recent decades obesity has become an interesting area of research 

aimed at understanding the physiological mechanisms and developing therapeutic 

strategies to treat obesity and its associated metabolic complications.  

2. Adipose tissue  

Adipose tissue is a connective tissue composed mainly of adipocytes and plays an 

important role in energy homeostasis in the body. It has also endocrine functions by the 

secretion adipokines that influence various physiological and pathophysiological 
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processes4. Adipokines include cytokines, hormones, growth factors, vascular factors, 

and extracellular matrix proteins. It is an essential component of the body’s energy storage 

system and plays a critical role in metabolism and overall health5. The goal of adipose 

tissue research is to understand the mechanisms that control the formation, storage, and 

breakdown of fat in the body, as well as the effects of adipose tissue on overall health. 

Adipose tissue grows by hypertrophy, enlargement of existing fat cells and/or hyperplasia, 

formation of new fat cells through differentiation of resident progenitors’ cells known as 

preadipocytes. Differentiated adipocytes have incredible hypertrophy potential and can 

grow up to several hundred micrometers in diameter. The number of adipocytes in each 

depot is established early in the human development and remains relatively constant 

throughout adulthood6. Lineage-tracing models in mouse have shown that with continued 

caloric excess, new adipocytes can arise from preadipocyte differentiation and contribute 

to the accumulation of adipose tissue7.  

There are three main types of adipose tissue in the body: white adipose tissue 

(WAT) brown adipose tissue (BAT), and beige or brite (brown-in-white). 

 

2.1 White adipose tissue 

White adipose tissue is an areolar connective tissue formed by the accumulation 

of large, lipid-accumulating fat cells with few mitochondria. WAT is divided into two 

main compartments i.e., subcutaneous adipose tissue (scWAT), and visceral adipose tissue 

(vWAT), which is particularly important as it is associated with metabolic disorders. It is 

mainly the site of energy storage and plays a key role in regulating overall health8. 

However, WAT also affects the immune system and can cause inflammation, in fact it is 

rich in immune cells such as macrophages, which can contribute to inflammation. This is 

known as “metaflammation’’ and is considered one of the mechanisms of diseases 

associated with obesity, such as type 2 diabetes and cardiovascular disease9.  

Visceral depots are in the gonadal, perirenal, retroperitoneal, omental, and 

pericardial areas.10. When the storage capacity of WAT reaches its limit, fatty acids 

accumulate in other internal organs, such as the liver and muscles, because they can no 

longer be safely removed from systemic circulation. This is ectopic lipid accumulation, 

which ultimately leads to insulin resistance causing type 2 diabetes and cardiovascular 

disease11 (Fig. 1) 
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Preadipocytes from the stromal-vascular fraction (SVF) of WAT are recruited to 

differentiate into mature adipocytes through a process called adipogenesis12. 

Adipogenesis is a developmental process consists of two main steps. In the first step, the 

mesenchymal stem cells differentiate into preadipocytes. In the following step, the 

preadipocytes undergo major changes in cell morphology and gene expression and 

differentiate into mature adipocytes13. Adipogenic molecules include peroxisome 

proliferator receptor gamma (PPARγ) and CAAT enhancer binding proteins (C/EBP)14. 

Antiadipogenic preadipocyte factor 1 (PREF1) has been shown to be involved in direct 

regulation of the promoters of genes encoding CCAAT/enhancer-binding protein beta 

(C/EBPβ) and CCAAT/enhancer-binding protein delta (C/EBPδ) via the transcription 

factor SOX9. C/EBPα and PPARγ, the master regulators of adipogenesis, and sterol 

regulatory element binding protein 1 (SREBP1), a regulator of lipogenic genes, are the 

major targets of C/EBPβ and C/EBPδ. C/EBPα and PPARγ activate each other in a 

positive feedback loop15. In addition, PPARγ and C/EBPα induce the expression of genes 

involved in lipogenesis, insulin sensitivity, and lipolysis, including genes encoding 

glucose transporter type 4 (GLUT4), fatty acid binding protein 4 (FABP4), and 

lipoprotein lipase (LPL)16. 

2.2 Brown adipose tissue  

Brown adipose tissue is a unique type of fat found in mammals. BAT is rich in 

mitochondria and has multilocular lipid droplets17. In addition, BAT has numerous blood 

vessels that provide high blood flow to the tissue allowing to respond quickly to 

temperature changes 18. The main function of BAT is to release energy in the form of heat 

by uncoupling the electron transport chain, which results in energy released in the form 

of heat instead of producing ATP. This function of BAT is carried out by the uncoupling 

protein 1 (UCP1), which is in the inner mitochondrial membrane19. The expression of 

UCP1 in brown adipose tissue gives mammals an evolutionary advantage in being active 

and surviving the cold environments, especially during the neonatal period,20. The 

development of BAT involves precursor cells that express pro-myogenic factors such as 

Myf5 and Pax3, which are also expressed in myocytes. Two models have been proposed 

regarding the contribution of Myf5+ cells to adipocyte development, with one suggesting 

that Myf5+ and Myf5- precursors are spatially mixed, and the other suggesting that Myf5 

expression occurs later during recruitment or differentiation21. PPARγ remains a key 

transcription factor for adipogenesis, with Peroxisome proliferator-activated receptor-
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gamma coactivator (PPARGC1A) and PR/SET Domain 16 (PRDM16) as important 

brown-specific factors that positively induce mitochondrial biogenesis and oxidative 

metabolism, and upregulate many thermogenic genes, including UCP1. Bone 

Morphogenetic Protein 7 (BMP7) has been found to be involved in the regulation of 

PRDM16 induction and enhances brown adipogenesis22.   

 

Figure 1. Distribution of WAT and BAT depots in the human body (modified from Rodrigruez et 
al)23. 

 

2.3 Beige adipocytes 

A third type of adipocyte has been identified in the depots of WAT, termed beige 

or brite, with features intermediate between white and brown adipocytes, but unlike the 

classic BAT, these cells arise from Pax7/Myf5 precursors24. These adipocytes have a 

unicellular large lipid droplet and few mitochondrial contents, which is a typical 

morphological feature of WAT, but upon exposure to cold or adrenergic beta-3 

stimulators, they transform into brown adipocytes with small multilocular lipid droplets 

and expression of the thermogenic protein UCP1. This inducible process is referred to as 

browning (Fig. 2). However, according to Wang et al. (2013) most beige adipocytes arise 
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from a precursor population rather than pre-existing adipocytes and/or mature white 

adipocytes, at least in the subcutaneous depot25. 

In recent decades, beige cells have become an important area of research in the 

field of metabolic sciences because they are unique cells that provide a more adaptive 

pathway for regulating body temperature and maintaining energy balance. Several factors 

have been identified that trigger browning in WAT. These include beta-aminobutyric acid 

(BAIBA), gamma-aminobutyric acid (GABA), PPARγ agonists, and Janus kinase (JAK) 

inhibition26. 

Brite adipocytes also expressed several brite specific genes that could serve as 

recognition markers. These markers include  T-Box Transcription Factor 1 (TBX1), 

Transmembrane Protein 26 (TMEM26), and  TNF Receptor Superfamily Member 9 

(TNFRSF9 or CD137), which are over-expressed in subcutaneous white adipose tissue of 

mice27. However, the specificity of these markers for brite fat cells was found to be 

dependent on factors such as in vivo or in vitro models and adrenergic stimulation. 

Neuregulin 4 (NRG4) has been suggested as a potential brite marker in both mice and 

humans, whereas Fibroblast Growth Factor 21 (FGF21), Carbonic Anhydrase 4 (CAH4), 

and Cbp/P300 Interacting Trans activator with Glu/Asp Rich Carboxy-Terminal Domain 

1 (CITED1) are validated brite markers. TBX1 and TMEM26 are highly expressed in 

adipocyte progenitors compared with mature adipocytes. These results suggest that the 

accuracy of putative brite markers depends on multiple factors and validated brite 

biomarkers are limited28.  

2.4 Transcriptional regulation of adipose tissue browning. 

Adipose tissue browning is a complex process that involves the transcriptional 

regulation of multiple genes and pathways. The browning of WAT is regulated by several 

transcriptional factors, co-factors, and epigenetic regulators, which act in a coordinated 

manner to activate the thermogenic program in adipocytes.   
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Figure 2. Schematic representation of adipocyte browning. (A) Under thermoneutral conditions, 
the white adipocyte is composed of a single large lipid droplet with few mitochondria and no 
UCP1 expression. (B) Upon cold stimulus, the sympathetic nervous system is activated releasing 
β3 agonist norepinephrine (NE) that activates the UCP1 in the adipocytes releasing heat to 
maintain homeostasis (modified from Ma, et al., 2022) 29. 

Some of the master regulators of brown adipocyte includes UCP1, which is the 

hallmark gene of brown adipocytes, and is responsible for uncoupling oxidative 

phosphorylation, thereby dissipating energy as heat30. PPARγ is a transcription factor that 

is also involved in regulating the differentiation and activation of brown adipocytes. 

PPARγ and C/EBP transcription factors are key components of the transcriptional cascade 

that precedes the formation of mature, fully differentiated adipocytes. These transcription 

factors play a role in both brown and white adipocyte differentiation. 

Another key transcriptional regulator of adipose tissue browning is PPARGC1A. 

PPARGC1A is a co-activator that interacts with several transcriptional factors, including 

PPARγ, promote mitochondrial biogenesis, oxidative metabolism, and thermogenesis. 

PPARGC1A is induced by cold exposure, exercise, and other stimuli that activate the 

thermogenic program in adipocytes, and it has been shown to be essential for the 

browning of WAT31. In mouse model, Ppargc1a has been identified as the target of BMP 

signaling, required for beige cells changes in WAT32. PPARGC1Ais activated by 

Mitogen-Activated Protein Kinase 14 (p38 or MAPK14) and activating transcription 

factor 2 (ATF2) and the transcription factor PDRM16, which interacts with C/EBP 33.  
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PRDM16 plays a crucial role in brown and beige adipocyte differentiation34 because it is 

essential for the maintenance of the beige adipocyte phenotype, and when its expression 

is low, beige adipocytes can convert to white adipocytes35. Among the genes that have 

been shown to be regulated by PRDM16 are PPARGC1A, UCP1, Cell Death Inducing 

DFFA Like Effector A (CIDEA), Cytochrome C Oxidase Subunit 7A1 (COX7A1), and 

Iodothyronine Deiodinase 2 (DIO2). 

Several PPARγ binding regulators could also influence differentiation to brown. 

These include sirtuin 1 (SIRT1, the NAD-dependent deacetylase), which deacetylates 

PPAR, allowing recruitment of PRDM16 and initiation of the brown fat-specific 

program36. The transcription factor Early B-cell Factor 2 (EBF2) is responsible for the 

recruitment of genes involved in brown adipogenic processes37. CIDEA is highly 

expressed in brown adipose tissue and promotes the formation of lipid droplets, and 

COX7A1 is a subunit of the mitochondrial respiratory chain that is involved in oxidative 

phosphorylation. 

Adrenergic stimulation is responsible for the rapid responses of BAT to external 

stimuli, but triiodothyronine (T3) plays an important role in controlling thermogenesis by 

enhancing the ability of cells to respond to catecholamines. Type 2 5′-DIO2 in BAT is 

activated by cold induced noradrenergic stimulation and facilitates the conversion of 

tetraiodothyronine (T4) to T3. T3 promotes the expression of genes that activate UCP1 

and together, these genes are regulated by PRDM16. These are essential for the function 

and maintenance of brown adipocytes and are crucial for energy metabolism and 

thermogenesis in mammals38. PRDM16-specific control of BAT-specific genes is 

regulated by the zinc finger transcription factor (ZFP516) and lysin-specific demethylase-

1 (LSD1)39. In addition to PPARGC1A and PRDM16, other transcription factors have 

been shown to regulate adipose tissue browning, including C/EBPβ, interferon regulatory 

factor 4 (IRF4), and Kruppel-like factor 11 (KLF11), which interact with PPARγ, 

PPARGC1A, and PRDM16 to activate the expression of thermogenic genes, including 

UCP1, and to promote the browning of WAT40. 

Moreover, AMP-activated protein kinase (AMPK) is also required for 

sympathetic activation of WAT browning and BAT thermogenesis. In response to negative 

energy balance, AMPK directs intracellular activities toward ATP synthesis. Because 

sympathetic AMPK inactivation increases WAT browning and BAT thermogenesis, 

AMPK is a potential target for obesity therapy.41.  
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Fox head P1 (FOXP1), instead is a negative regulator of brown/beige adipogenic 

differentiation by directly repressing ADRB3 transcription. FOXP1 deletion in adipose 

tissue increases the activity of BAT and browning of the WAT. In contrast, overexpression 

of FOXP1 in adipocytes, hinders adaptive thermogenesis and increases diet-induced 

obesity42. 

Significantly, human obesity is associated with lower expression of 

thermogenesis-related genes in WAT, which may impair sensitivity to hormonal and 

adrenergic stimuli involved in thermogenesis activation43. 

Many other mechanisms involved in the formation of BAT formation and control 

of thermogenesis have been found during the last decades such as Atrial natriuretic 

peptide (ANP) and brain natriuretic peptide (BNP). Both play critical roles in fluid 

balance and control of hemodynamic by activating natriuretic peptide receptors (NPRs) 

and downstream mediators such as cyclic guanosine monophosphate (cGMP), protein 

kinase G (PKG), and mammalian target of rapamycin complex 1 (mTORC1)44
’
45. The 

discovery of the expression of NPRs in adipose tissue provided new insight into the 

importance of ANP/BNP signaling pathways for whole body homeostasis46. 

Subsequently, it was discovered that ANP activates lipolysis in white adipocytes and 

thermogenesis in BAT, whereas both NPs can increase UCP1 expression and 

mitochondrial content via the cGMP-PKG-mTORC1 pathway47. 

 

2.5 Adipokines 

A prominent function of WAT is the production and release of adipose derived 

hormones and cytokines called adipokines48. One of the most important adipokines is 

leptin, which correlates positively with body mass index (BMI) and regulates energy 

intake by reducing appetite and increasing energy intake. The concentration of leptin in 

the blood and WAT mass depends on energy balance and stored fat in the body. Leptin is 

a pro-inflammatory cytokine and belongs to the IL-6 family of cytokines. It is encoded 

by the gene OB, which is expressed by adipocytes49.  The main function of leptin is to 

regulate energy intake by activating of its receptors (ObR) in the central nervous system. 

However, the receptors of leptin are also expressed in peripheral tissues, suggesting its 

role in other processes such as immunity, brain development, metabolism, reproduction, 

and cardiovascular function50. Leptin synthesis is higher in scWAT than in vWAT, and it 
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is also inhibited by androgens and stimulated by estrogen. For these two reasons, leptin 

levels are higher in women than men51. 

The protein adiponectin is primarily recognized for its anti-inflammatory and 

insulin-sensitizing properties, but it also influences several metabolic processes. Plasma 

adiponectin level is inversely correlated with fat mass. Adiponectin binds two receptors, 

ADIPOR1 and ADIPOR2, which are located together with ObR in the hypothalamus. 

Here, adiponectin regulates energy expenditure by regulating the AMPK signalling 

pathway52. Aadiponectin negative (Adipoq-/-) mice, for example, showed increased leptin 

sensitivity, demonstrating that these two hormones likely act reciprocally by suppressing 

and stimulating appetite and energy expenditure, respectively, providing a homeostatic 

mechanism to maintain fat levels and energy stores in the body53. 

In addition, resistin is a cysteine rich peptide with 108 amino acids. It has a 

striking structural similarity to adiponectin. In addition to adipocytes, a considerable 

number of particularly immunocompetent cells also secrete resistin54. Diet-induced mice 

and patients with obesity have higher resistin blood concentrations in the blood55. 

Administration of the anti-diabetic drug rosiglitazone and an anti resistin antibody has 

been shown to lower resistin concentrations in the blood and improve blood glucose 

levels and insulin action56. Moreover, inflammation, lipopolysaccharides (LPS), estrogen, 

testosterone (gonadal hormones), IL-6, and hyperglycaemia stimulate the secretion of 

resistin57. When resistin is released from adipose tissue, it induces insulin resistance by 

acting on fat cells and promoting hepatic gluconeogenesis. It has also been observed that 

preadipocytes have a 3-fold higher expression of resistin compared to mature adipocytes, 

highlighting its potential role in the process of adipogenesis58. 

3. Thermogenesis 

Thermogenesis is the process by which the body generates heat. It occurs in all 

living organisms but is particularly important in mammals as it helps to maintain body 

temperature in cold environments59. The different ways in which the body can generate 

heat include metabolism, shivering, and non-shivering thermogenesis. In the mammalian 

cell, thermogenesis is supported by the oxidation of food, particularly glucose, fatty acids 

within the inner mitochondrial membrane and amino acids. The mitochondrial 

uncoupling proteins allow to identify mechanisms that control the ratio between energy 

accumulated as ATP and energy dissipated as heat60.  
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There are two main categories of thermogenesis called obligatory thermogenesis and 

facultative thermogenesis. Facultative thermogenesis is further divided into shivering and 

non-shivering thermogenesis. 

 

3.1 Obligatory thermogenesis  

Obligatory thermogenesis refers to the minimum amount of energy required to 

maintain the basic metabolic processes of the body, such as respiration, circulation, and 

temperature regulation. It can be influenced by several factors, including basal metabolic 

rate (BMR), body size, and ambient temperature61. The energy required for these 

functions is supplied by the oxidation of glucose and fatty acids in the mitochondria of 

cells. Obligatory thermogenesis also contributes to the regulation of body temperature by 

generating heat. This heat is generated as a byproduct of cellular metabolism and helps 

maintain stable body temperature in response to environmental changes62.  

3.2 Facultative thermogenesis  

Facultative thermogenesis refers to energy expenditure that is not required for 

basic physiological functions but is used to regulate body temperature in response to 

changes in the environment. This is also called adaptive thermogenesis and is a metabolic 

adaptation in mammals63 in response to chronic or repeated cold exposure. Other factors 

that influence facultative thermogenesis include diet, exercise, and circadian rhythm. A 

high-fat diet leads to an increase in facultative thermogenesis, while exercise triggers 

thermogenesis in muscle tissue64. 

3.2.1 Shivering thermogenesis 

This is a form of facultative thermogenesis that occurs in response to cold 

exposure and is mediated by activation of the sympathetic nervous system. The 

sympathetic nervous system releases NE in response to cold, which triggers skeletal 

muscles contraction. This leads to the development of heat, which contributes to the 

regulation of body temperature and ultimately to thermal homeostasis65. Shivering 

thermogenesis is inhibited by low glucose levels and enhanced by elevated levels of 

leptin66. In humans, shivering thermogenesis is less efficient compared to non-shivering 

thermogenesis. Nevertheless, it plays an important role in energy metabolism and 

contributes to the regulation of body temperature in response to cold exposure67. 
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3.2.2 Non shivering thermogenesis 

Non-shivering thermogenesis is a process in which mammals, including humans, 

generate heat through metabolic processes. This process primarily occurs in BAT,68. 

When UCP1 is activated, BAT can generate heat by burning stored triglycerides, which 

can help to maintain body temperature and increase energy expenditure69. This process is 

mainly controlled by the sympathetic nervous system, which activates BAT by releasing 

norepinephrine in response to cold or other stimuli. The signal is transmitted to the 

individual adipocytes that initiate the breakdown of triglycerides mainly through the   β3-

adrenergic receptor (β3-AR). Free fatty acids regulate the activity of UCP1 and are an 

acute substrate of thermogenesis70
’
71. For instance, in humans, stimulation of BAT 

thermogenesis has been proposed to improve metabolic health. However, previous 

attempts using a β3-AR agonist in clinical trials were not successful. Recent research has 

found that, unlike in rodents, human BAT thermogenesis is not mediated by β3-AR 

stimulation. Oral administration of the β3-AR agonist mirabegron only induced increased 

BAT thermogenesis at the maximal allowable dose, which also resulted in off-target 

binding to β1-AR and β2-AR, leading to cardiovascular responses and white adipose 

tissue lipolysis. The study showed that β2-AR, mediates BAT lipolysis and thermogenesis 

in humans through co-expression of ADRB2 and UCP1 in human brown adipocytes72.  

 

Figure 3. Mechanism of heat production in brown adipocytes. Sympathetic nerve fibers releases 
NE that interacts with the β-3 receptor. This system includes a GTP-binding, stimulatory protein 
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(Gs) that activates adenylyl cyclase (AC), leading to an increase in cycle adenosine 
monophosphate (cAMP). Protein kinase A (PKA) is then activated and phosphorylates hormones-
sensitive lipase (HSL), which hydrolyses triacylglycerols, increasing intracellular free fatty acid 
(FFA) concentration. The mitochondria of brown adipose tissue are characterized by tightly 
packed cristae and the ability to produce heat through uncoupled respiration. This is achieved 
through the action of the UCP1, which dissipates the proton electrochemical gradient built up by 
the electron transport chain. In brown adipose tissue subjected to chronic cold stress, endogenous 
triacylglycerols are rapidly consumed, and fatty acids are taken up from the blood by lipoprotein 
lipase to maintain a constant supply of substrate (modified from Mc Neill et al., 2021)73. 

 

4.  In vitro cell models to study adipose tissue 

In vitro cell models have largely been used in adipose tissue research.74 . They 

have allowed researchers to understand the molecular processes that control adipose 

tissue development, differentiation, and functions 75. These models have been useful to 

study the effects of drugs, hormones, and diet on adipocyte activity and metabolism of 

adipose tissue, as well as they contributed to elucidate key pathways that contribute to the 

development of obesity and associated metabolic diseases such as type 2 diabetes76. 

The murine 3T3-L1 cell line, which can develop into mature adipocytes in vitro, 

is one of the most widely used cell models to study adipose tissue. This cell line provides 

a reliable and repeatable system for exploring the molecular mechanisms of adipogenesis, 

lipogenesis, lipolysis, and browning77. 

The 3T3-F442A cell line is another cell line derived from murine Swiss 3T3 cells 

which accumulates more fat than 3T3-L1 cells without being exposed to glucocorticoids 

for differentiation78. Although less frequently used compared to 3T3-L1 cells, this cell 

line has been used to study adipogenic differentiation under the influence of various 

drugs79. Additionally, gene silencing studies have been performed using this cell line to 

investigate the effect of alkaline phosphatase on lipid metabolism, gene expression, and 

the secretion of adipokines80. 

The OP9 mouse cell line is another in vitro adipocyte model derived from mouse 

bone marrow. These cells accumulate large lipid droplets filled with triacylglycerol after 

exposure to acute adipogenic stimuli81. This cell line has been studied for the 

antiadipogenic and antilipolytic effect of various compound such as quercetin and 

ascorbic acid82
’
83. Xiao et al. (2011) demonstrated the formation of reactive oxygen 

species (ROX) in OP9 cells after lipid uptake that were significantly suppressed with 

fullerene treatment84. 
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In addition, primary adipocytes can also be used in vitro to study various aspects 

of adipose tissue biology which can be obtained from human or animal tissues85. For 

instance, murine primary brown adipocytes from the interscapular region have been a 

useful tool to study brown adipogenesis under the treatment of various compounds86. 

Adipose derived stem cells (ADSCs) are derived from SVF of adipose tissue, and they 

present characteristics of actual adipocytes once differentiated87. They are multipotent 

and has the potential to differentiate to other cells such as chondrocytes, osteocytes, and 

myocytes. They have high expansion ability and can be passaged numerous times and 

cryopreserved for long time period. Differentiation can be induced in these cells using 3-

isobutyl-1-methylxanthine (IBMX), indomethacin and dexamethasone (DEX)88. 

 

Some other cell lines that I have used in my study are discussed below. 

 

4.1 Simpson-Golabi-Behmel Syndrome (SGBS) cells strain 

Simpson-Golabi-Behmel Syndrome (SGBS) cells are recognized as a 

representative in vitro model more suitable than mouse models for studying the biology 

of human white subcutaneous preadipocytes. Indeed, the SGBS model has been widely 

used to analyse key signalling pathways, networks, and regulators89. This strain was 

established in 2001 by Wabitsch and colleagues, who isolated preadipocytes from the 

subcutaneous adipose tissue of pediatric patients with SGBS90. This syndrome is X-linked 

and characterized by pre and postnatal overgrowth, developmental delay, macrocephaly, 

polydactyly, and many other malformations91. 

Although SGBS cells are neither immortalized nor transformed, they retain the 

ability to expand and differentiate into mature adipocytes over a high number of 

generations. However, this ability has not been shown to be related to mutations in the X-

lineage gene Glypican 3 (GPC3)92. Moreover, SGBS cells are the only fully inducible 

human pre-adipocyte cell line93 and for these reasons, these cells are an excellent model 

for obesity research and have been used extensively in recent years94. 

During differentiation, these adipocytes exhibit a transient brown phenotype95
’
96, 

due to a sharp increase in the expression of canonical BAT markers, such as UCP1, around 

the 14th day of differentiation. However, this feature can be due to the action of 

rosiglitazone in the medium97. At later time points in adipogenesis, morphological 

changes in lipid droplets and mitochondria, and a decrease in the expression of BAT 

markers indicate the induction of a white adipocyte differentiation program. 
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Morphological dynamics of lipid droplets and mitochondria, consistent with energy 

expenditure, have been observed in SGBS cells during 21 days of differentiation. The 

expression of genes involved in adipocyte differentiation was upregulated at different 

stages, and the highest expression of hormone sensitive lipase (LIPE), UCP1 and 

PPARGC1A was observed after 14 and 21 days of differentiation. The mitochondrial 

morphology changed during differentiation and reflected an increase in fragmentation at 

day 21 to support uncoupled fatty acid oxidation overall, and the transient phenotype of 

SGBS cells98.  

Additionally, Klusóczki, et al. (2019) investigated SGBS cells in response to 

prolonged PPARγ ligand stimulation or irisin administration. It was reported that the 

SGBS cells can transform into beige adipocytes with multilocular lipid droplets, elevated 

UCP1 levels, and the expression of browning genes such as CIDEA and elongation of 

very long fatty acid protein 3 (ELOVL3), PPARGC1A and TBX199. However, the 

expression level of these genes was dependent on the presence or absence and the 

exposure time to PPARγ ligand or irisin. The expression of CEBP and PPARγ was 

unaffected by the different treatment. According to the study the beige phenotype can be 

sustained over time, though it can be partially reversed by removing the PPAR ligand100. 

Therefore, the SGBS cells can be used as a cellular model to investigate the differentiation 

and function of white and sustainable beige adipocytes. 

4.2. Mice inguinal white adipose tissue cells 

In mice, the inguinal white adipose tissue (iWAT) is a subcutaneous depot that 

runs from the pelvis dorsally and extends ventrally down the hindlimb to the thigh. This 

is the largest subcutaneous depot, weighing approximately 500mg. Other names of this 

depot include flank subcutaneous WAT or posterior subcutaneous fat. It is comprised of 

the dorsolumbar and inguinal portions, which cannot be visually distinguished except tin 

cold acclimated mice when the dorsolumbar portion acquires a brown colour101(Fig. 4). 

iWAT has received considerable attention in recent years because of its importance 

in energy metabolism and its potential role in the development of metabolic diseases such 

as obesity102. Unlike other forms of WAT, iWAT has a unique gene expression profile and 

is more metabolically active, releasing more lipids into the bloodstream compared to 

other forms of WAT103. This makes it a critical component of energy balance and 

metabolism and it has been implicated in the development of obesity and related 

metabolic disorders.  
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Figure 4. Distribution of WAT depots in mice (created in Bio Render according to Zhang et al., 2018) 104. 

 

4.2.1 Browning potential of iWAT 

iWAT has a high browning potential, making it an attractive target for research. 

Studies have shown that the activation of browning in this region can lead to increased 

energy expenditure and improved glucose metabolism105. In addition, the activation of 

browning in the inguinal region has been associated with a reduction in body weight and 

fat mass106, making it a promising target for the treatment of obesity. Several factors can 

impact the browning potential:  for example, age, genetics, and diet107. In addition, 

hormonal factors, such as changes in leptin levels, can also impact the browning potential 

of iWAT 108. Despite the promising results of studies on the browning potential of iWAT, 

further research is needed to fully understand the underlying mechanisms and to develop 

effective strategies for promoting browning in this area. This may involve the use of 

drugs, lifestyle interventions, or other interventions to enhance the activation of brown 

adipose tissue in the inguinal region.  

Moreover, the process of browning in iWAT through β-adrenergic agonists relies 

on autocrine FGF21 signalling. The FGF21 and co-receptor β-Klotho plays a crucial role 

in this process, as adipose specific deletion of β-Klotho leads to a lack of response to β-

adrenergic stimulation. However, liver specific ablation of FGF21, which eliminates 

circulating FGF21, does not affect the response of iWAT to β-adrenergic browning 109. 

The β-adrenergic dependent increase in circulating FGF21 happens indirectly, where fatty 

acids released by adipocyte lipolysis activate hepatic PPARα to increase FGF21 
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expression revealing FGF21 as a cell autonomous autocrine regulator of adipose tissue 

function110.  

 

5. Induction of adipose tissue browning as a strategy to treat obesity 

The development of BAT oriented techniques to increase energy expenditure and 

combat obesity could be aided by understanding the molecular mechanisms that control 

brown adipocyte activity and differentiation111. Because of its ability to burn calories and 

produce heat, BAT has attracted considerable interest in recent years. This makes it an 

attractive target for the treatment of obesity and related metabolic diseases. Promoting 

beiging, or browning of white adipose tissue, is therefore a viable method for improving 

metabolic health112. Various strategies have been explored for this purpose, including the 

use of drugs, genetic engineering, and dietary modifications113
’
114. 

The use of β-adrenergic agonists, such as isoproterenol and clenbuterol, is one of 

the most promising drug methods. These drugs promote the expression of genes involved 

in the development and activation of BAT and the sympathetic nervous system. However, 

long term use of β-adrenergic agonists is discouraged because of their potential side 

effects, including heart palpitations, tachycardia, and tremors,115. In addition to drug 

methods, genetic methods have also been developed to achieve browning of white 

adipose tissue. One of these methods is overexpression of UCP1 in target tissue such as 

in fatty liver116. In addition, certain transcription factors such as PRDM16, which are 

important for controlling differentiation and activation of BAT can also be over expressed 

by genetic engineering117. Another strategy is to alter the expression of microRNAs that 

can control target genes involved in the activation of BAT118. 

 

5.1 Dietary factors promoting browning and thermogenesis. 

Natural compounds, or nutraceuticals could be a potential strategy for developing 

safe and effective drugs for obesity treatment. A more promising field for obesity 

therapeutics could be the activation of molecular pathways involved in energy 

expenditure. There is evidence that compounds that affect white adipose tissue browning 

or increase energy expenditure may be effective in treating obesity119. Nutraceuticals are 

compounds found in foods or dietary supplements that are potentially beneficial to health. 

Some nutraceuticals, such as curcumin, resveratrol, and capsaicin, have been shown to 
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have the potential to stimulate the browning of WAT, resulting in increased energy 

expenditure and improved insulin sensitivity120
’
121.  

In addition, numerous natural substances have also anti adipogenic properties. By 

understanding the mechanism of action of these supplements we can identify potential 

health benefits and better tailor treatment according to patient needs 122. Some of the 

nutraceuticals that are studied for their anti adipogenic, and browning effect compounds 

are discussed below. 

 Coffee (CF), oleuropein (OLE), docosahexaenoic acid (DHA), Silybum 

marianum, Citrus aurantium, Taraxacum officinale (TO), resveratrol (RE), Curcuma 

longa, and Citrus aurantium was investigated for their anti adipogenic effects. The 

finding demonstrated that DHA, RE, and CF were the most potent adipogenesis 

inhibitor123. Adipogenesis inhibiting genes including GATA2, GATA3, wingless related 

integration site 1 (WNT1), WNT3A, soluble frizzled related proteins (SFRP5), and delta 

like Non-Canonical Notch Ligand 1 (DLK1) were significantly upregulated by CF 

therapy, whereas adipogenesis promoting genes like CCND1, CEBPB, and SREBF1 were 

significantly downregulated. Apoptosis was most effectively induced by TO, triglyceride 

build up by DHA, CF, and RE was reduced, and lipolysis was suitably raised by CF, DHA, 

and OLE124. 

The exact mechanism by which dietary supplements induce the WAT browning is 

still under investigation. It is thought to be related to the activation of specific signalling 

pathways, such as AMPK and PPARγ125. These signalling pathways have been shown to 

play a key role in regulating the differentiation and activation of BAT. Nutraceuticals have 

been shown to increase their activity and promote the conversion of WAT into BAT like 

cells126.   

Curcumin is a polyphenolic compound extracted from Curcuma longa, an active 

ingredient in turmeric that activates AMPK which is a modulator of adipocyte 

differentiation and WAT browning. It increases mitochondrial biogenesis, down regulates 

the expression of WAT associated genes such as Ppar, C/ebpα, and upregulates the 

expression of BAT related genes such as UCP1 in iWAT by promoting the secretion of 

NE from the sympathetic nervous system that ultimately activates the β3 AR pathway127. 

Similarly, curcumin significantly increased basic mitochondrial respiration, ATP 

production, and uncoupling capacity of mature adipocytes in high fat diet obese mice by 

regulating Pparγ signalling pathways128. In addition, it remarkably increased the mRNA 

level of Ucp1, Ppargc1a, positive regulate Prdm16, and Pparγ in vivo and in vitro129.  
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Resveratrol is a polyphenol that is commonly found in skin grapes (Vitis vinifera 

L.), berries, and red wine. It stimulates the expression of Ucp1 by promoting the 

expression and activity of SIRT1, a histone deacetylase class III, which has been shown 

to play a role in regulating metabolic processes and inducing browning in WAT. SIRT1 

interacts with promoters of genes involved in fatty acid oxidation, thermogenesis, and 

energy metabolism130. In addition, resveratrol has been shown to promote the expression 

of browning associated genes by activating AMPK through increasing its 

phosphorylation. Activation of AMPK induce the expression of PGC1α, which in turn 

induces the expression of UCP1 through direct interaction with its promoter region and 

stimulates the expression of other thermogenic genes131,132. 

Capsaicin an active ingredient found in the fruit of Capsicum spp. (hot pepper), 

which increases the oxidation of fatty acids and promotes the browning of WAT by 

increasing the expression of key brown fat markers such as UCP1133. Capsaicin at a 

concentration of 1μM had the greatest effect on 3T3-L1 cells after 8 days of 

differentiation, leading to increased expression of brown adipocyte markers and 

upregulation of the TRPV1 receptor. This was confirmed by the detection of Ca2+ flux 

caused by TRPV1 activation and the expression of Ucp1134 Capsaicin also triggered a 

beige phenotype by increasing the expression of Ucp1, Tbx1, Prdm16, and Pgc1α in 3T3-

L1 cells. Treatment with NE alone or in combination with capsaicin resulted in a reduction 

in lipid droplet size and surface area in both 3T3-L1 and X9 cells135. Moreover, another 

study reported that capsaicin induces activation of AMPK and the stimulation of SIRT1 

expression and activity. This activation of AMPK has been found to play an important role 

in regulating energy metabolism by increasing fat oxidation and decreasing de novo 

lipogenesis.136. 

Quercetin, a flavonoid commonly found in fruits and vegetables, has been shown 

to have a browning effect on white adipose tissue137. In mice, a high-fat diet (HFD) 

containing 1% quercetin lowered blood cholesterol levels and promoted weight loss 

compared to mice fed only high-fat diet. Quercetin was found to activate several signalling 

pathways involved in regulating energy metabolism and browning of WAT, including 

activation of AMPK and stimulation of SIRT1 expression and activation138. Phosphorylated 

AMPK increased the expression of Pgc1α, Ucp1, Adrb3, and Cidea in BAT compared to 

HFD139. In addition, quercetin was found to reduce oxidative stress and inflammation in 

WAT, which is believed to be a result of its antioxidant and anti-inflammatory properties.140. 
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Theobromine (TB, 3,7dimethylxanthine) is the principal alkaloid of Theobroma 

cacao, abundant in cocoa beans and dark chocolate. The effect of this compound on cell 

cycle, adipogenesis, and cytokine release was studied using SGBS cell line as a model 

for human adipocytes141. It was found that TB significantly inhibited cell proliferation at 

a concentration of 200µg/ml. Quantitative analysis of the effect of TB on SGBS cell 

differentiation showed partial but significant inhibition of adipocyte differentiation from 

day 8 to day 14142. TB also decreased the levels of proinflammatory cytokines such as 

MCP1 and IL1β. The antiadipogenic effect of TB involves the suppression of adenosine 

receptor 1 signalling, which is associated with adipogenesis143. In addition, TB treatment 

in mouse derived primary adipocytes led to an increase in the expression of UCP1 protein 

and mitochondrial content dependent on the activation of Pparγ ligand. It also stimulated 

the phosphorylation of Pgc1α and increased its interaction with Pparγ in adipose derived 

stem cells (ASCs)144. TB treatment at a concentration of 0.1% increased the expression 

of Ucp1, Elovel3, Cidea, Cox7a1, Cox8b, and Cpt1b, in mouse derived iWAT cells145 

suggesting its browning ability and a potential drug for the treatment of obesity.  

 Cocoa tea (Camellia ptilophylla) is a source of antioxidants that have been shown 

to have therapeutic effects against inflammation, hypertension, endothelial dysfunction, 

and oxidative stress146. Instead of caffeine, cocoa tea contains theobromine and the main 

catechin is gallocatechin gallate (GCG). The anti-obesity effect of cocoa tea has already 

been studied in 3T3-L1 mouse cell lines. It was found that cocoa tea significantly 

inhibited the accumulation of triglycerides in mature adipocytes147. Cocoa tea 

downregulated the expression of Pparγ and C/Ebpα, consequently, the expression of 

adipogenic genes was downregulated demonstrating the anti-obesity effect of cocoa tea 

in mouse 3T3-L1 cells148. 

Oleuropein, a natural polyphenol extracted from olive leaves, exerts beneficial 

effects such as antioxidant, anti-cancer, and anti-obesity149. In vivo studies have shown 

their biochemical and pharmacological properties in improving insulin resistance in high 

fat diet induced diabetes in rats by reducing tumour necrosis factor-alpha (Tnf-α), and 

interleukin-6 (Il-6)150. In rats, a high-fat diet significantly decreased the expression of 

Ucp1 and the beige fat marker Cd137 in adipose tissue by 70.4% and 97.2%, respectively. 

In contrast, physical exercise, oleuropein administration, and a combination of both 

simultaneously with a high-fat diet increased Ucp1 expression by 2.13-, 1.71-, and 2.04-

fold respectively, and Cd137 expression by 25.71-, 21.75-, and 26.59-fold, respectively 

as compared with the HFD group151. 
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Allicin is the main bioactive ingredient in garlic152, with multiple pharmacological 

functions, such as anti-oxidative stress, anti-tumour and cholesterol lowering effects, anti-

platelet aggregation, prevention of cardiovascular disease, and anti-inflammatory 

capacity153
’
154. Allicin treatment was found to reduce the size of lipid droplets and 

enhance the expression of UCP1 and OXPHOS-related protein in BAT155. In HFD mice, 

the administration of allicin led to a significant increase in the expression of genes 

associated with thermogenesis and energy expenditure. These genes include Ucp1, 

Prdm16, Ppargc1a/B, Carnitine palmitoyl transferase 1A (Cpt1α), and medium-chain 

acyl coenzyme A dehydrogenase (MCAD), in the BAT. It activates BAT through Sirt1-

PGC1α-Tfam pathway, and it may increase the succinylation of Ucp1 by inhibiting Sirt5. 

Allicin treatment upregulate the expression of downstream proteins of Sirt1, including 

PGC1α, nuclear respiratory factor 1 (NRF1), and Tfam, which are involved in the PGC1α 

Tfam signaling pathway. It increases SIRT1 activity by increasing its phosphorylation 

levels, and this leads to the deacetylation of PGC1α, ultimately resulting in the generation 

of mitochondria in BATs. These results suggest that allicin can stimulate whole body 

energy expenditure and reduce adiposity by activating BAT in mice156.  In addition, allicin 

was found to increase the expression of brown adipocyte markers, such as Ucp1 in 3T3-

L1 and differentiated iWAT from SVF.  

In another study allicin was shown to increase of KLF15 protein expression and its 

interaction with the UCP1 promoter region. This effect was absent in cells lacking 

KLF15, indicating the crucial role of KLF15 in the action of allicin. Thus, allicin was 

found to induce brown like adipogenesis in vivo, associated with the appearance of 

multilocular adipocytes, increased UCP1 expression, and increased lipid oxidation. 

Collectively, these results suggest that allicin has the potential to prevent obesity and 

related metabolic disorders, such as type 2 diabetes mellitus, by increasing the expression 

of brown adipocyte specific genes, including UCP1, via the KLF15 pathway157. 

Taurine is a sulfur containing amino acid commonly found in animal tissues, 

including heart and skeletal muscle158. In recent years, the possible role of taurine in the 

regulation of metabolism has been investigated, particularly in the process of white 

adipose tissue browning. Studies have shown that taurine supplementation increases the 

expression of Ucp1 in the inguinal fat pads of mice. This increase in Ucp1 expression 

leads to an increase in energy expenditure, and a decrease in iWAT mass. In addition, 

taurine has been shown to regulate the activation of several signalling pathways involved 

in the browning process, including activation of the AMPK pathway and the regulation 
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of the PGC1-α pathway159. Taurine-mediated browning also occurs through a mechanism 

involving activation of the Transient Receptor Potential Channel Melastatin Subfamily 

Member 8 (TRPM8), which stimulates the expression of genes involved in thermogenesis 

s and oxidative metabolism. The effects of taurine contribute to an overall increase in 

energy expenditure, leading to a reduction in body fat and an improvement in metabolic 

health160. 

Secretin is a hormone produced mainly in the small intestine that regulates 

digestive processes. It induces meal related BAT thermogenesis and causes satiety in 

mice161. Secretin receptors are significantly expressed in BAT. Increased circulating 

secretin levels initiate lipolysis by binding to secretin receptors on the surface of BAT and 

induce the Ucp1 expression thereby initiating UCP1-dependent thermogenesis162. Recent 

studies suggest that secretin may play a role in the activation of BAT by increasing the 

release of NE, a neurotransmitter that has been shown to stimulate thermogenesis from 

BAT. Secretin may also modulate the activity of certain signalling pathways in BAT, such 

as the MAPK/ERK pathway, which is involved in the regulation of cellular metabolism 

and energy homeostasis163.  

 

6. Pharmacophore screening and Network Pharmacology 

Network pharmacology is a new field of research that aims to predict the potential 

targets and active ingredients of bio compounds or drugs. As a comprehensive and 

systematic analytical approach, network pharmacology was applied to understand the 

mechanism of complex potentially bioactive constituents164 and to develop better 

therapeutic strategies165. A key advantage of network pharmacology is that it can address 

the multiple and interrelated targets of drugs and could be applied to a variety of diseases, 

including cancer, neurological disorders, and cardiovascular disease. Researchers have 

used network pharmacology to identify new targets for the treatment of breast cancer and 

to understand the underlying mechanism of Alzheimer’s disease. This approach has also 

been used to develop personalized medicine, in which drugs are tailored to the specific 

genetic and molecular profiles of individual patients.   

PubChem (https://pubchem.ncbi.nlm.nih.gov/) is a publicly accessible database 

maintained by the National Centre for Biotechnology Information (NCBI) that provides 

information on the biological activities of millions of chemical substances. It provides 

access to a vast amount of data on the biological activities and properties of chemical 
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substances, which can be used as a starting point for network pharmacology studies. 

PubChem contains information on the structures, properties, and activities of chemical 

substances and provides access to a large collection of scientific data including over 150 

million compounds. The database enables researchers to identify potential targets 

involved in the molecular mechanisms of drug action and to perform in silico studies to 

predict the potential efficacy and side effect of drugs166. By integrating and analysing data 

from PubChem with other sources, researchers can gain a deeper understanding of the 

complex relationships between drugs and their targets, which can help to guide the 

development of more effective and safer drugs (Fig. 5). 

 

 

Figure 5. Structure of allicin. (A) 2D structure, (B) 3D structure (source: 
pubchem.ncbi.nlm.nih.gov). 

 

A variety of software and online services for predicting the protein targets of small 

molecules have been developed such as, Pharm Mapper167, INVDOCK168, similarity 

ensemble approach (SEA) 169,  tool for interactions of chemicals (STITCH) 170 and Gene 

Card171 which are among the earliest tools for shape screening, pharmacophore screening 

and reverse docking, respectively.  

Pharmacophore modelling is a computer aided drug design approach that implies 

that when the ligand interacts with the macromolecular target, the active conformation 

should be generated in geometric and energetic agreement with the target. The 

pharmacophore is considered as the greatest common denominator of the molecular 

interaction properties of a group of active molecules. Any type of atom or group in the 

ligand that exhibits certain properties related to molecular recognition can be assigned to 

pharmacophore features, e.g., hydrophobic regions, hydrogen bonding acceptors/donors, 

aromatic ring systems, negatively ionizable groups, positively ionizable groups, and any 
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possible combination172. The biological activity of a compound can be evaluated when 

the compound binds to a specific macromolecule and elicits a specific response.  

PharmMapper is a web server that allows researchers to identify potential targets 

of a molecule such as natural compounds or drug using pharmacophore modelling173. The 

targets are predicted based on the chemical and structural similarities between the test 

molecule and proteins in the database. The database is freely accessible with a simple 

user interface where the 2D or 3D structure of the target molecular is uploaded, the 

parameters are set, and the query is submitted. The output result is a list of potential target 

proteins organized in descending order based on fit score which is the predicted binding 

affinity for the test molecule. The chemical structures of the molecules can be used to 

predict the biological activities of the compounds using computational method such as 

SEA. The structure is compared to other reference compounds whose biological activities 

are known. The tool then calculates a score which is based on structural similarities 

among the target compound and references compounds174. Based on the chemical 

structure the interaction between the target molecules and proteins can be predicted using 

STITCH175. Importantly, this tool can also provide information about the tissue where the 

interaction has more chances to occur as well as the strength of interaction. Overall, the 

database is a powerful computational tool to predict the molecular mechanisms of a 

biological process and assist researchers in identifying potential targets of a drug. The 

GeneCards database provides a detailed information about all annotated and predicted 

human genes integrating data from more than 150 data sources such as NCBI and 

Ensembl. In addition to basic information of each gene such as sequence and location, it 

also provides other useful information about gene expression, regulation, protein 

interaction and associated disorders. The information can help to increase understanding 

of the genetic basis of health and disease conditions. To predict the potential target of 

bioactive compounds in humans an online tool known as swiss target prediction (STP) is 

available176. The tool provides useful information in understanding the underlying 

molecular mechanism of a compound and to predict its non-target effects.  

Once the gene targets are selected, GeneMANIA (https://genemania.org) is used 

to predict the function of a gene and identify genes with similar function and their 

interaction with other proteins177. The tool integrates data from various dataset that 

include protein-protein, protein-DNA and genetic interactions, pathways, reactions, gene 

and protein expression data, protein domains and phenotypic screening profiles.   
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7. Aim of the thesis 
 

The aims of the Ph.D. project are: 

1) To investigate transcriptomic changes during differentiation of SGBS cells to 

identify changes in the gene expression and pathways involved during transient 

phenotype.  

2) To investigate the browning effect of allicin on mitochondrial morphology, lipid 

droplet dynamics, and gene expression changes by evaluating its ability to activate 

genes involved in beige adipocyte development and thermogenesis using 

transcriptomic data and a network pharmacology approach. 
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II. Materials and methods 
 

8. Chemicals and Culture Media 

The chemicals and culture media used in the experiments of the research project, 

as well as the buffers and solvents are listed in the Tables 1 and 2. Kits and chemicals for 

RNA extraction, cDNA synthesis and amplification are listed in Table 3. Table 4 contains 

the list of products and dies used in structural analysis, immunofluorescence, and Western 

blotting.  

Table 1 Reagents and media for cell culture and buffer preparation 

Product Identifier Source 

DMEM/F12 (1:1) 31330038 Thermo Fisher Scientific 

High glucose DMEM, GlutaMAX™ supplement 10566016 Thermo Fisher Scientific 

Low glucose DMEM, GlutaMax TM supplement 10567014 Thermo Fisher Scientific 

Biotin B4639 Sigma-Aldrich 

D-pantothenic acid hemi calcium salt P5155 Sigma-Aldrich 

Penicillin-streptomycin 15140122 Thermo Fish Scientific 

Fetal bovine serum 10270106 Thermo Fisher Scientific 

 

Human apo-Transferrin T2252 Sigma-Aldrich 

 

Human insulin I1507 Sigma-Aldrich 

Hydrocortisone H0888 Sigma-Aldrich 

3,3’,5-Triiodo-L-thyronine sodium salt T6397 Sigma-Aldrich 

Dexamethasone D1756 Sigma-Aldrich 

3-Isobutyl-1-methylxanthine 5879 Sigma-Aldrich 

Rosiglitazone 71740 Cayman Chemical 

Thiazolyl blue tetrazolium bromide (MTT) M5655 Sigma-Aldrich 

Allicin IA1100 Solarbio® Life Sciences 
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Table 2 Salts, buffer, and solvents 

Reagent Identifier Source 

Sodium chloride S7653 Sigma-Aldrich 

Potassium chloride P9333 Sigma-Aldrich 

Sodium Phosphate dibasic S7907 Sigma-Aldrich 

Potassium phosphate monobasic P5655 Sigma-Aldrich 

Hank’s balanced salt solution ECM0507L Euroclone S.p. A 

HEPES buffer ECM0180D Euroclone S.p. A 

Tween 20 P7949 Sigma-Aldrich 

Absolute ethanol 3096052 Carlo Erba reagents S.r.l 

2-propanol I9516 Sigma-Aldrich 

Dimethyl sulfoxide D2650 Sigma-Aldrich 

Buffer neutral 10% formalin 05-01004F Bio-Optica S.p.A 

 

Table 3 Reagents and kits used for RNA extraction and analyses.  

Product Code Source 

TRIzol™ reagent 15596026 Thermo Fisher Scientific 

Chloroform C2432 Sigma-Aldrich 

PureLink™ RNA Mini Kit 12183018A Thermo Fisher Scientific 

SuperScript™ III one-step RT-

PCR system 
12574026 Thermo Fisher Scientific 

Agarose EMR010001 Euroclone S.p.A. 

GelRed® 41003 Biotium 

1 kb DNA ladder 31022 Biotium 

Tris-borate-EDTA (TBE)  AM9863 Thermo Fisher Scientific 

ImProm-II™ Reverse Tran-

scription System 
A3800 Promega Corporation 

Transcription High-Fidelity 

cDNA Synthesis Kit 
5091284001 Roche Diagnostics 

Platinum™ SYBR™ Green 

qPCR SuperMix-UDG 
11733046 Thermo Fisher Scientific 
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Table 4 Reagents for Immunofluorescence and Western blotting 

Reagents Identifier Source 

Fluorescent dyes   

BODIPY™ D3922 Thermofisher Scientific 

Mitotracker Orange CMTMRos M7510 Thermofischer Scientific 

Fluoroshield mounting medium with DAPI ab104139 Abcam 

Protein Expression analysis   

TritonTM X 100 T9284 Sigma-Aldrich 

Glycine G8898 Sigma-Aldrich 

Ammonium chloride A9434 Sigma-Aldrich 

Normal goat S-1000 Vector Laboratories 

Bovin Serum Albumine (BSA) A7906 Sigma-Aldrich 

Fat free milk powder - Semper, Sweden 

ECL detection reagent RPN2232 Amersham Biosciences 

12% polyacrylamide gel (acrylamide/bis-acryla-

mide, 37.5:1) 
1610159 Bio-Rad 

Polyvinylidene difluoride (PVDF) membranes IPVH0001 Millipore Corporation 

Antibodies   

Anti-rabbit Alexa FluorR 555 ab150078 Abcam 

Anti-rabbit fluorescein IgG FI-1000 Vector Laboratories 

Anti-mouse fluorescein IgM FI-2020 Vector Laboratories 

Anti-rabbit IRdyeR 800 CW 925-32211 LI-COR Inc. 

Anti UCP1 AB10983 Abcam 

Anti-rabbit IgG 7074 Cell Signaling 
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 9. Cell Culture 

The experiments are mainly performed on human SGBS cells strain. In addition, 

experiments were also performed on iWAT cells isolated from C57BL/6 mice.  

The human liver cell line HepG2 was used to study the expression capacity and 

functional effects of different mutant variants of the thermogenic protein UCP1 

(Appendix).  

9.1 SGBS cell culture 

Human SGBS cells were kindly provided by Prof. M. Wabitsch (University of Ulm, 

Germany). Cells were grown in DMEM/F-12 supplemented with 10% FBS, 3.3 mM 

biotin, 1.7 mM pantothenate, and 1% penicillin/streptomycin solution, at 37°C with 5% 

CO2 and 95% relative humidity. Differentiation was induced on confluent cells after 

washing the cells 2 times with phosphate buffer saline (PBS). Differentiation medium 

consisted of serum-free growth medium supplemented with 10 µg/ml transferrin, 0.2 nM 

triiodothyronine (T3), 250 nM hydrocortisone, 20 nM human insulin, 25 nM 

dexamethasone, 250 µM (IBMX) and 2 µM rosiglitazone (day 0 of differentiation). After 

4 days, the differentiation medium was replaced with a maintenance medium composed 

of a serum-free growth medium supplemented with 10 µg/ml transferrin, 0.2 nM T3, 250 

nM hydrocortisone, and 20 nM human insulin. Fresh maintenance medium was added 

every 4 days. The protocol for cell proliferation, differentiation, and maintenance was 

developed elsewhere178. A complete list of mediums and reagents is listed below (Table 

5). 

Table 5 Formulation of SGBS cells culture media as reported by Wabitsch et al., 
2001179. 

 

 

Reagents 
Growth 

medium 

Differentiation 

medium 

Maintenance 

medium 

Basal Medium DMEM/F12 DMEM/F12 DMEM/F12 

FBS 10% - - 

P/S 1% 1% 1% 

Biotin 33µM 33µM 33µM 

Pantothenic acid 17µM 17µM 17µM 

Human transferrin - 10µg/ml 10ug/ml 

Triiodothyronine - 0.2nM 0.2nM 
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Hydrocortisone - 100nM 100nM 

Human Insulin - 20nM 20nM 

Dexamethasone - 25nM - 

IBMX - 250µM - 

Rosiglitazone - 2µM - 

 

9.2 Primary inguinal white adipose tissue cell culture 

Mice were kept in a thermoneutral condition for 3-4 weeks after birth. On the day 

of the experiment, HEPES buffer solution was prepared for tissue digestion prior to 

entering the animal facility. Table 7 contains the reagents that constitute the HEPES buffer 

solution. 

The protocol of harvesting adipose tissue from mice and subsequent cell culture 

involves first euthanizing the mice with CO2 and disinfecting the skin around the inguinal 

area. Using sterile scissor and forceps, the inguinal adipose tissue was then excised and 

placed in a sterile dish containing fresh DMEM. The tissue was then digested into small 

pieces using a digestion buffer containing HEPES buffer and collagenase and incubated 

at 37°C for 30 minutes with constant shaking. After the incubation period, the digested 

tissue was filtered through a 250µm nylon filter to remove any remaining tissue debris. 

The filtered tissue was then put on ice for 20 minutes to allow the mature fat cells and 

lipid droplets to float on the surface. The cell suspension was filtered again through a 

25µm nylon filter and centrifuged to pellet the cells, which were then resuspended in 

DMEM and centrifuged again to wash the cells. The cells were then resuspended in 

DMEM and centrifuged again to wash the cells. The cells were then resuspended in a 

growth medium consisting of DMEM supplemented with 10% fetal calf serum, 

antibiotics, glutamine, sodium ascorbate, and insulin. Finally, the cells were plated onto 

a tissue culture dish and incubated at 37°C with 8% CO2 (Fig. 6). Daily checks were 

performed to monitor cell confluency.   

The next day the growth medium was refreshed. After a few days, the growth 

medium is replaced with a differentiation medium, which promotes the differentiation of 

preadipocytes into mature adipocytes. The differentiation medium developed by Guo et 

al. typically consists of DMEM supplemented with 10% FCS, insulin, dexamethasone, 

IBMX, rosiglitazone, and T3180. After day four of differentiation the cells were 

maintained in a maintenance medium. The medium was changed every two to three days, 

and after 7-10 days, mature adipocytes with visible LDs were visible under microscope.  
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Table 6 Formulation of medium for primary iWAT cells. 

Reagents Growth medium Differentiation 

medium 

Maintenance 

medium 

Basal Medium DMEM/F12 

High Glucose 

DMEM/F12High 
Glucose 

DMEM/F12 High 
Glucose 

Newborn Calf serum 10% 10% 10% 

Insulin 4nM 85nM 85nM 

HEPES 10mM 10mM 10mM 

Glutamine 4mM 4mM 4mM 

Penicillin 50IU 50IU 50IU 

Streptomycin 50µg 50µg 50µg 

Sodium ascorbate 25µg 25µg 25µg 

Dexamethasone - 1Mm - 

IBMX - 250µM - 

Rosiglitazone - 2µM 1µM 
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Table 7 Formulation of HEPES tissue digestion buffer developed by Cannon and 
Nedergaard, 2001181. 
 

Reagents Concentration 

NaCl 123mM 

KCL 5mM 

CaCl2 1.3mM 

Glucose 5mM 

Crud serum albumin 1.5% 

N-2-hydroxyethyl piperazine-
N’-2-ethane sulfonic acid 

(HEPES) 

100mM 

 

 

 

Figure 6. Steps of iWAT isolation and subsequent primary cell culture. (Image created in Bio 
Render). 

 

10. Structural Analyses 

10.1 BODIPY™ staining 

BODIPY™, also known as 4,4-difluoro-1,2,5,7,8-pentamethly-4-bora-3a,4a-

diaza-s-indacene, is a fluore1scent dye utilized for staining neutral lipids in biological 

samples. Cells for BODIPYTM staining and subsequent confocal imaging were cultured 

on ibiTreat 8-wells μ slides. On experiment day slides were fixed for 15 minutes at room 

temperature using a 2% formalin solution diluted in PBS 1X. Following fixing, the cells 
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were washed with PBS 1X and treated in the dark for 45 minutes at room temperature 

with 1mg/mL BODIPY™. After washing the stained cells three times with PBS 1X, they 

were mounted using a Fluor shield mounting media containing 4',6-diamidino-2-

phenylindole (DAPI). Fluorescent images were obtained using either the epifluorescence 

Axio Observer Z1 microscope (Carl Zeiss GmbH) or the SP8 confocal microscope (Leica 

Microsystems GmbH) equipped with LAS X software, version 3.1.5.16308. Slides were 

observed with HC PL APO CS2 40X/1.10 WATER objective lens. BODIPYTM 

fluorescence was detected by white light laser (503/588nm). The images were acquired 

by a photomultiplier tube (PMT), which allowed point-by-point scanning of the region of 

interest (ROI) with the selected laser and produced 1024 X 1024 px images (Fig 7). 

 

Figure 7. Detection of lipid droplets by BODIPY™ of SGBS adipocytes during differentiation. 
Confocal microscopy, scale bar = 20 µm. A. SGBS cells at 6 days of differentiation; B. SGBS 
cells at 10 days of differentiation.  
 

10. 2 Lipid droplet (LD) dynamic analysis 

Adipocyte browning process involves dynamic changes in lipid droplet, that can 

be analyzed using the MRI Lipid Droplets macro (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/LipidDroplets_Tool), for ImageJ software (http://rsb.info.nih.gov/ij/)182. 

The macro applied a bandpass filter and an automatic threshold to the BODIPY™ stained 

adipocyte images, producing a mask that removed artefacts. Contacting lipid droplets 

were separated by a binary watershed transformation and individual LDs were enclosed 

in single regions of interest (ROI) for which the software measured the area surface. The 

macro provided several data, including the number of LDs, their area surface, maximum 

ferret diameter (MFD), and integrate optical density (IOD). There is no theoretical 
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connection between the size and integrated optical density (IOD) of LDs, which are 

frequently employed to quantify the amount of lipid in cultured cells. To establish a 

mathematical relationship between size and IOD, a straightforward model was developed 

183. It is based on the spherical form of LDs and the Lambert-Beer law, which explains 

light absorption by an optical thick material. The model can be used to determine LDs 

subpopulations and calculate the absorption coefficient in the LDs population, which may 

be helpful for understanding cellular lipid related disorders184. MFD estimated the 

diameter of irregularly shaped objects, while IOD indicated the triglyceride content.  

10.3 MitoTracker Staining 

MitoTracker® Orange CMTMRos is a fluorescent dye commonly used to 

selectively label and visualize mitochondria in live cells. The accumulation of this in the 

mitochondria is dependent on their membrane potential, making it a useful tool for 

studying mitochondrial function and dynamics. According to a study by Chazotti 

(2011)185, MitoTracker® Orange CMTMRos has been shown to selectively label 

mitochondria in a range of cell types, including various primary cells186.  

The MitoTracker® stock solution is diluted in cell growth medium to a final 

concentration of 100nM. The live cells are then incubated with the working solution for 

30 minutes prior to fixation with 4% formalin. After fixation, cells were rinsed three times 

with PBS 1X, mounted in a DAPI containing mounting medium, and imaged using a 

Leica SP8 confocal microscope (Leica Microsystems, Germany) and LAS X 3.1.5.16308 

software. Slides were viewed with the HCX PL APO lambda blue 63x/1.40 OIL objective. 

DAPI fluorescence was detected using a 405-diode laser (410/480 nm), while 

MitoTracker® fluorescence was detected using a white light laser (550/605 nm). Images 

were acquired using a photomultiplier tube (PMT) that allowed point by point scanning 

of the region of interest (ROI) with the selected laser and produced images with a 

resolution of 1024 x 1024 px. 

10.4 Mitochondrial morphology analysis 

The Mitochondrial Analyzer, an adaptive thresholding based tool in the open 

source ImageJ/Fiji image analysis platform, was utilized for quantifying mitochondrial 

morphology187. To optimize the image analysis, a block size of 1,350 μm and a C-value 

of 5 were applied for thresholding after 2D optimization. Other tools like MiNa188 and 
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Micro2P189 were also used for processing the images (Fig. 8). These tools provided a 

comprehensive analysis of mitochondrial morphology and connectivity, which can help 

in understanding the functional implications of mitochondrial changes during browning. 

 The Mitochondrial Analyzer provided various parameters including counts 

(number of mitochondria in the image), total area (sum of the area of all mitochondria in 

the image), mean area (total area/mitochondria number), total perimeter (sum of 

perimeter of all mitochondria in the image), mean perimeter (total 

perimeter/mitochondria number), mean aspect ratio (shape descriptor measuring 

elongation), and mean form factor (shape descriptor measuring round to filamentous 

shape). Morphological features of the mitochondrial network were also calculated, such 

as the number of branches, the total length of branches, the mean length of branches, the 

branch junctions, the endpoints of branches and the mean diameter of branches. 

These features were also expressed as normalization to either the number of mitochondria 

or total area The MiNa tool, which is a macro of the ImageJ1.53o program 

(http://rsb.info.nih.gov/ij/), was used to quantify mitochondrial morphology. Threshold 

images were processed using the MiNa interface and the Top hat option. The macro 

recognized "individual" mitochondrial structures in a skeletonized image, such as 

punctate, rod-shaped, big, spherical structures without branches, and "networks," which 

were recognized as mitochondrial structures with a single node and three branches. The 

discriminant analysis made use of every parameter. The number of individuals (punctate, 

rod-shaped, and large/round mitochondria), the number of networks (items with at least 

one branch), and the mean rod/branch length, which is the average length of all 

mitochondrial rods/branches, were all taken into consideration in the study. The followed 

discriminant analysis also considered other factors, such as the mean number of branches 

per network (i.e., the mean number of mitochondrial branches per network), the mean 

length of branches, and the mitochondrial footprint (i.e., the total area of mitochondria).  

 

Figure 8. Mitochondrial morphology analysed with the three different tools. 
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MicroP software was utilized to classify six morphological types of mitochondria 

in SGBS cells, which included small globules, round-shaped mitochondria, large 

globules, simple tubules, twisted tubules, donuts, and branched tubules190. The total 

number of mitochondria and their area for each subtype were calculated for the different 

treatments of SGBS cells, and the data were used for discriminant analysis.  

11. Cell viability assay 

The MTT assay is a commonly used colorimetric assay for evaluating cell 

viability and metabolic activity. It is based on the ability of mitochondrial reductases in 

viable cells to convert the water soluble MTT reagent into an insoluble formazan product, 

which can be quantified by measuring the absorbance at 550nm. The MTT assay has been 

used to evaluate the cytotoxicity of a wide range of bioactive compounds, including 

natural products, synthetic chemicals, and nanoparticles, in various cell types191
’
192. 

However, it should be noted that the MTT assay measures metabolic activity rather than 

cell proliferation or cell death, and thus may not be an accurate indicator of cell viability 

under all conditions. Cells were treated with four different doses of allicin to examine the 

cytotoxic its effect on the cells. Based on cell viability assay 12.5µM dose allicin was 

chosen as safe for cells treatment (Fig. 9). 

12. RNA extraction and Gene expression analysis 

Purified RNA obtained from cell culture was used for all gene expression 

experiments. The experiments were set up with at least 2 biological replicates for the 

different experimental conditions. RNA was isolated by lysing cells with 1mL/10 cm2 

TRIzol reagent, which caused severe breakdown of cellular structures and preserved 

nucleic acid integrity when stored at -80°C. The isolated RNA was purified using the 

PureLinkTM RNA Mini Kit according to the manufacturer’s instructions. 
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Figure 9. Cell viability assay performed on SGBS cells with different doses of allicin. 

The concentration and quality of RNA were measured using either a NanoDrop 

1000 spectrophotometer (ThermoScientific, Wilmington, Delaware), or the Spark multi 

plate reader (Tecan, CH). The purity of the RNA samples ranged from 1.8 to 1.9; RNA 

integrity was assessed by observing the 18S and 28S ribosomal bands after 

electrophoresis on 1% agarose gel, in the presence of GelRed. beta-actin expression was 

used as an internal control and confirmed the complete integrity of the RNA. 

 

12.1 RT-PCR 

Total RNA from each sample was reverse transcribed and amplified using an MJ 

thermal cycler (PT-100; MJ Research, Inc., Waltham, MA, USA).  

The required primers for PCR amplification were designed using the Primer3 

Input web tool193. In Table 8 the list of primers is reported. Among the various 

housekeeping genes, β-actin, and ribosomal protein lateral stalk subunit 0 (RPLP0) was 

selected as they were found to be more Stable in human adipocytes during preliminary 

trials.  

RT-PCR cycle conditions were as follows: cDNA synthesis: 50 °C, 30 min; 

SuperScript III RT inactivation: 94 °C, 2 min; cDNA amplification: [94 °C (30 s), primers 

annealing at different temperatures according to Table 8 (30 s), 72 °C (30 s) 40 cycles]; 

ending of reaction: 72 °C (5 min). 
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PCR reactions carried out without reverse transcription of the RNA samples, using 

the same sets of primers, did not give any amplification product, ruling out the possibility 

that the observed bands may be due to the presence of contaminant genomic DNA. The 

expression of target genes was normalized using the geometric means between RPLP0 

ribosomal protein (36b4) and β-actin mRNAs and analysed using ΔΔCt method194. 

For iWAT specific experiment, RNA was extracted using the chloroform 

isopropanol extraction protocol. 500ng RNA was reverse transcribed using the High 

Capacity cDNA kit from Life Technologies, in a 20µl reaction volume. The primers were 

mixed with SYBR Green JumpStartTM Taq Ready MixTM from Sigma-Aldrich, and 

11ul aliquots were dispensed into a MultiplateTM Low Profile 96-well PCR plate from 

Bio-Rad. The cDNA was diluted 1:10, and 2µl aliquots were added in triplicate. The Bio-

Rad CFX Connect TM Real-Time system was used to perform thermal cycling, with the 

following conditions: 2 minutes at 50°C, 10 minutes at 95°C, and 40 cycles of 15 seconds 

at 95°C and 1 minute at 60°C.  

 

13.  RNA sequencing (RNA seq) 

The purified RNA was then subjected to deep sequencing analysis. Before 

sequencing with the Illumina Genome Analyzer (GA), RNA was quantified with the 

Agilent Bioanalyzer 2100, and only RNA with an RNA integrity number (RIN) greater 

than 8.0 was used. Typically, 2-4μg total RNA were used in library construction. Total 

RNA was reverse transcribed to double-stranded cDNA, digested with NIaIII, and ligated 

to an Illumina-specific adapter containing a recognition site of Mmel. Following Mmel 

digestion, a second Illumina adapter, containing a 2-dp degenerate 3ʹ overhang, was 

ligated. The obtained sequences were aligned to the GRCh38 human genome 

(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39) using STAR software. 

Then, data were uploaded in the NCBI Sequence Read Archive (SRA), bioproject ID 

PRJNA783150. 

13.1 Data processing 

 The raw counts were analyzed using the iDEP95 R package (v0.92), a web-based 

tool available at http://ge-lab.org/idep195
’
196. In the pre-processing step, genes with low 

expression levels across samples were filtered out, and genes expressed with a minimum 

of 0.2 or 0.5 counts per million (CPM) in one library were further analyzed. To reduce 
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variability, the normalized count data was transformed using the EdgeR log2(CPM+c) 

method. Heatmaps, principal component analysis (PCA), k-means cluster analysis, and 

enrichment analyses, were also performed in iDEP95. DESeq2 package in the R language 

was used to identify differentially expressed genes (DEG) between different experimental 

conditions using a false discovery rate (FDR) < 0.05 and log2fold-change > 1.0. 

To investigate the function of the DEGs, GO term enrichment analysis was 

performed. The DEGs were significantly enriched in biological processes (BP), molecular 

functions (MF), cellular components (CC), Kyoto Encyclopaedia of Genes and Genomes 

(KEGG) and TF. target. TRED analyses were completed197. Venn diagrams were created 

by web too available at http://bioinformatics.psb.ugent.be/webtools/Venn/. 

 

13.2 RNA-seq validation by Real-time PCR  

To validate the results obtained by RNA seq the expression analysis of some genes 

was measured by Real-time PCR and compared with converted counts obtained by 

iDEP95 analysis. The Real-time PCR was performed in triplicate with the Platinum 

SYBR® Green qPCR SuperMix-UDG w/ROX (Invitrogen, Milan, Italy) on CFX96 Real-

Time PCR Detection System (Bio-Rad). Master mix reactions were prepared as the 

manufacturer’s instructions with each primer pair and the cDNA added last. Figures were 

prepared by http://www.bioinformatics.com.cn/srplot. 

Table 8. List of primers used for qPCR validation. 

Gene 

symbol 

GenBank ac-

cession num-

ber 

Sequence 

Am-

plicon 

length 

(bp) 

Tm 

(°C) 

ACTB JN038572.1 F: 5’-CTCTTCCAGCCTTCCTTCCT-3’ 116 59.4 

    R: 5’-AGCACTGTGTTGGCGTACAG-3’      

PPARG1 NM_138712.3 F: 5’-GCCGCCAGATTTGAAAGAAGC-3’ 110 57.3 

  R: 5’-TGGCATCTCTGTGTCAACCA-3’   

PPARG2 NM_015869.4 F: 5’-TACAGCAAACCCCTATTCCA-3’ 240 55.6 

    R: 5’-GAGAAGTCAACAGTAGTGAAG-3’     

PPARA NM_005036.4 F: 5-TCTGTCGGGATGTCACACAA-3’ 191 57.3 

  R: 5’-CGGGCTTTGACCTTGTTCAT-3’   

PRDM16 AF294478.1 F: 5-GAGGAGGACGATGAGGACAG-3’ 103 61.4 

    R: 5’-GCTCCTCATCCTCCTCATCC-3’     

PPARGC1A NM_001330751 F: 5’-GCCCAGGTACAGTGAGTCTT-3’ 105 59.4 

  R: 5’-GTGAGGACTGAGGACTTGCT-3’   

UCP1 NM_021833.4 F: 5’-GCGGATGAAACTCTACAGCG-3’ 117 59.4 

    R: 5’-GTTTCTTTCCCTGCGGTGAG-3’     
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LEP D63519.2 F: 5’-ACCAAGGTCTTCAGCCATCA-3’ 108 58.4 

  R: 5’-CCCTCTGCCCTCTCTGAAAT-3’   

ADIPOQ EU420013.1 F: 5’-CCTAAGGGAGACATCGGTGA-3’ 173 57.4 

    R: 5’-GTAAAGCGAATGGGCATGTT-3’     

LIPE NM_005357.3 F: 5’-CTCTGGTCTACTACGCCCAG-3’ 121 60.4 

  R: 5’-CATCCCTTATGCAGCGTGAC-3’   

 

14. Protein expression 

14.1 Western blotting 

On the sixth day of treatment of SGBS cells with allicin, the cells were harvested. 

The medium was removed, the wells were rinsed with PBS, and then the cells were lysed 

directly in 200 µl ice-cold RIPA buffer with protease inhibitor cocktail (Complete Mini, 

Roche). Cell lysates were transferred to 2ml Eppendorf tubes and homogenized at 30 Hz 

for 30 seconds using a Tissue Lyzer. The lysates were centrifuged at 14 000 rpm for 2 

minutes, and the supernatant was collected on ice. Protein concentration was determined 

according to the method of Lowry198.  

Each sample was boiled with an equal amount of sample buffer, and proteins were 

separated by SDS-PAGE in a 12% polyacrylamide gel at 80 V for 2 hours. Proteins were 

then transferred to a PVDF membrane in a transfer buffer using a semi dry Trans Blot 

TurboTM Transfer System (Bio-Rad) at 2.5 A and 25 V for 10 minutes. The membrane 

was blocked with 4% non-fat milk powder in Tris buffered saline containing 0.1% Tween 

20 (TBS/T) for 1 hour at room temperature and then incubated overnight at 4°C with the 

specific antibodies diluted in TBS/T with 5% BSA. Membranes were then washed 3 x 15 

minutes in TBS/T and incubated for one hour at room temperature with horseradish 

peroxidase conjugated secondary antibodies diluted in 2.5% non-fat milk powder in 

TBS/T. Membranes were washed 3 x 15 minutes in TBS/T before detection reagents (ECL 

Plus Kit, Amersham Biosciences) were added. The chemiluminescence signal was 

measured using a ChemiDoc XRS+ Imaging System with Image Lab software (BioRad).  
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Table 9 Buffers used for western blot protein analysis. 

Reagent Composition 

Phosphate-buffer (PBS) pH 7.4 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4,  

RIPA buffer 50 mM Tris HCl, 1% Triton X-100, 150 mM 

NaCl and 1 mM EDTA) containing Protease In-

hibitor Cocktail (Complete Mini, Roche, Cat No. 

0469312408 

Sample Buffer 62.5 mM TrisHCl, pH 6.8, 2% (wt/vol) SDS, 

10% (v/v) glycerol, 100 mM dithiothreitol, and 

0.1% (w/v) bromophenol blue 

Running Buffer 47mM Tris, 38mM Glycine, 0,04 w/v (%) SDS 

Transfer Buffer 48 mM Tris-HCl, 39 mM glycine, 0.037 (wt/vol) 

SDS and 15% (vol/vol) 

Tris-buffer + Tween (TBS/T)  20 mM Tris, 150 mM NaCl with 0.1% Tween 20  

 

Antibodies: Anti UCP1 antibody was diluted 1:5000 and the secondary antibody 

conjugated with horseradish peroxidase (HRP) was diluted 1:20000. 

 

15. Protein-protein interaction, Network construction and hub genes 
analysis 

Using the online Search Tool for the Retrieval Interacting Genes (STRING; 

https://string-db.org/), protein-protein interaction (PPI) networks for the upregulated and 

downregulated DEGs in each comparison were generated with a confidence level of at 

least 0.4. The resulting PPI network was visualized using Cytoscape software (version 

3.9.0 and 3.9.1, https://cytoscape.org/). To identify significant modules in the PPI 

network, the Molecular Complex Detection (MCODE) plugin within the Cytoscape suite 

was used. The plugin was configured with degree cut off = 6 and 2, K-core = 2, and node 

Score Cut off = 0.2. Subsequently an enrichment analysis of DEGs in modules with a 

score ≥ 5 was performed.  

To gain a better understanding of the variation between DEG targets in TF 

networks, specific subnetworks were created using the Maximal Clique Centrality (MCC) 

algorithm in CytoHubba plugin of Cytoscape, focusing on the overlapping genes between 
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comparisons. To further analyze these subnetworks, an enrichment analysis was 

conducted on the top 10 genes based on their MCC scores199. 

 

16. BATLAS and PROFAT webtool analysis 

BAT estimated content, of adipose tissue was measured using two computational 

techniques. Both tools, BATLAS200 and PROFAT201, use RNAseq data to estimate the 

proportion of brown adipocytes in human or mouse tissue. BATLAS webtool 

(https://fgcz-shiny.uzh.ch/tnb_ethz_BATLAS_app/), uses a Digital Sorting Algorithm 

from the Cell Mix package in combination with the brown and white markers to estimate 

the percentage of brown adipocytes of human or mouse tissues. Using normalized read 

counts, this program examined the assessment of the fraction of brown adipocytes for 

each sample at various phases of development. The second tool, PROFAT, from RNAseq 

dataset automatically estimates browning capacity using hierarchical clustering 

methodology. 

17. Target prediction of allicin, dially sulphide (DAS), diallyl disulfide 
(DADS), diallyl trisulfide (DATS) 

Because allicin is rapidly converted in vitro to its related fat soluble organosulfur 

compounds such as diallyl sulphide (CID 11617, DAS), diallyl disulphide (CID 16590, 

DADS), diallyl trisulfide (CID 16315, DATS) the potential targets of these compounds 

and of allicin (CID 65036) were screened by Pharm Mapper, SEA, STITCH database, 

Swiss Target Prediction and Gene Card. SDF files of 2D structure and canonical SMILES 

of the compounds were obtained from PubChem database and 2D structure of the 

compounds were uploaded to the PharmMapper. The search was started using the 

maximum generated conformations of 300 by selecting the option ‘Human Protein 

Targets only (v2010, 2241)’ and the default value of 300 for the number of reserved 

matching targets. For the other parameters, the ‘default mode’ was selected. Canonical 

SMILES were uploaded to the other tools.  

The predicted targets were entered into the UniProt database 

(https://www.uniprot.org/) with the species set to Homo sapiens to identify their gene 

IDs. To find shared targets among all the allicin compounds, a Venn diagram was 

creating. Gene Card was accessed to download genes associated with adipocyte, 

browning, non-shivering thermogenesis, cold induced thermogenesis, brown adipose 
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thermogenesis and adaptive thermogenesis and the intersection of the targets was 

determined using the Venn tool. Again, a Venn diagram was created by merging the 

shared potential targets of allicin with the common genes related to browning and 

adipocytes. GeneMANIA was then used to perform functional gene analysis on the 

overlapped targets and generate a PPI network202 (Fig. 10). CytoNCA, another Cytoscape 

plugin, was applied to the network to perform topological analysis evaluating the 

centrality measures of the network203. Then, the Cytoscape intersectional merge function 

was used to isolate the PPI subnetworks. Key node functions were determined by 

analyzing GO terms, KEGG and Reactome pathways. By entering the screened key nodes 

into the online tool Var Elect, the correlation between nodes and ‘cold induced 

thermogenesis’ was investigated204.  

 

Figure 10. The workflow for the network‑pharmacology approach (modified from Huang et al., 
2017)205 

 

18. Statistical analysis 

The Kolmogorov Smirnov statistical test was used to compare Real time and 

RNA-seq gene expression data. This test allows the similarity of distributions to be 

assessed together with their form and location.  

All measurement results are given as means ± SD analysed in XLSTAT206. The 

surface occupied by LDs in each input image was calculated as the sum of single LD area. 
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Morphological data were produced for a least 15 images per experimental condition and 

were analyzed as non-parametric data using Kruskal-Wallis followed by pairwise 

comparisons using the Mann-Whitney approach with post hoc Bonferroni correction of 

significance. The average area surface of a single LD was calculated by dividing the area 

surface of LDs/cells by the number of LDs per cell. 

Mitochondrial Analyzer, MiNa, and Micro2P data were compared between 

treatments using the Kruskal-Wallis statistical test, followed by pairwise comparisons the 

Mann-Whitney approach with Bonferroni correction. All Mitochondrial Analyzer and 

MiNa parameters, as well as ratios of parameters obtained with the Micro2P tool, were 

used together to perform a canonical discriminant analysis (DA) that integrates 

morphological mitochondrial parameters into a single multivariate model with the aim of 

maximizing differences between treatments an calculating the best discriminant 

components between treatments. 
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III. Results and Discussion 

 

19. SGBS cells exhibit BAT like function 

Several studies have suggested that adaptive thermogenesis may be used to treat 

obesity and its associated diseases. Brown adipocytes are typically induced by activating 

PPAR with thiazolidinediones207, which can boost energy expenditure and regulate 

cholesterol and glucose levels208. Other molecules like C/EBPs, RAR, ATF2, PPAR, and 

cAMP can also upregulate UCP1 expression at the transcriptional level209. Adipose tissue 

can transform white cells into beige cells in response to a variety of stimuli, including 

exposure to cold, hormones, and natural chemicals210.  

SGBS cells are considered a good model for studying the biology of human white 

subcutaneous preadipocytes, but they gradually acquire BAT like function during 

differentiation. To identify key transcriptomic changes, involved in adipogenesis and 

browning, during differentiation of SGBS cells, RNA sequencing was performed. 

Cells were cultured as described above in the materials and method section. Cells 

were analyzed during differentiation at day 4 (D04), day 6 (D06), and at day 8 (D08) and 

10 (D10), respectively. Two biological replicates for four different days of cell 

differentiation were used (Fig. 11A). The DEGs were identified at D06, D08, D10 in 

comparison to D04. Principal component analysis showed that early differentiated cells 

(D04) were significantly separated on the first component, which is consistent with the 

unsupervised hierarchical clustering (Fig. 11B).  
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Figure 11. Two thousand genes expressed in SGBS cells at various stages of development are 
shown in (A) heatmap created using hierarchical clustering of two biological replicates. The 
differentiation stage is indicated by the colored bars above the heatmap. The color key represents 
the relative expression levels and the z-score: green denotes the lowest expression; black, the 
middle expression; and red, the highest expression. (B)  Principal component analysis was 
performed on SGBS samples at various differentiation ages. Because duplicate samples are 
grouped together based on differentiation, the results show that the transcriptome data are of high 
quality. Early differentiated cells (D04) were significantly separated on the first component, 
which is consistent with the unsupervised hierarchical clustering.  

 

The results of this research have been published in Tissue and Cell, in 2022. This 

study identified a group of upregulated DEGs that were enriched in GO terms related to 

energy production, oxidoreductase activity, and mitochondrial organization. KEGG 

pathways enrichment confirmed that oxidative phosphorylation, PPARG signaling, 

thermogenesis, and amino acid metabolism were the most significantly upregulated 

pathways at later days of differentiation in comparison to D04 of differentiation (Fig 12). 

However, PRDM16, a brown fat switch211, was not listed among the clustered and hub 

upregulated genes enriched in ‘Brown fat cell differentiation’ or ‘cold-induced 

thermogenesis,’ suggesting that PRDM16 is an early transcription marker needed for 

early determination of differentiation as reported previously212
’
213. The study also found 

that the nuclear protein ZNF423 was up regulated and blocked the expression of BMP7 

and transcription factor EBF2 essential for PRDM16 activation and brown cells formation 

in the mature and intermediate adipocytes compared to early differentiated adipocytes. 

The study identified 384 down regulated genes associated with protein translation, 
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cellular connectivity, and focal adhesion. Adipocytes could adjust their size according to 

substrate availability, and during differentiation, there is cytoskeletal restructuring and 

actin reorganization214. In fact, SGBS cells showed a constant increase in lipid droplet 

surface during differentiation without any variation in the number of lipid droplets per 

cell215.  In this study, a cluster of upregulated genes associated with extracellular matrix 

(ECM) organization was identified using molecular complex detection and MCC scores. 

Adipocytes are surrounded by a basement membrane composed mainly of collagen IV 

and VI, which allows anchorage, survival, and signaling across the plasma membrane 

critical for adipocyte expansion216. Recent research has found that the interaction of ECM 

with adipocytes is related to brown adipose formation and function through actomyosin 

mechanics and integrin ECM interactions217. The cluster also includes muscle specific 

type II myosin heavy chains MYH1 and MYH11, which promote intrinsic physical forces 

in cells.  

The solute career family 25 member 44 (SLC25A44) gene, which codes for a 

mitochondrial transporter involved in the breakdown of branched-chain amino acids 

(BCCA), was found to be significantly upregulated in D08 and D10 differentiated cells 

compared to early differentiated cells. The breakdown of BCAAs produces intermediates 

that can be exported from the mitochondria and further elongated into monomethyl 

branched chain fatty acids (mmBCFAs) through the action of carnitine acyl transferase 

(CPT2)218, which was also upregulated in D06, D08, and D10 differentiated cells. The 

study also analyzed the target genes of several transcription factors involved in 

adipogenesis and lipid metabolism. The upregulated genes were found to be enriched in 

target genes of AR, CEBPA, cMYC, E2F1, E2F4, PPARA, PPARG, and transcription 

factor AP2 alpha (TFAP2A). E2F1 promotes adipogenesis by inducing transcription of 

PPARG while E2F4 represses PPARG transcription through the association of pocket 

proteins RBL1 or RBL2219. Hub genes shared between the citric acid cycle, respiratory 

electron transport, oxidative phosphorylation, and thermogenesis were also identified. 

Transcriptional repressors of WAT, CTBP1, and CTBP2, were significantly 

downregulated in all differentiated days compared to D04, promoting WAT browning220. 

Earlier studies shown that treating SGBS cells with rosiglitazone and T3 result in 

the induction of a beige adipocyte differentiation program221, like what has been observed 

in adipocytes derived from epididymal depot222. 
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Figure 12. KEGG pathway enrichment analysis. Dot size represents the number of genes in each 
KEGG pathway; adj. Pval (adjusted p-value): Red < orange < green.  

 

Rosiglitazone was also found to inhibit SMAD signalling in white adipose tissue 

in vivo223, which supports the idea that SMAD-/- mice have increased brown adipocytes 

and mitochondrial biogenesis in their white adipose tissue224. In this study, it was 

observed that the expression of highly connected genes SMAD, TGFβ1, COL3A1, and 

COL6A1 decreased from D06 to D10 of differentiation, suggesting a decrease in 

excessive accumulation of ECM in adipose tissue associated with obesity. Collagen VI, 
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the major ECM protein in adipose tissues, along with TFGβ, have been identified as 

responsible factors for excessive ECM accumulation in adipose tissue of human with 

obesity225. 

The analysis of DEGs and candidate genes of brown and white cell molecular 

signature revealed an increase in the percentage of genes related to the brown phenotype 

during the differentiation of SGBS cells (Fig. 13). 

RNA seq analysis identified genes involved in ECM organization and oxidative 

stress that may regulate thermogenesis. The present work provided helpful tools and 

sequencing data that will be very valuable for future studies on the browning process. A 

reference base to support experimental research, as well as the functional characterization 

of many unigenes involved in the identified biological processes, may promote future 

investigations into the molecular causes of adipose tissue browning. 

 

 

Figure 13. The BATLAS estimation of the percentage of brown phenotype at different days of 
differentiation in SGBS cells of two biological replicates. In accordance with the comparison of 
up and downregulated hub DEGs and the gene signature that distinguishes between brown and 
white adipocytes published by BATLAS (Perdikari et al., 2018)226, six genes 
phosphoenolpyruvate carboxykinase (PCK1), UCP1, oxoglutarate dehydrogenase (OGDH), 
pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1), acyl-CoA dehydrogenase short chain 
(ACADS), ECHS1, were linked to brown fat, and one gene LEP with white fat. 
 

20. Transient phenotype of SGBS cells 

Because SGBS cells are known to achieve a transient expression of classical 

brown markers, peaking at day 14 of differentiation, but decreasing thereafter227, the 

characterization of genes involved in this process were studied by high throughput RNA 

sequencing in late differentiated cells (D20 and D28) and again in undifferentiated (D0), 

early differentiated (D02), differentiated (D14) cells.  
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Hierarchical clustering indicated the difference of genes during cell 

differentiation, showing that the transcriptome data was well clustered depending on the 

day of differentiation (Fig. 14A). PCA analysis revealed the overall variability in the 

expression profiles among the samples and treatments. Specifically, the first principal 

component accounted for 71% of the variance and clearly distinguished D14, D20 and 

D28, from the early differentiation day D0 and D02 while the second component 

accounted for only 15% of the differences (Fig. 14B). 

 

 

Figure 14. A) Heatmap generated through hierarchical clustering was used to display the relative 
expression levels of 2000 genes expressed in SGBS cells at different stages of differentiation of 
two biological replicates. Coloured bars above the heatmap indicated the differentiation stage, 
while the colour key showed the z-score and the corresponding expression levels: green for the 
lowest, black for intermediate, and red for the highest expression. B) PCA was performed on 
SGBS samples at different stages of differentiation, and the results showed that the transcriptome 
data were of high quality. Duplicate samples were clustered together based on differentiation, and 
early differentiated cells D0 and D2 were clearly separated on the first component from D14, D20 
and D28.  

 

20.1 Number of transcripts changed with the day of differentiation.  

The DEGs between D02, D14, D20, and D28 were analyzed in comparison to D0, 

with a log2fold change of ≥ 2 and an FDR-adjusted p-value of ≤ 0.01. 

The iDEP96 expression analysis revealed significant upregulation of 1608 genes 

at D02 vs D0, 3088 at D14 vs D0, 3243 at D20 vs D0, and 2985 at D28 vs D0. Moreover, 

a significant downregulation of 1281 genes at D02 vs D0, 2293 at D14 vs D0, 2675 at 

D20 vs D0, and 2629 D28 vs D0 was identified (Fig. 15). 
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Figure 15.  Number of total differentially expressed genes among each comparison. 

A total of shared 883 and 790 DEGs were consistently up and downregulated, 

respectively, and were identified in the overlapping regions of the Venn diagrams (Fig. 

15). Furthermore, a variable number of genes showed unique expression patterns for each 

of the four differentiated days when compared to day 0. Specifically, 443 genes were 

upregulated at D02, 361 at D14, 186 at D20, and 160 at D28 (Fig. 16 A), while 283 genes 

were downregulated at D02, 247 at D14, 194 at D20, and 264 at D28 (Fig. 16B). The 

greatest number of induced or suppressed transcripts was observed in the comparison 

D02_D0.  

 

Figure 16. Venn diagrams showing A) the upregulated genes and B) the downregulated gene at 
each day of differentiation in comparison with D0, with an adjusted p value of ≤ 0.01 and a 
log2fold change of ≥ 2. This analysis identified shared 883 and 790 DEGs upregulated or 
downregulated across all differentiation days. 
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20.2 Expression of thermogenic and adipogenic-associated genes 

In Table 10 and 11 a list of genes extracted from the gene expression analysis of 

four comparisons D2, D14, D20, and D28 related to D0 are shown. The analysis provides 

the log2 fold change (log2FC) and adjusted p-value (adj. Pval) for each gene. The log2FC 

value represents the magnitude of change in gene expression level between the two days 

of differentiation being compared. The genes listed in Table 10 are specifically involved 

in the process of adipogenesis and in Table 11 in adipocyte browning and thermogenesis.  

In this study, the upregulation of several adipogenic genes such as ADIPOQ, 

CEBPA, Kruppel like factor 8 (KLF8), Kruppel like factor 13 (KLF13), fatty acid 

synthase (FASN), phosphoenolpyruvate carboxykinase (PCK1), glycerol 3 phosphate 

dehydrogenase 1 (GPD1), SREBF1, interferon regulatory factor 8 (IRF8), and PPARG 

was observed (Table 10). For instance, KLF8, KLF13, and FASN, which was 

significantly expressed only in D02_D0 comparison, regulate the expression of CEBPα 

and PPARγ by binding to their promoter regions228. PCK1 is a gluconeogenic enzyme 

involved in the synthesis of glucose from non-carbohydrate sources. Its knockdown in 

3T3L1 cells inhibits adipogenesis as it influences the expression of PPARγ and C/EBPα 

necessary for adipocyte differentiation and the accumulation of lipid droplets during 

differentiation as reported previously229. Similarly, GPD1 catalyzes the synthesis of 

glycerol-3 phosphates and stimulates the expression of adipogenic genes and is 

upregulated during adipogenesis230.  Expression of both PCK1 and GPD1 was particularly 

higher at D14_D0 (log2FC=16.68), (log2FC=14.52) respectively, demonstrating the 

formation of fully differentiated SGBS adipocytes at D14 of differentiation. 

  



52 

 

 

Table 10. List of adipogenic genes differentially expressed in all comparison. 

Gene 

symbol 

D02_D0 

log2FC 

D02_D0 

adj.Pval 

D14_D0 

log2FC 

D14_D0 

adj.Pval 

D20_D0 

log2FC 

D20_D0 

adj.Pval 

D28_D0 

log2FC 

D28_D0 

adj.Pval 

ADIPOQ 11,09 3,17-13 19,60 3,33-40 17,89 9,87-34 17,14 5,34-31 

CEBPA 4,74 1,86-61 9,78 1,54-269 9,11 6,26-234 8,31 8,36-195 

KLF8 2,43 2,31-01 6,43 4,95-05 7,41 2,14-06 7,83 5,16-07 

KLF13 1,02 2,21-12 2,16 4,73-54 3,17 2,95-116 2,95 1,36-100 

FASN 1,66 1,05-55 5,83 0,00+00 7,01 0,00+00 6,95 0,00+00 

PCK1 4,87 6,36-03 16,68 1,28-27 13,87 1,82-19 13,29 6,42-18 

GPD1 9,46 1,56-86 14,52 1,97-204 14,28 1,11-197 14,00 3,90-190 

SLC36A2 -0,90 7,50-01 4,40 1,56-03 3,34 2,01-02 2,91 4,74-02 

SREBF1 0,16 3,36-01 3,89 3,32-207 4,89 0,00+00 4,54 1,36-282 

IRF8 0,00 1,00+00 7,28 6,30-06 7,50 2,84-06 8,56 6,86-08 

PPARG 2,17 1,38-72 3,85 1,50-236 4,35 1,83-303 4,66 0,00+00 

 

The results further showed that the expression of UCP1 was consistently 

upregulated until day 14 of differentiation (log2FC=11.30) in comparison to D0, and then 

partially declined towards D28 (log2FC=9.43) (Table 11). The expression of TRPM8 

closely followed the expression pattern of UCP1 across different stages of differentiation. 

TRPM8 showed highest expression at D14 (log2FC=11.05) that decline towards D28 

(log2FC=9.59). In a recent study, the cold sensing receptor TRPM8 was found in human 

white adipocytes and activation of this receptor with menthol led to an increase in 

intracellular calcium concentration, UCP1 expression, mitochondrial membrane 

potential, glucose uptake, and heat production231. In a similar study, the activation of 

TRPM8 in human progenitor cells led to increase UCP1 expression and uncouple 

respiration, indicating a shift towards a ‘’brown like’’ phenotype in the white 

adipocytes232. These findings suggest that TRPM8 may play a role in the control of 

adipose tissue metabolism and energy balance by inducing the ‘’browning’’ of white 

adipocytes233. However, PPARGC1A was consistently upregulated from D0 

(log2FC=3.87) to D28 (log2FC=11.0).  Additionally, the adipocyte differentiation marker 

gene, PPARG, was consistently up regulated from day 0 (log2FC=2.17) to day 28 

(log2FC=4.66) of differentiation.  

The data also showed a constant upregulation of FABP4 from D0 onwards. 

FABP4 is a cytoplasmic protein that encodes a fatty acid binding protein and is involved 

in the transport of fatty acids and is upregulated in all comparison vs D0. Solute Carrier 

Family 27 Member 1(SLC27A1) gene was upregulated at all timelines in present data. 
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Previous studies have demonstrated the role of SLC27A1 in fatty acid uptake and 

metabolism234. Moreover, TFAM encodes a mitochondrial transcription factor and is 

known to regulate mitochondrial replication and transcription235.  TFAM was slightly 

downregulated at D0 but upregulated at later days of differentiation with the highest 

expression at D28 demonstrating mitochondrial stability and biogenesis in mature 

adipocytes. Moreover, Cytochrome c oxidase (CcO) is a component of the mitochondrial 

respiratory chain and is involved in oxidative phosphorylation236. It is encoded by 

COX7A1, which was slightly upregulated at D02 (log2FC=0.2) and remarkably 

upregulated in later stages, especially at D20 (log2FC=1.27) where it shows the highest 

expression, indicating enhanced mitochondrial activity in differentiated SGBS 

adipocytes.   

DEGs which play a conceivable role in adipocyte browning (Table 11) were also 

involved. These data show a constant downregulation of lymphocyte cytosolic protein 1 

(LCP1) from D0 (log2FC=2.60) to D28 (log2FC= -1.78) showing a shift towards brown 

phenotype. The knockdown of LCP1 has been shown recently to induce browning in 

white adipocytes via the β3-AR/ERK signaling pathway. Its deficiency promotes 

mitochondrial biogenesis and induces the expression of browning markers such as Ucp1, 

Ppargc1α, and Prdm16237.  

 

Table 11. List of genes that are identified to have a potential role in the process of 

browning. 

Gene symbol D02_D0 

log2FC 

D02_D0 

adj.Pval 

D14_D0 

log2FC 

D14_D0 

adj.Pval 

D20_D0 

log2FC 

D20_D0 

adj.Pval 

D28_D0 

log2FC 

D28_D0 

adj.Pval 

UCP1 0,00 1,00+00 11,30 6,53-14 10,96 3,47-13 9,43 5,37-10 

PPARGC1A 3,87 3,92-02 9,76 1,36-10 10,28 1,05-11 11,00 3,17-13 

PPARGC1B 2,31 8,80-08 6,04 1,96-57 6,25 2,20-61 5,97 5,68-56 

TBX1 0,59 6,45-01 0,11 9,28-01 0,37 7,48-01 -0,08 9,49-01 

DFFA -0,07 7,04-01 0,46 6,95-04 0,26 7,05-02 0,35 1,11-02 

TRPM8 3,13 1,26-01 11,05 2,31-13 10,74 1,02-12 9,59 2,61-10 

COX7A1 0,20 4,35-01 1,08 3,26-08 1,27 5,83-11 0,79 7,72-05 

PRDM16 -0,97 6,35-02 -1,53 1,72-03 -1,84 2,24-04 -1,15 1,58-02 

TFAM -0,19 4,31-01 0,66 5,04-04 0,31 1,21-01 0,33 1,00-01 

PTGS1 1,54 7,97-31 -1,04 9,92-14 -0,94 2,07-11 -1,25 1,76-19 

PTGS2 -4,64 2,90-103 -4,80 4,82-111 -6,17 9,45-128 -5,83 2,12-134 
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UCP2 0,07 8,12-01 5,89 2,44-293 6,34 0,00+00 5,66 1,72-270 

UCP3 0,90 2,35-01 1,81 3,43-03 3,37 3,35-09 2,84 9,49-07 

BMP4 3,77 6,37-17 3,12 5,78-12 2,99 5,44-11 3,98 2,42-19 

SLC36A2 -0,90 7,50-01 4,40 1,56-03 3,34 2,01-02 2,91 4,74-02 

ESR1 1,52 2,70-01 4,31 3,67-05 4,49 1,55-05 4,70 5,36-06 

MGLL 0,46 6,89-04 2,11 8,34-66 2,41 3,09-85 1,99 9,97-59 

PLIN1 10,57 1,21-34 14,53 1,81-65 13,92 3,22-60 13,97 1,40-60 

PNPLA2 1,93 3,34-72 4,13 0,00+00 4,56 0,00+00 4,53 0,00+00 

ALPL 2,63 6,31-25 3,91 5,19-58 4,39 1,66-73 4,63 2,78-82 

LIPE 2,89 9,66-48 9,26 0,00+00 9,12 0,00+00 8,92 0,00+00 

PLIN2 2,18 2,13-79 3,10 2,02-161 3,92 9,27-258 3,43 9,97-197 

PLIN4 6,91 0,00+00 10,30 0,00+00 9,69 0,00+00 9,14 0,00+00 

PLIN5 6,97 1,34-05 11,79 4,30-15 9,79 9,80-11 8,75 9,24-09 

DGAT1 0,21 2,54-01 3,03 8,84-111 3,61 2,62-157 2,89 1,73-100 

DGAT2 1,39 1,80-12 8,20 0,00+00 9,63 0,00+00 9,84 0,00+00 

AQP7 10,70 2,07-12 15,76 2,00-26 15,34 3,64-25 14,61 7,02-23 

PDE3B 6,34 1,05-08 13,49 1,57-37 13,68 1,34-38 13,03 4,51-35 

NR1H3 2,92 2,13-80 7,03 0,00+00 6,91 0,00+00 5,89 0,00+00 

NR1H4 -1,34 6,58-01 5,07 3,80-03 5,90 5,83-04 4,11 2,14-02 

PREX1 0,44 1,50-01 3,90 4,69-68 3,62 1,78-58 2,83 1,50-35 

SLC27A1 1,23 1,01-20 2,71 2,41-103 3,30 1,44-153 2,84 2,57-113 

FABP4 11,10 1,71-25 17,29 2,33-61 15,69 1,06-50 14,29 3,15-42 

LCP1 2,60 2,18-01 -1,67 5,31-01 -0,42 8,68-01 -1,78 4,97-01 

GHR 1,01 2,72-04 6,00 5,80-159 6,93 4,98-213 7,28 7,19-235 

ADRB1 1,54 5,89-01 7,61 1,11-06 9,47 6,68-10 9,89 1,09-10 

ADRB2 1,10 5,37-01 6,18 7,85-08 5,50 2,10-06 5,49 2,17-06 

QDPR 0,20 2,35-01 1,94 2,70-48 1,97 1,26-49 1,88 1,05-45 

ACOT13 0,56 3,28-04 1,33 5,54-21 1,41 2,02-23 1,23 4,53-18 

CPT2 0,44 1,83-02 3,06 1,95-85 2,78 1,24-70 2,48 4,49-56 

LTF 0,52 6,39-01 6,82 2,28-28 8,35 2,45-42 10,45 7,44-66 

SLC38A3 0,00 1,00+00 7,42 5,44-06 7,43 4,85-06 7,12 1,29-05 
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Additionally, a gradual upregulation of patatin like phospholipase domain 

containing protein 2 (PNPLA2) was observed from D0 (log2FC=1.93) to D28 

(log2FC=4.53). It can be related to increase thermogenic activity in SGBS cells as 

previously, PNPLA2 was reported to be involved in the breakdown of triglycerides which 

aid in the formation of new lipid droplets. The breakdown of triglycerides by PNPLA2 in 

BAT helps in heat production through non-shivering thermogenesis238. A constant 

upregulation of diglyceride acyltransferase 1 (DGAT1) and DGAT2 from D0 to D28 was 

also showed, being DGAT1 the highest expression at D20 (log2FC=3.61) and DGAT2 

showed the highest expression at D28 (log2FC=9.84). These enzymes are responsible for 

catalyzing TG synthesis. Mice lacking DGAT1 have partially decreased body fat and 

glucose intolerance when provided a high-fat diet, while mice lacking DGAT2 have 

normal TG storage and glucose metabolism on regular or high-fat diets, indicating that 

DGAT2 is not essential for fat storage239. A significant and constant upregulation of 

monoglyceride lipase (MGL) from D0 (log2FC=0.46) to D20 (log2FC=2.41) and a slight 

decline towards D28 (log2FC=1.99) was observed indicating increased lipolytic activity 

in SGBS cells.240. Phosphodiesterase 3B (PDE3B) plays a role in the regulation of energy 

expenditure in BAT as its activity is required for the activation of the cAMP signaling 

pathway. PDE3B can directly interact with and regulate components of the cAMP 

signaling pathway such as PKA. Depending on the cellular environment it can either 

activate or inhibit cAMP activity which in turn activates PGC1α and UCP1241. SGBS cells 

showed a gradual upregulation of PDE3B from D0 (log2FC=6.34) to D28 (log2FC=13.03) 

that is known to increase intracellular cAMP and the downstream genes involved in 

lipolysis242. The upregulation of SLC38A3 from D0 (log2FC=0) to D20 (log2FC=7.43) 

and a slight decline towards D28 (log2FC=7.12) could be related to the uptake of 

glutamine, a substrate for the TCA cycle, and oxidative phosphorylation in mitochondria 

acting as a fuel source of BAT. It has been linked with increased energy expenditure and 

improved glucose homeostasis243.  

 

20.3 GO term enrichment analysis. 

 DEGs were enriched in BP, MF, and cellular CC. Among the differential 

expression BP, the upregulated genes were involved in lipid metabolic processes and fatty 

acid metabolic processes among all the comparisons. The upregulation of genes involved 

in lipid biosynthesis such as FASN and SREBF1 was observed during differentiation with 
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the highest expression of SREBF1 (log2FC=4.89), and FASN (log2FC=7.01) at D20. In 

particular, D02_D0 comparison showed the upregulated genes involved in lipid 

localization, in D14_D0 in energy derivation by oxidation, in D20_D0 in fatty acid 

oxidation, and in D28_D0 in lipid catabolic process, showing an increase in the metabolic 

activity of SGBS cells (Fig. 17A). 

The downregulated DEGs among all comparisons were involved in the cell adhesion 

pathway. The downregulation of focal adhesion pathway in all comparison vs D0 support 

the round shape of mature adipocytes that is negatively associated with this pathway. It 

was previously reported that PPAR facilitate the downregulation of focal adhesion 

pathway244 which was upregulated in all comparison vs D0 in the current study. The 

downregulated DEGs enriched in cell mobility, cytoskeleton organization and movement 

of a cell or subcellular matrix components were reported in D02 vs D0 and D14 vs D0, 

respectively (Fig. 17A), supporting the static nature of lipid laden mature adipocytes245.  

Among the pathways enriched in CC, the upregulated DEGs were involved in the 

oxidoreductase complexes in all comparisons except D02_D0, supporting the metabolic 

activity in mature adipocytes. The mitochondrial matrix and mitochondrial inner 

membrane pathways were only upregulated in D20_D0 and D28_D0, demonstrating 

increased mitochondrial activity and mitochondrial respiration and biogenesis. 

Upregulated DEGs involved in the mitochondrial membrane and respiratory chain 

complex were specifically enriched in D14_D0 comparison, demonstrating mitochondrial 

function at the peak of thermogenic activity, while the upregulated genes in D02_D0 were 

enriched in the intrinsic component of the plasma membrane, an integral component of 

the plasma membrane and lipid droplets, showing adipocyte development at the early 

stages of differentiation (Fig. 17B). 

Among the upregulated MF in all comparison oxidoreductase activity was 

observed. Transporter activity was found in all comparisons except D02_D0 and electron 

transport activity was enriched in D14_D0, this suggests a metabolic change observed at 

D14 of adipocyte differentiation. The downregulated DEGs were enriched in cell 

adhesion molecular binding in all comparisons likely facilitating the secretion and 

accumulation of extra cellular matrix molecules in mature adipocytes. Genes involved in 

structural molecular activity were enriched in D20_D0 and D28_D0, but cytoskeleton 

protein binding was found in D02_D0 and D14_D0 comparisons (Fig. 17C). This 

demonstrates the development of structural stability in SGBS adipocytes as they 

differentiate from preadipocytes to mature adipocytes accumulating large lipid droplets. 
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Figure 17. GO enrichment analysis in different comparison vs D0. The size of each dot indicates 
the number of genes in the corresponding pathway. The dot colors are arranged in order of 
significance, with red being the most significant, followed by orange and green. A) Biological 
processes. B) Cellular components. C) Molecular functions. Figures were plotted by 
http://www.bioinformatics.com.cn/srplot. 

 

20.4 KEGG pathway analysis 

The scatter plot in the Figure 18 shows the results of KEGG analysis, depicting 

the enrichment of several pathways identified at the different time differentiation points 

in comparison to D0. Each plot includes the corresponding Gene Ratio, adjusted p-value, 

and the number of enriched genes in the pathway. The Gene Ratio calculates the 

proportion of enriched candidate genes to the total number of annotated genes in the 

pathway. A higher Gene Ratio indicates a more significant enrichment of candidate genes 

in the pathway, while the adjusted p-value represents the FDR used to measure variables 

in large datasets, such as gene expression levels from RNA sequencing data. Notably, the 

DEGs were mainly enriched in pathways related to the PPAR signaling pathway in all 
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comparisons and regulation of lipolysis except in D14_D0, while fatty acid metabolism, 

and thermogenesis were found only in D14_D0. Moreover, fatty acid degradation was 

upregulated in D14_D0 and D28_D0. Additionally, the ECM receptor interaction 

pathway was downregulated in D20_D0 and D28_D0. It can be inferred that SGBS cells 

attain a BAT phenotype upon complete maturation of the adipocytes around D14. This 

agrees with previous studies which reported the BAT phenotype of SGBS cells around 

D14 of differentiation246
’ 

247. The upregulation of thermogenesis related genes in D14 vs 

D0 suggests that the cells are undergoing a browning process with enhanced 

mitochondrial activity and energy expenditure. This is evident by the increase in the 

expression of UCP1 from D0 to D14 and other thermogenic proteins such as PPARGC1A, 

PPARGC1B, and FABP4 from D0 to D28. However, the expression of UCP1 declines 

gradually from D14 to D28 indicating a shift towards the white phenotype. This is in 

partially in agreement with the previous study by Guennoun et al 248 who reported that 

SGBS cells at D14 show BAT characteristics by overexpressing UCP1 and PPAR, while 

the oxidative capacity declines towards D28. PI3K-Akt pathway has been associated with 

the downregulation of PPAR and UCP1, while PI3K-Akt inhibition has been shown to 

promote thermogenesis by increasing the expression of UCP1 and PPAR249. Its 

downregulation for activation of BAT is necessary because it inhibits the activation of 

thermogenic genes by promoting the expression of adipogenic genes such as FASN and 

SREBP1c250. Moreover, studies have shown that cold exposure and β3 adrenergic 

stimulation can activate thermogenesis by inhibiting the PI3K-Akt signaling pathway251. 

Therefore, the downregulation of PI3K-Akt signaling in all comparison vs D0 could be 

attributed to the high adipogenic and thermogenic capacity of SGBS cells. 
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Figure 18. KEGG pathway enrichment analysis, dot size represents the number of genes in each 
KEGG pathway. The dot colours are arranged in order of significance, with red being the most 
significant, followed by orange and green. Figures were plotted using online tool available at   
http://www.bioinformatics.com.cn/srplot. 

 

20.5 Construction of PPI networks and module analysis of DEGs 

PPI networks were constructed with upregulated DEGs. Analysis in MCODE with 

a score ≥ 5 filtered 3 significant clusters (Fig 19). In cluster 1 the most significant 

pathways among others were enriched in the PPAR signaling pathway (FDR 2,32-20), 

AMPK signaling pathway (FDR 3.01-10), thermogenesis (FDR 3,10-04), white fat cell 

differentiation (FDR 1,20-04), brown fat differentiation (FDR 1,23-05) regulation of lipid 

localization (FDR 1,6112), cellular lipid metabolic process (7,0516), fatty acid metabolic 

process (FDR 6,55-16), fat cell differentiation (FDR 2.91-05), regulation of lipid metabolic 

process (FDR 2,57-17), and lipid droplets (FDR 9,65-11) (Fig. 19A). Clusters 2 was 

enriched in positive regulation of protein kinase B signaling (FDR 2,5407), positive 

regulation of intracellular signal transduction (FDR 2,32-06), and PI3K-Akt signaling 

pathway (FDR 3,00-05) among others (Fig. 19B). Cluster 3 was enriched in oxidative 

phosphorylation (FDR 6,11-22), inner mitochondrial membrane protein complex (FDR 
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3,35-21), mitochondrial respirasome (FDR 1,15-20), thermogenesis (FDR 1,25-19), electron 

transport chain: OXPHOS system in mitochondria (FDR 2,03-19), mitochondrial 

respiratory chain complex I assembly (FDR 2,84-12) and mitochondrial pathways (FDR 

1,41-11) (Fig. 19C).  

 

 

Figure 19. Clusters of DEGs among different comparisons with MCODE created in Cytoscape. 
A) Cluster of upregulated DEGs overlapping in all comparison’s vs D0. B) Cluster of upregulated 
DEGs in D02 vs D0. C) Cluster of upregulated DEGs in D14 vs D0.   

 

20.6 Validation of gene expression with Real-time PCR 

 Results of RNA sequencing analysis were confirmed by performing RT-PCR for 

UCP1, PPARGC1A, and ADIPOQ. The RT-PCR results, presented as log2(fold change), 

were in line with RNA seq analysis, and no considerable difference was observed among 

the two comparisons. (Fig 20).    

 

Figure 20. Validation by qPCR of UCP1 (A), PPARGC1A (B) and ADIPOQ (C). Figures were 
plotted by http://www.bioinformatics.com.cn/srplot. 
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20.7 Differentiated SGBS cells acquire BAT phenotype. 

A bar graph of the expression of the markers BAT and WAT was constructed by 

analysing the normalized read counts of SGBS cells using PROFAT tool. The results 

showed an increase in the estimated percentage of BAT phenotype peaking at D14 of 

differentiation and decreased to 62% at D28 when a higher percentage of WAT markers 

was observed. (Fig. 21). 

 

Figure 21. PROFAT prediction percentage of brown and white at each stage of differentiation. 

 

Conclusively, the current data from SGBS cells RNA sequencing analysis 

provides an important insight into the changes in the gene expression at different days of 

differentiation. Importantly, SGBS cells showed an increase in the expression of 

thermogenic related genes in mature differentiated adipocytes demonstrating a shift 

towards a BAT phenotype compared to the WAT phenotype at D0 or early differentiated 

cells (D02). However, further studies are required to investigate the shift towards the 

white phenotype after the peak expression of BAT genes in mature adipocytes. It could 

be used as a useful source in future studies to further investigate the molecular mechanism 

underlying adipogenesis and thermogenesis. 
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21. Browning effect of allicin on SGBS cells 

BAT and the formation of beige adipocytes represent potential therapeutic options 

to counteract obesity252. Studies have identified various browning agents, such as 

capsaicin, resveratrol, caffeine, and fucoxanthin, that can increase energy expenditure253’ 

Allium sativum L., commonly known as garlic, is a species known for its abundance in 

organosulfur compounds, which have beneficial properties for medicinal use. Allicin is 

known to suppress cholesterol biosynthesis by inhibiting squalene monooxygenase and 

acetyl-CoA synthetase 254. 

Alliin is released from garlic when it is chopped or crushed, and allicinase 

subsequently hydrolyzes it into allicin. In vitro, allicin breaks down into several fat 

soluble organosulfur compounds, including diallyl trisulfide (DATS), diallyl disulphide 

(DADS), and diallyl sulphide (DAS)255
’
256. Studies have shown that allicin can upregulate 

the expression of genes related to adipokines, lipolysis, and fatty acid oxidation in adipose 

tissue257. Moreover, allicin can promote browning in adipocytes and white inguinal 

adipose tissue of mice through the ERK1/2 and KLF15 pathways, which stimulate the 

expression of UCP1258. The Sirt1-PGC1α-Tfam pathway may also play a role in 

promoting allicin-mediated BAT activity. In conclusion, allicin may represent a potential 

therapeutic option to counteract obesity by promoting energy expenditure and BAT 

activity259. 

The present research aimed to assess the browning effect of allicin (ALLI) in vitro 

using the SGBS cell strain as a human adipocyte model, by utilizing RNAseq and 

quantifying the dynamics of LDs and mitochondrial morphology. The control group, and 

cells treated with di butyryl cAMP sodium salt were negative and positive controls, 

respectively. Additionally, a network pharmacology approach was employed to identify 

potential targets and further elucidate the browning effect of allicin. 

For this experimental study SGBS cells were cultured in medium reported in Table 

5. The allicin treatment started at day 0 of differentiation (D0) and lasted until the analysis 

at day six (D06) of differentiation. As positive control, SGBS cells received treatment 

with 500µM dibutyryl cAMP sodium salt, a cyclic nucleotide derivative that mimics 

endogenous cAMP, for 24 hours before the sixth day of differentiation (Fig. 22). 
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Figure 22. Cell culture treatment protocol. Cells were grown to 90% confluence. Differentiation 
lasted 6 days supplemented with allicin treatment. From day 4, cells were incubated with allicin 
in maintenance medium. Cells were incubated with cAMP for 24 hours (from day 5 to day 6 of 
differentiation). Sampling and analyses were performed on day 6. 

 

Allicin was shown to promote the transition from white to beige adipocytes in 

SGBS after 6 days of differentiation, before the complete phenotype transition, as 

evidenced by changes in the size of LDs and shape of mitochondria.  

The results of the research have been published in Cellular Endocrinology, a 

section of the journal Frontiers in Endocrinology, in 2023260.  

Lipolysis is considered essential for thermogenesis in brown and beige 

adipocytes261, and allicin lipolytic activity may lead to the formation of multilocular 

adipocytes, a feature of WAT browning. The expression of genes related to lipolysis such 

as DFFA, MGLL, PLIN1, LIPE, LPL, and PNPLA2 increased with allicin treatment. 

Previously, allicin was found to reduce lipid accumulation in HepG2 cells and induces 

PPARA and FABP6 gene expression262 

Treatment with allicin resulted in an increase in the number and area of 

mitochondria and a change in morphology. This was confirmed by the decrease in 

elongation (mean aspect ratio) and the change in shape of mitochondria from a round to 

a filamentous shape (mean form factor) of treated cells compared with control cells. This 

is consistent with the notion that mitochondria acquire spheroidal shape due to fission 

during cold exposure and thermogenesis263. Classical thermogenesis is activated by 

adreno receptors that promote cAMP synthesis for PKA activation and expression of 

downstream targets264. Allicin is known to increase intracellular cAMP by inhibiting 

phosphodiesterase activity or increasing adenylate cyclase activity265. PDE3 inhibitor 

increase intracellular cAMP level, which enhances lipolysis266. Allicin and cAMP 

treatments upregulated PDE3B in comparison to control that resulted in an increase in 
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intracellular cAMP level and in higher expression of LIPE, PLIN1, TBX, and UCP1. The 

BP GO terms enrichment, such as cellular respiration and cellular lipid metabolic process, 

and CC GO terms related to mitochondria were significantly upregulated in ALLI and 

cAMP treated cells compared to CTRL cells. The MF GO terms, such as oxidoreductase 

activity, were upregulated in allicin and cAMP treated cells. However, the positive 

browning effect of allicin treatment was only evident in comparison with control cells, 

not in comparison with cAMP-treated cells. Both allicin and cAMP treatment shared 

upregulated hub genes related to fatty acid metabolism, oxidation, while downregulated 

hub genes were enriched in ECM receptor interactions, integrin cell surface interactions, 

and focal adhesion, as previously demonstrated267. These findings suggest that SGBS 

cells can adjust cytoskeletal reorganization according to their size, LDs dynamics, and 

thermogenesis.  

In fact, ALLI treatment shows statistically significant differences in area of LD/cell, 

MFD/cell, and IOD/cell as illustrated by BODIPY™ staining in SGBS cells after 6 days 

of treatment. The area of LDs/cell was significantly lower in cells treated with cAMP and 

ALLI compared with cells from CTRL (p < 0.0001). No significant differences were     

observed between cAMP and ALLI treated cells. A significant (p < 0.0001) decrease in 

MDF/cell was observed in cells treated with cAMP and ALLI compared with CTRL (p < 

0.0001), while IOD/cell was significantly lower in cells treated with cAMP compared 

with cells treated with ALLI (p = 0.016) and CTRL (p = 0.0001). A significant increase 

in the number of LDs/cell (p = 0.015) was observed between ALLI treated cells and CTRL 

cells (Fig. 23).    

The KEGG pathway enrichment analysis validated the upregulation of oxidative 

phosphorylation and thermogenesis in the ALLI_CTRL and cAMP_CTRL comparisons 

as they shared common DEGs enriched in these pathways. DEGs in PPAR signalling 

pathway was only upregulated in cAMP treated cells. Moreover, in ALLI_cAMP         

comparison, DEGs were significantly downregulated within the PPAR pathway, fatty acid 

metabolism, elongation, and degradation, and in TCA cycle. Importantly, DEGs were    

significantly upregulated in cAMP signaling pathway, calcium signaling pathway, and 

CGMP-PKG signaling pathway in ALLI_cAMP comparison.  
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Figure 23. Results of lipid droplet analysis performed on SGBS cells. Boxplots show the median 
(horizontal lines), the first to third quartiles (box), and the most extreme values with the inter-
quartile range (vertical lines). For all comparisons, differences between treatments on SGBS cells 
were statistically significant using the Kruskal-Wallis’s test and Bonferroni correction. (A) LD 
area per cell; (B) MFD per cell; (C) IOD per cell; (D) number of lipid droplets per cell in treated 
and CTRL cells. Representative confocal images of SGBS cells treated with allicin (ALLI), 
cAMP, or control (CTRL) 6 days after differentiation and stained with BODIPY™. Nuclear stain-
ing, DAPI. Images are representative of n. 15 biological replicates. ALLI, 12.5µM allicin-treated 
cells; CTRL, control cells; cAMP, 500µM dibutyryl cAMP-treated cells. 

 

Furthermore, the potential targets of allicin and its related organosulfur 

compounds by using computational resources such as PharmMapper, STITCH, Swish 

Target Prediction and Gene Card database was also investigated. The analysis identified 

26 common targets that were used to construct a GeneMania network linking 46 genes, 

with 33.99% physical interactions and 23.56% predicted functional relationships (Fig. 

24A).  
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Figure 24. Using GeneMANIA, PPI network was constructed, and adipocyte-browning, related 
fat-soluble organosulfur compounds, and allicin were assigned 26 common targets based on the 
query gene. Functional related networks that were filtered based on FDR score connected the 
genes. The nodes used to represent the query targets were black, with larger nodes denoting a 
greater degree of the node and thicker, deeper-colored edges denoting stronger interactions. By 
combining PPI subnetworks based on their computed degree, betweenness, proximity, 
eigenvector, LAC, and network average values, a core PPI subnetwork was created. PPARA, 
NR1H3 NR1H4, RXRA, and RXRG were among the genes in the subnetwork. 
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The ranked targets were involved in categories such as ‘ligand-activated transcription 

factor activity’, intracellular receptor signaling pathway,’ temperature homeostasis,’ 

‘regulation of cold induced thermogenesis’, ‘reactive oxygen species metabolic process’, 

‘positive regulation of lipid metabolic process’, and ‘cold-induced thermogenesis. A core 

PPI subnetwork was created using in Cytoscape that contain 6 key nodes and 15 edges. 

In ALLI_cAMP comparison PPAR and nuclear receptor subfamily 1 group H member 

(NR1H4) were significantly upregulated; while estrogen receptor 1 (ESR1), NR1H4, and 

retinoid X receptor alpha (RXRA) are the common targets of allicin and its derivative 

compounds (Fig. 24B). 

Moreover, treatment with allicin and cAMP significantly increased the estimated 

BAT phenotype percentage (p < 0.0001) compared to control cells (Fig. 25). On the other 

hand, the WAT phenotype significantly (p < 0.0001) decreased in ALLI, and cAMP 

treated cells (p < 0.0001) compared to CTRL cells (Fig. 25).  

 

 

Figure 25. To ascertain the statistical significance of the PROFAT prediction % of brown and 
white adipocytes, the normalized gene expression data were examined using Euclidean distance 
and full linkage. A statistical t-test was used to examine the data; significant differences in the 
estimated percentages of brown and white cells were indicated by *** = p 0.0001 and ### = p 
0.0001, respectively. The cells were divided into three groups: control cells (CTRL), cells treated 
with 500µM dibutyryl cAMP (cAMP), and cells treated with 12.5µM allicin (ALLI). 

To verify the expression of UCP1 protein resulting from allicin treatment, a 
Western blot was conducted.  
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Figure 26. UCP1 protein expression in SGBS cells treated with 12.5µM allicin and 500µM cAMP 
compared to untreated cells. Proteins from SGBS cells were loaded as 20µg in total.  

 

The UCP1 protein was detected at the expected size (32kDa) in cells treated with 

both ALLI and cAMP, in comparison to control (Fig. 26).   

This research provides evidence that allicin has a regulatory effect on the brown 

phenotype of SGBS cells, leading to an increase in mitochondrial biogenesis and lipid 

catabolism. The mechanism underlying this process appears to involve an interaction of 

allicin with the cAMP and PPARA signaling pathways.  

 

22. Effect of allicin on primary inguinal white adipocytes 

A significant effect of allicin on the morphology and function of SGBS 

adipocytes, leading to the formation of multilocular adipocytes and the reduction in the 

surface area and size of lipid droplets was observed. Allicin treatment significantly 

upregulated BAT markers such as UCP1, PPARC1A, and OXPHOS-related genes, such 

as mitochondrially encoded cytochrome B (MT-CYB), mitochondrially encoded NADH: 

ubiquinone oxidoreductase core subunit 1 (MT-ND1), mitochondrially encoded ATP 

synthase membrane subunit 6 (ATP6), coenzyme Q2 (COQ2), and COQ3268.   

In line with the above study, a brief experiment was designed aimed to examine 

the browning effect of allicin on primary iWAT cells isolated from mice. The iWAT was 

isolated and cultured as mentioned in Table 6. After a few days visible lipid droplets were 

appear in iWAT cells (Fig. 27). The cells were treated by adding allicin directly into the 

differentiation medium (Fig. 28). Two different doses of allicin were used by diluting the 

stock solution in absolute ethanol. Rosiglitazone a PPARγ agonist was used as a positive 

control in a concentration of 2µM.  
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Figure 27. iWAT cells under inverted microscope (Leica DM 4000B). Magnification 10x 

To investigate the potential browning effect of allicin on iWAT cells qPCR was 

performed for a few selected browning specific markers i.e., Ucp1, Pgc1A, Elove3, and 

Cidea. 

 

 

Figure 28. Primary iWAT cells treatment protocol with allicin. Cells were grown in DMEM 
F12/High Glucose. A differentiation medium was added to the confluent cells. Cells were 
maintained in a maintenance medium till D7. Allicin was added directly into the medium to treat 
the cells. Cells were isolated in TRIzol for RNA extraction. 
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Figure 29. Analysis of Real-time PCR performed for selection browning marker genes on iWAT 
cells. 

The browning markers Ucp1 and Cidea were significantly upregulated in allicin 

treated cells (Fig. 29). Ucp1 mRNA level was significantly upregulated (p < 0.05) at 

200μM dose. Allicin has been reported to enhance succinylation levels of Ucp1 in BAT 

by inhibiting Sirt5269. Expression of mRNA level of Cidea was significantly upregulated 

in a dose dependent manner. Treatment of iWAT cells with 50μM allicin significantly (p 

< 0.05) increase Cidea expression. Likewise, treatment with 200μM allicin resulted in a 

more substantial (p < 0.01) increase in Cidea mRNA level. Rosiglitazone is well known 

to induce the expression of Ucp1 through the activation of Ppar270. In the current 

experiment a dose of 2μM rosiglitazone significantly increased the expression of both 

Ucp1 and Cidea (p < 0.05). The highest levels of Ucp1 and mitochondrial uncoupling 

were found treating iWAT cells with rosiglitazone and a 3-adrenoceptor agonist 

together271. Combining a browning agent such as rosiglitazone and a thermogenic agent 

(3-adrenoceptor agonist) is necessary to activate brite adipocytes. For instance, acute 

rosiglitazone treatment promotes strong β3-adrenoceptor signaling in iWAT cells while 

prolong exposure to rosiglitazone partially inhibit the effect of β3-adrenoceptor 

signaling272. The current results agree with the previously reported study by Chung et 

al.273 who demonstrated the browning effect of allicin on iWAT cells via the expression 

of KLF15 and the phosphorylation of ERK1/2.  However, in the current experiment, the 

expression of KLF15 or other proteins was not investigated.   
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23. Conclusion 

High-throughput RNA sequencing confirmed the versatility of SGBS cells as an 

in vitro human adipocyte model to study the underlying mechanisms and pathways 

involved in adipogenesis and adipocyte browning. Therefore, the cell strain can be used 

as a human white or brown adipocyte model under control conditions to study various 

metabolic diseases. Moreover, allicin treatment showed a browning effect by inducing 

mitochondrial biogenesis, lipid catabolism, and upregulation of BAT marker genes such 

as UCP1 in SGBS and iWAT cells. The results have increased our knowledge of potential 

therapeutic strategies to treat obesity and its associated metabolic disorders using natural 

products. 
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I. Background 

Long-term expression by an adeno-associated virus (AAV) vector is the main 

goal of the CGT2 project for lipodystrophy. However, immunotoxicity towards CpG 

motifs in the DNA of the AAV genome has been described which can quickly 

eliminate the expression. Toll-like receptors (TLRs) are the most studied pattern 

recognition receptors (PRRs) and are strategically located on the cell surface or 

intracellularly in the endosome for early detection of invading pathogens274. A 

cytosine nucleotide is followed by a guanine nucleotide in a straight line in the 5′ 3′ 

direction of a DNA segment known as a CpG motif. When unmethylated, CpG sites 

are recognized by TLR9 which can lead to immunogenicity response275. To overcome 

this barrier and ensure long-term expression of an AAV vector, depletion of CpG 

sequences has become industry standard for vector development in gene therapy. 

In this study, three different CpG-depleted CGT2 plasmids (developed by 

NexGen) were compared with the original non-CpG-depleted plasmid based on 

expression of UCP1. CpG depletion in the CGT2 plasmid was performed only in the 

UCP1 intron and coding sequence of the expression cassette and not in the promoter, 

enhancer, and ITR sequences. Importantly the amino acid sequence was not altered. 

Plasmid 1 was the “original” plasmid from vector CGT2-14 that contained the codon 

optimized UCP1 sequence. In plasmid 2 and 3, all CpG sequences were removed and 

in plasmid 4, one CpG sequence was retained. After evaluation of the CpG depleted 

expression cassettes in vitro based on UCP1 expression levels, AAV vectors will be 

prepared and evaluation of CpG depletion in-vivo will be continue. 

1. HepG2 cells 

Human liver hepatocellular carcinoma cells (HepG2) cells are liver cell lines 

that are commonly used as an in vitro model in medical research276. These cells are a 

valuable tool for scientists studying various diseases, especially liver disorders, 

because they can mimic many of the physiological processes that occur in human liver 

cells277. Their abundant availability, easy of handling, almost unlimited life span, and 

stable phenotype gave them an advantage over other available liver cell lines e.g., 

Hep3b, HuH7, and HepaRG278. These cells were obtained from the liver biopsy of a 

fifteen-year-old patient with hepatocellular carcinoma.  These cells are highly 

proliferative and have been successfully grown in large-scale culture systems279.  
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Transfection can modulate UCP1 expression in these cells. Again, plasmid 

DNA encoding UCP1 can be transfected into HepG2 cells by electroporation, 

lipofection, or other methods. After transfection, UCP1 expression can be examined 

using techniques such as Western blotting, qPCR, or immunofluorescence. It may 

provide insights into the molecular mechanisms of adipocyte browning and the 

potential therapeutic applications of promoting browning in the treatment of 

metabolic disorders. 

2. AIM 

The aim of this study was to investigate whether UCP1 expression of three 

different CpG-depleted CGT2-plasmids changes compared with the original             

non-CpG-depleted CGT2-plasmid when transfected into HepG2 cells. Based on these 

results, two of the CpG depleted constructs will be selected to produce AAV vectors.
  

3. MATERIALS 

3.1 Plasmids 

Plasmids were manufactured and shipped by the vendor Vector builder.  

Plasmid 1: VB210218-1403gpt at 3.1g/l of DNA (Lot 20220210HTZ105-M).  

Plasmid 2: VB220121-1236bck at 3g/l of DNA (Lot 20220225HTZ51-M). 

Plasmid 3: VB220121-1237rkt at 1.9g/l of DNA (Lot 20220314HTZ47-M).  

Plasmid 4: VB220121-1239cxb at 2.9g/l of DNA (Lot 20220403HTZ28-M).  

 

DNA concentration was received in a total volume of 1 ml in 1xTE buffer for each 

one of the four plasmids. The plasmids were tested for inverted terminal repeats (ITR) 

integrity, identity, endotoxin, and sterility.  

3.2 UCP1 primer sequences 

hCGT2 codon optimized gene.  

Forward primer sequence: AAGCCTGGGTAGCAAGATTC;  

Reverse Primer sequence: AGATGGGACTGTGCTTGGAG;  

DNA Probe bind sequence: TTGCTGGACTGACAACTGG. 
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Table 1. List of Media, chemical reagents, and antibodies  

Product Identifier Source 

HepG2 cell line HB-8065 ATCC 

DMEM low glucose D6046 Sigma Aldrich 

Fetal Bovise Serum (FBS;  F7524 Sigma Aldrich 

MEM Non Essential Amino Acids (MEM 
NEAA) 1140035 

Gibco/ThermoFisher 
Scientific 

Gentamicin 15750060 

Gibco/ThermoFisher 
Scientific 

Trypsin 25200056 

Gibco/ThermoFisher 
Scientific 

Plasmid Transfection   

Opti-MEMTM I Reduced Serum Medium  31985062 

Gibco/ThermoFisher 
Scientific 

LipofectamineTM 3000 . 2413604 InvitrogenTM 

6-well cell culture plate, TC-treated  353046, Falcon 

RNA Preparation and cDNA synthesis   

TRIzol ReagentTM  15596018 Invitrogen 

cDNA Reverse Transcription Kit  4368814 Applied Biosystems 

Gene Expression assay   
TaqManTM Gene Expression Assays (FAM) 4331182 Applied Biosystems 

TaqManTM Gene Expression Assays, FAM  4331348 Applied Biosystems 

Eukaryotic 18S ribosomal RNA  4333760F Applied Biosystems 

hCGT2opt (Human UCP1 codon optimized) 
- Assay ID APKA7YP Applied Biosystems 

Western blotting   
Tween 20 P1379 Sigma 

Bovine Serum Albumine (BSA) A7906 Sigma 

ECL detection reagent  RPN2232 Millipore Corpo- ration 

Antibodies   
anti UCP1 antibody AB10983 Abcam 

anti-rabbit IgG 7074 Cell Signaling 

 

4. METHODS 

4.1 Cell culture and transfection 

HepG2 cells were cultured in DMEM containing 1 g/L glucose supplemented 

with 10% heat inactivated FBS, 1 mM MEM NEAA, and 25 μg/ml gentamicin. Cells 

were incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C and 

seeded in 6-well plates (9.6 cm2 /well) at a density of 5x105 cells/well. The plates 

were cultured overnight in complete DMEM.  
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Transfection was performed according to the Transfection protocol provided 

by Transfection reagent supplier. The plasmid DNA (5 g/well) was mixed with 

Lipofectamine (3.75 l/well) and added to the cells approximately 24 hours after 

seeding. For mRNA expression each plasmid was transfected in biological triplicates 

and for western blotting the plasmids were transfected in duplicates.  

4.2 RNA preparation 

Freshly harvested cells were homogenized in TriReagent after 48h of plasmid 

transfection. Total RNA was extracted on ice using the chloroform-isopropanol 

method according to the instructions of the manufacturer and homogenized using a 

T25 digital ULTRA-TURRAX® High-performance dispersing instrument. RNA 

samples were purified according to manufacturer’s instructions and eluted in RNase-

free H2O. RNA concentration and quality were determined using NanoDrop 2000 

Spectrophotometer. The total RNA was stored at -80°C until cDNA synthesis.  

4.3 cDNA synthesis 

Total RNA (500 ng) was reverse transcribed according to the manufacturer 

instructions, using the High Capacity cDNA Kit in a total volume of 20 μl using 

random hexamer primers, deoxynucleotide triphosphates, Multiscript Reverse 

Transcriptase, and RNase inhibitor.  

4.4 qPCR 

Aliquots of 2 µl of the cDNA sample were mixed with Maxima Probe/ROX 

qPCR Master Mix (2X), primers, and diethylpyrocarbonate-treated water and       

measured in triplicate for each sample. The Comparative, Ct method was used to 

quantify gene expression of UCP1 and expression of Eucaryotic 18S ribosomal RNA 

was used to normalize expression levels.  

4.5 Western blotting 

Cells were harvested 48 hours after transfection. The media was removed, and 

wells were rinsed PBS, and thereafter cells were lysed directly in 200 l ice cold RIPA 

buffer containing Protease Inhibitor Cocktail (Complete Mini, Roche). Cell lysates 

were transferred into 2 ml epp tubes and homogenized at 30hz, 30 seconds using a 
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tissue lyser. Lysates were centrifuged for 2 minutes at 14 000 rpm and supernatant 

collected on ice. Protein concentration was determined using the method of Lowry.  

Equal volume of sample buffer was added to each sample to boil, and proteins 

were separated by SDS-PAGE in a 12% polyacrylamide gel at 80V for 2h. After, 

proteins were transferred to a PVDF membrane in a transfer buffer using a semi-dry 

Trans-Blot TurboTM transfer system (Bio-Rad) at 2.5A, 25V for 10min. The 

membrane was blocked with 4% non-fat milk powder in Tris-buffered saline with 

0.1% Tween 20 (TBS/T) for one hour at room temperature and then incubated 

overnight at 4°C with the specific antibodies diluted in TBS-T containing 5% BSA. 

Subsequently, the membranes were washed 3 x 15 minutes in TBS/T followed by 

incubation with horseradish peroxidase-conjugated secondary antibody diluted in 

2.5% non-fat milk powder in TBS/T for one hour at room temperature. The 

membranes were washed 3 x 15 minutes in TBS/T before adding detection reagents 

(ECL Plus Kit, Amersham Biosciences). The chemiluminescence signal was detected 

with a ChemiDoc XRS+ Imaging System with Image Lab Software (Model No. 

Universal Hood II, Serial no. 721BR03341, BioRad).  

HEK 293 cells transfected with human UCP1 coding sequence (cloned into a 

pcDNA3.1+vector and amplified before transfection) (Keipert and Jastroch, 2014) as 

a positive control and empty HEK 293 cells as negative control. Another positive 

control used was brown adipose tissue protein extract from C57Bl/6 mice living under 

standard animal house condition. 

 

5. RESULTS 

After transfection of the four different plasmids, expression analysis was 

performed to check the expression level of both UCP1 mRNA and protein. As shown 

in Figures 1A and B, the UCP1 mRNA was significantly lower in all three plasmids 

(here named as plasmids 2, 3, and 4) constructs that had CpG-depletion in their 

sequences compared to non-CpG depleted plasmid (plasmid 1), used as control.  
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Figure 1. mRNA levels of UCP1 in HepG2 cells transfected with CpG-depleted CGT2 
plasmid constructs for 48h. A) Absolute values of Ucp1 related to the 18S reference gene 
levels. B) relative mRNA values to the non-CpG-depleted plasmid used as control, settled as 
1. Results are expressed as Mean  SEM (n=3). Reactions were performed in triplicates. *p  
0.05; **p  0.01 compared with plasmid 1. Data analyzed by ANOVA one-way and GraphPad 
Prism software.  

 

The UCP1 protein was expressed at the correct size (32 kDa) from all plasmids 

P1-P4, when compared to the positive controls, such as human UCP1 from stable 

transfected HEK293 cells and mouse UCP1 from brown adipose tissue (BAT). 

Although all plasmid constructs showed the ability to be translated into protein, all 

CpG-depleted plasmids expressed a lower amount of UCP1 compared with the non-

CpG-depleted plasmid (plasmid 1) (Fig. 2A, 2B) similar to the mRNA level shown 

above (Fig. 1). 

 

A) 
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B) 

 

 

C) 

 

 

Figure 2. UCP1 protein expression in HepG2 cells transfected with CpG-depleted CGT2 
plasmids for 48h. A and B were performed with HepG2 samples from two different 
independent experiments with exactly same experimental design. HEK293 empty cell and 
HepG2 non-transfected cells (HepG2 Neg. Ct) were used as negative control and loaded as 
15µg total and 30µg total, respectively. Human UCP1 from HEK 293 cells and mouse UCP1 
from BAT were used as positive controls and loaded as 15µg and 2 µg, respectively. HepG2 
cells transfected with the four plasmid constructs (plasmid 1 – P1; plasmid 2 – P2; plasmid 3 
– P3 and plasmid 4 – P4) were loaded as 30ug total. C) Quantification from membranes A 
and B in arbitrary units. 

6. Conclusion 

 All three CpG-depleted CGT2 plasmids transfected into HepG2 cells expressed 

UCP1 at a lower level than the non-CpG depleted plasmid, both at the mRNA and 

protein levels. From these data it is not possible to determine which CpG-depleted 

construct should be further used to produce AAV vectors. However, the successful 

transfection of UCP1 variants demonstrate a promising gene therapy strategy for fatty 

liver disease.   

 



8 

 

7. References 
 

274 Verdera, H. C., Kuranda, K., & Mingozzi, F. (2020). AAV vector immunogenicity in 

humans: a long journey to successful gene transfer. Molecular Therapy, 28(3), 723-746. 
275 Verdera, H. C., Kuranda, K., & Mingozzi, F. (2020). AAV vector immunogenicity in 

humans: a long journey to successful gene transfer. Molecular Therapy, 28(3), 723-746. 
276 Nagarajan, S. R., Paul-Heng, M., Krycer, J. R., Fazakerley, D. J., Sharland, A. F., & 

Hoy, A. J. (2019). Lipid and glucose metabolism in hepatocyte cell lines and primary 

mouse hepatocytes: a comprehensive resource for in vitro studies of hepatic metabo-

lism. American Journal of Physiology-Endocrinology and Metabolism, 316(4), E578-

E589. 
277 Costantini, S., Di Bernardo, G., Cammarota, M., Castello, G., & Colonna, G. (2013). 

Gene expression signature of human HepG2 cell line. Gene, 518(2), 335-345. 
278 Bort, A., Sánchez, B. G., Mateos-Gómez, P. A., Díaz-Laviada, I., & Rodríguez-

Henche, N. (2019). Capsaicin targets lipogenesis in HepG2 cells through AMPK activa-

tion, AKT inhibition and PPARs regulation. International journal of molecular sci-

ences, 20(7), 1660. 
279 Barberá, M. J., Schluter, A., Pedraza, N., Iglesias, R., Villarroya, F., & Giralt, M. 

(2001). Peroxisome proliferator-activated receptor α activates transcription of the brown 

fat uncoupling protein-1 gene: a link between regulation of the thermogenic and lipid 

oxidation pathways in the brown fat cell. Journal of Biological Chemistry, 276(2), 1486-

1493. 



Tissue and Cell 77 (2022) 101822

Available online 18 May 2022
0040-8166/© 2022 Elsevier Ltd. All rights reserved.

Transcriptomic analysis of Simpson Golabi Behmel syndrome cells during 
differentiation exhibit BAT-like function 
M. Colitti a,*,1, U. Ali a, M. Wabitsch b,2, D. Tews b,3 

a Department of Agricultural, Food, Environmental and Animal Sciences, University of Udine, Italy 
b Division of Pediatric Endocrinology and Diabetes, Department of Pediatrics and Adolescent Medicine, University Medical Center Ulm, Germany   

A R T I C L E  I N F O   

Keywords: 
SGBS cells 
Gene expression 
Browning 
Extracellular matrix organization 
Oxidative stress 

A B S T R A C T   

High-throughput RNA sequencing of human Simpson-Golabi-Behmel syndrome cells (SGBS) was performed 
during the time-course of adipogenic differentiation at day 4 (D04), 6 (D06), 8 (D08), and 10 (D10) to char-
acterize transcriptomic changes and to identify key patterns involved in adipogenesis and browning. In the 
comparisons, 932 and 384 overlapping transcripts were consistently up- and down-regulated, respectively. 
Combining the results of protein-protein interaction network analysis MCODE and CytoHubba, 55 up-regulated 
hub genes from four clusters and 9 down-regulated genes were identified. The up-regulated hub genes were 
mainly enriched in brown adipocyte differentiation, extracellular matrix organization, and valine, leucine, and 
isoleucine degradation. The enrichment of downregulated hub genes was related to NRF2 signalling and 
glutathione metabolism, indicating that oxidative stress also plays a role. Analysis of overlapping down-regulated 
genes, targets of transcription factors, revealed enrichment in the IL-18 signalling pathway, which is involved in 
browning process and extracellular matrix organization via actomyosin mechanics and integrin-extracellular 
matrix interactions. Finally, the comparison transcriptomic analysis with the gene signature reported by BAT-
LAS and PROFAT web-based tools showed an increased percentage of the brown phenotype, confirming that 
differentiated SGBS cells at D06, D08, and D10 gradually acquire BAT-like function.   

1. Introduction 

In the last decade, adaptive thermogenesis has been recognized as a 
potential therapy for the treatment of obesity and its associated diseases 
due to its ability to increase energy expenditure and modulate circu-
lating lipid and glucose levels (Wu et al., 2013). While brown adipocytes 
originate from the Myf5+ precursors, like striated muscle cells, and 
respond to cAMP for increasing UCP1 expression, other molecules 
strongly up-regulate UCP1 at transcriptional level, such as C/EBPs, RAR, 
ATF2, PPARγ and PPARα (Christian and Parker, 2010). Thus, activation 
of PPARγ using thiazolidinediones (e.g. rosiglitazone) is usually required 
to induce UCP1 expression in adipocytes differentiated in primary cul-
ture from subcutaneous adipose tissue (Ohno et al., 2012). Further, 
adipose tissue responds dynamically to many triggers such as cold 
exposure, hormones, and natural substances to recruit more brown ad-
ipose cells or to convert white cells into beige cells (Montanari et al., 

2017, 2019). To understand the cellular and molecular events that 
maintain adipogenesis and the process of browning, different murine 
cell lines, such as 3T3-L1, have been frequently used. Although 3T3-L1 
cells have made important contributions to the understanding of adi-
pogenesis and adipocyte metabolism, they are unable to develop a beige 
adipocyte phenotype (Morrison and McGee, 2015). 

Simpson-Golabi-Behmel syndrome (SGBS) cells have been recog-
nized as a representative in vitro model more suitable than mouse models 
for studying the biology of human white subcutaneous preadipocytes. 
Indeed, the SGBS model has been frequently used to analyse key sig-
nalling pathways, networks and regulators. This strain was established 
in 2001 by Wabitsch and colleagues, who isolated preadipocytes from 
the subcutaneous adipose tissue of a paediatric patient suffering from 
SGBS (Wabitsch et al., 2001). Although SGBS cells are neither immor-
talized nor transformed, they retain the ability to expand and differen-
tiate into mature adipocytes over a high number of generations, but this 
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capability has not been demonstrated to be related to mutations of the 
X-linked gene Glypican 3 (GPC3) (Huber et al., 1998; Capurro et al., 
2008). Moreover, SGBS cells are the only fully inducible human 
pre-adipocyte cell line (Ruiz-Ojeda et al., 2016). For these reasons, these 
cells are an excellent model for obesity research and have been used 
extensively in the last years (Allott et al., 2012). During differentiation, 
these adipocytes show a transient brown phenotype (Guennoun et al., 
2015; Yeo et al., 2017), since around the 14th day of differentiation, the 
expression of canonical BAT markers, such as UCP1, sharply increases. 
However, as reported by Halbgebauer et al., (2020), this feature is due to 
the action of rosiglitazone. At later time points in adipogenesis, 
morphological changes in lipid droplets and mitochondria and a 
decrease in the expression of BAT markers indicate the induction of a 
white adipocyte differentiation program.Morphological dynamics of 
lipid droplets and mitochondria, that agreed with the regulation of 
nutrient utilization and energy expenditure, have been observed in SGBS 
cells during 21 days of differentiation (Montanari and Colitti, 2018). 
Using RNAseq we sought to address transcriptomic changes during dif-
ferentiation of SGBS cells to identify key patterns involved in adipo-
genesis and browning. 

2. Materials and methods 

2.1. Chemicals and culture media 

Dulbecco’s modified Eagle medium (DMEM)/F-12 medium (1:1) 
enriched with L-glutamine and 15 mM 4-(2-hydroxyethyl)− 1-piper-
azineethanesulfonic acid (HEPES), fetal bovine serum (FBS) and peni-
cillin streptomycin solution were purchased from Gibco by Life 
Technologies (Thermo Fisher Scientific Inc., Waltham, Massachusetts). 
TRIzol reagent, PureLink™ RNA Mini Kit and SuperScript™ III one-step 
RT-PCR system with Platinum™ Taq DNA polymerase were purchased 
from Invitrogen (Thermo Fisher Scientific Inc., Waltham, Massachu-
setts). Rosiglitazone was purchased from Cayman Chemical (Ann Arbor, 
Michigan). 

All other chemicals used in the experiment and not listed above were 
purchased from Sigma-Aldrich (Darmstadt, Germany). 

2.2. Cell culture 

Human SGBS cells were kindly provided by prof. M. Wabitsch 
(University of Ulm, Germany). Cells were grown in DMEM/F-12 sup-
plemented with 10% FBS, 3.3 mM biotin, 1.7 mM pantothenate and 1% 
penicillin/streptomycin solution, at 37 ◦C with 5% CO2 and 95% relative 
humidity. Differentiation was induced on confluent cells with serum- 
free growth medium supplemented with 10 µg/ml transferrin, 0.2 nM 
triiodothyronine (T3), 250 nM hydroxycortisone, 20 nM human insulin, 
25 nM dexamethasone, 250 µM 3-isobutyl-1-methylxanthine (IBMX) 
and 2 µM rosiglitazone (day 0 of differentiation). After 4 days, the dif-
ferentiation medium was replaced with a maintenance medium 
composed by serum-free growth medium supplemented with 10 µg/ml 
transferrin, 0.2 nM T3, 250 nM hydroxycortisone and 20 nM human 
insulin. Fresh maintenance medium was added every 4 days. 

Cells were analyzed during differentiation at day 4 (D4) and at day 6 
(D6), at day 8 (D8) and at day 10 (D10). 

2.3. RNA extraction and sequencing 

The experiment was designed with 2 biological replicates for the 4 
different days of cell differentiation. 

After culture medium removal from Petri dishes, 1 ml/10 cm2 of 
TRIzol reagent was added in each plate and repeatedly pipetted to 
induce a severe breakdown of cell structures. These samples were 
immediately proceeded with the PureLink™ RNA Mini Kit following the 
manufacturer’s instructions. 

The concentration of the extracted total RNA was quantified using a 

spectrophotometer (NanoDrop 1000 Spectrophotometer, Thermo-
Scientific, Wilmington, Delaware) and the purity of RNA samples ranged 
between 1.8 and 1.9. RNA integrity was evaluated through the obser-
vation of 18 S and 28 S ribosomal bands after electrophoresis on 1% 
agarose gel, in the presence of GelRed. β-actin expression was used as 
internal control, confirming thorough integrity of the RNA. 

Purified total RNA was subjected to deep sequencing analysis. 
Initially, isolated RNA was quantified using Agilent Bioanalyzer 2100 
with the RNA integrity number (RIN) greater than 8.0 before Illumina 
Genome Analyzer (GA) sequencing. RNA sequencing (RNAseq) was 
performed using the Illumina Genome Analyzer to measure mRNA 
expression levels from eight human cell line samples. Typically, 2–4 ug 
total RNA were used in library construction. Total RNA was reverse 
transcribed to double-stranded cDNA, digested with NlaIII and ligated to 
an Illumina specific adapter containing a recognition site of MmeI. 
Following MmeI digestion, a second Illumina adapter, containing a 2-bp 
degenerate 3′ overhang was ligated. The obtained sequences were 
aligned on GRCh38 human genome (https://www.ncbi.nlm.nih.gov/ 
assembly/GCF_000001405.39) using STAR software (Dobin et al., 
2013). Data were uploaded in the NCBI Sequence Read Archive (SRA), 
bioproject ID PRJNA783150. 

2.4. Data processing 

Raw counts were uploaded in Differential Expression and Pathway 
analysis (iDEP93) R package (v0.92) that is a web-based tool available at 
http://ge-lab.org/idep/ (Ge et al., 2018; Ge, 2021). In the 
pre-processing step, genes expressed at very low level across samples 
were filtered out and genes expressed with a minimum of 0.2 counts per 
millions (CPM) in one library were further analyzed. To reduce the 
variability and normalized count data EdgeR log2(CPM+c), with pseu-
docount c = 8 transformation, was chosen. Next, DESeq2 package in R 
language was used to identify differentially expressed genes (DEG) at 
day 6, 8 and 10 of differentiation vs day 4, using a threshold of false 
discovery rate (FDR) < 0.05 and log2fold-change > |1.0|. The heatmaps, 
principal component analysis (PCA), k-means cluster and enrichment 
analyses were also performed in iDEP93. 

Gene set enrichment analysis to determine the shared biological 
functions of differentially regulated genes based on significant GO terms 
(Ashburner et al., 2000), Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway (Kanehisa and Goto, 2000) and TF. target.TRED ana-
lyses were completed (Jiang et al., 2007). 

Venn diagrams were created by web tool available at http://bioin-
formatics.psb.ugent.be/webtools/Venn/. 

2.5. Protein protein interaction (PPI) network construction and module 
analysis 

Based on the Search Tool for the Retrieval of Interacting Genes 
(STRING; https://string-db.org/) online tool, PPI of the 932 up- 
regulated and 384 down-regulated overlapping DEGs were constructed 
with a confidence of ≥ 0.4 and the PPI network was visualized by 
Cytoscape software (version 3.9.0, https://cytoscape.org/) Unique 
DEGs of the different comparisons were also analysed. Additionally, the 
plug-in of Molecular Complex Detection (MCODE) (Bader and Hogue, 
2003) in Cytoscape suite was applied to explore the significant modules 
in PPI network. The options set as degree cuttoff = 6, K-core = 2 and 
node Score Cutoff = 0.2. Subsequently, the enrichment analysis of DEGs 
in modules with a score ≥ 5 was performed. Cytoscape cytoHubba 
plugin was used to select the top 15 hub nodes according to Maximal 
Clique Centrality (MCC) algorithm (Chin et al., 2014). 

In order to deeper understand the difference between DEGs target of 
TF networks, specific subnetworks for the overlapping genes between 
comparisons were constructed using the Maximal Clique Centrality 
(MCC) algorithm in cytoHubba and enrichment analysis of the 10 most 
important genes according with MCC was performed. 
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2.6. BATLAS and PROFAT webtool analysis 

Two computational tools that quantify the thermogenic potential 
(BAT content) of adipose tissue were used. The BATLAS webtool uses a 
Digital Sorting Algorithm from the CellMix package in combination with 
the brown and white markers to estimate the percentage of brown adi-
pocytes in human or mouse tissues using RNA-seq data (Perdikari et al., 
2018). The estimation of the fraction of brown adipocytes per each 
sample at different days of differentiation was analysed on normalized 
read counts. The PROFAT is another tool that automatically performs 
hierarchical clustering analysis to predict browning capacity from 
mouse and human RNA-seq datasets (Cheng et al., 2018). 

2.7. BODIPY staining and confocal imaging 

Cells for BODIPY™ staining and subsequent confocal imaging were 
cultured on ibiTreat 8-well μ-Slides (Ibidi GmbH, Planegg/Martinsried, 
Germany). Cells were fixed in a 2% formalin solution diluted in PBS 1X 
at room temperature (RT) for 15 min. Subsequently, after three washes 
in PBS 1X, cells were incubated in a solution of BODIPY™ 493/503 in 
PBS 1X to fluorescently label lipid droplets. Incubation was performed at 
RT in the dark for 45 min. The slides were then washed three times in 
PBS 1X. Fluorescent images were obtained using a Leica SP8 confocal 
microscope (Leica Microsystems Srl, Milan, Italy) equipped with LAS X 
3.1.5.16308 software. Slides were observed with HC PL APO CS2 40X/ 
1.10 WATER objective lens. BODIPY™ fluorescence was detected by 
white light laser (503/588 nm). The images were acquired by a photo-
multiplier tube (PMT), which allowed point-by-point scanning of the 
region of interest (ROI) with the selected laser and produced 1024 ×
1024 px images. 

2.8. Validation data by Real-time PCR analysis (qPCR) 

cDNA from the same purified RNA samples was synthesized and 
amplified using an MJ thermal cycler (PT-100; MJ Research, Inc., 
Waltham, MA, USA), according to ImProm-II™ Reverse Transcription 
System (Promega, Milan, Italy). 

Primer3 Input software (Rozen and Skaletsky, 2000) was used to 
design the primer sequences encoding for (Table A.9): β-actin (ACTB), 
Ribosomal Protein Lateral Stalk Subunit P0 (RP0L0), PPARG Coactivator 
1 Alpha (PPARCG1A), uncoupling protein 1 (UCP1), PR domain con-
taining 16 (PRDM16), Peroxisome Proliferator Activated Receptor 
Gamma (PPARG), NFE2 Like BZIP Transcription Factor 2 (NFE2L2) and 
Nuclear Factor Kappa B Subunit 1(NFKB1). 

The qPCR was performed in triplicate with the Platinum SYBR® 
Green qPCR SuperMix-UDG w/ROX (Invitrogen, Milan, Italy) on CFX96 
Real-Time PCR Detection System (Bio-Rad). Mastermix reactions were 
prepared as the manufacturer’s instructions with each primer pair and 
the cDNA added last. The expression of target genes was normalized 
using ACTB and RPL0 and ΔCts were calculated by the difference be-
tween Ct of genes target and the geometric mean of the two house-
keeping genes. Differences between samples (D06, D08, D10) and D04 
were calculated using the 2(−ΔΔCt) method (Livak and Schmittgen, 2001; 
Bustin et al., 2009), where D04 was equal to 1. 

2.9. Statistical analysis 

Real-time and RNA seq gene expression data were compared through 
Kolmogorov-Smirnov statistical test that enables the similarity of the 
distributions to be tested at the same time as their shape and position, 
using XLSTAT (Addinsoft, 2022). 

3. Results 

3.1. Data sets are clustered according to the day of differentiation 

After removal of low-quantity reads, the final mapping rate of 
filtered transcript reads was 34.5%. At the initial analysis of the RNAseq 
results, hierarchical clustering was performed indicating the difference 
of genes and showing that the transcriptome data was well-clustered 
depending on the day of differentiation (Fig. 1a). 

Furthermore, PCA showed the overall variability in the expression 
profile of the samples and treatments. Overall, there was a clear dif-
ference between the D04 and D06, D08 and D10 along the first principal 
component that explained 73% of the variance, with less differences 8% 
along the second component. Moreover, the ANOVA analysis, performed 
by iDEP, on these projections detected significant correlation of each 
PCs with treatments, being the first principal component significantly 
correlated with day of development for p = 1.26−03 (Fig. 1b). Fig. 1c 
shows the lipid droplets (LDs) enlargement at day 6 (A) and day 10 (B) of 
differentiation. 

3.2. The number of transcripts increases with the day of differentiation 

Analysis of DEGs was performed between D06, D08 and D10 in 
comparison to D04, based on a log2fold change of ≥ 1 and FDR adjusted 
p value of ≤ 0.05. 

iDEP93 expression analysis identified significantly (p < 0.05) 3512 
up-regulated genes between D06 vs D04, 3992 between D08 vs D04 and 
4165 between D10 Vs D04 (Fig. 2a). Significantly (p < 0.05) down- 
regulated genes were 2876 between D06 Vs D04, 3542 genes between 
D08 vs D04 and 3763 between D10 vs D04 (Fig. 2a). 

Three Venn diagrams were composed displaying the highest and 
lowest expression at each day of differentiation vs D04 for adjusted p- 
value ≤ 0.05 and log2fold change ≥ 1 and identified 932 and 384 
overlapping DEGs consistently up- and down-regulated (Fig. 2b). For 
each of the three differentiation days in comparison to D04, an 
increasing number of genes displayed unique expression: 46 at D06, 107 
at D08, 275 at D10 for up-regulated genes and 42 at D06, 118 at D08, 
253 at D10 for down-regulated genes, with the greatest number of 
transcripts, induced or suppressed, between D10 and D04. The results of 
this analyses were also presented in the form of volcano plots in Fig. 2c 
and in Table A.2. 

3.3. Construction of PPI networks and module analysis of DEGs suggest 
brown adipocyte differentiation without up-regulation of PRDM16 and an 
increase in oxidative stress through down-regulation of antioxidant genes 

PPI analysis of the 932 up-regulated overlapping DEGs revealed 821 
nodes and 2937 edges. Further analysis through MCODE with a score 
≥ 5 filtered four significant clusters. To gain further insight into the 
potential functions of genes in each module, the enrichment analysis 
was performed and results were displayed in Fig. 3. The most significant 
pathways in cluster 1 (Fig. 3a) were enriched, among others, in ‘Regu-
lation of cold-induced thermogenesis’ (FDR 1.18−17) ‘PPAR signalling 
pathway’ (FDR 9.39−13) and ‘Brown fat cell differentiation’ (FDR 
4.00−04). Cluster 2 was enriched in ‘Cholesterol biosynthetic process’ 

(FDR 3.09−17) ‘Acyl-CoA metabolic process’ (FDR 1.61−12) and in 
‘Cellular respiration’ (FDR 5.42−11) (Fig. 3b). The most significant 
pathways in cluster 3 were ‘Extracellular matrix organization’ (FDR 
2.48−16) and ‘Muscle contraction’ (FDR 9.93−08) (Fig. 3c) and in cluster 
4 ‘Fatty acid degradation’ (FDR 1.33−08), ‘Valine, leucine and isoleucine 
degradation’ (FDR 1.33−08) and ‘Mitochondrial matrix’ (FDR 2.34−04) 
were found (Fig. 3d). The top 15 hub genes, selected from the four 
clusters using MCC algorithm of CytoHubba plugin, are listed in Table 1. 

The analysis of down-regulated overlapping DEGs showed 317 nodes 
and 425 edges. Only one cluster with a score ≥ 5 was identify by MCODE 
analysis (Fig. 4). Significant down-regulated pathways were ‘NRF2 
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pathway’ (FDR 1.63−13), ‘Glutathione metabolism’ (FDR 3.65−06). The 
top ten hub genes with a high degree of connectivity between the nodes, 
according to the degree in the module are listed in Table 2. 

3.4. GO term analysis enriches genes in mitochondrial organization and 
oxidoreductase activity 

To further investigate the function of the DEGs, GO term enrichment 
analysis was conducted. The DEGs were significantly enriched in bio-
logical processes (BP), molecular function (MF) and cellular component 
(CC). Among the differentially regulated BP, ‘Macromolecule localiza-
tion’, ‘Protein localization to endoplasmic reticulum’, ‘Protein targeting 
to ER’, ‘SRP-dependent cotranslational protein targeting to membrane’ 

and ‘Translational initiation’ were significantly down- regulated in all 
comparisons, while ‘Carboxylic acid metabolic process’, ‘Cellular 
respiration’, ‘Energy derivation by oxidation of organic compounds’, 
‘Generation of precursor metabolites and energy’, ‘Mitochondrion or-
ganization’, ‘Oxidation-reduction process’ and ‘Oxidative phosphoryla-
tion’ were significantly up-regulated (Table A.3). Down-regulated DEGs, 
among all comparison, were significantly enriched in MF, including 
‘RNA binding’, ‘Catalytic activity acting on a protein’ and ‘Transferase 
activity’; among the up-regulated MF, ’Adenyl nucleotide binding ’, 

‘Oxidoreductase activity’, were found (Table A.4). The DEGs that spe-
cifically down-regulated CC within the comparisons D06 vs D04, D08 vs 
D04 and D10 vs D04 were related to ‘Cell junction’ and ‘Cytosolic 
ribosome’ and ‘Focal adhesion’, the up-regulated CC was significantly 
related to mitochondria matrix, membrane, and protein (Table A.5). 

3.5. KEGG pathway analysis confirms BAT-like phenotype during 
differentiation 

A total of 36 significantly enriched pathways were identified in 
KEGG, 21 down‑regulated and 15 up‑regulated in all the comparison vs 
D04 (Table A.6). Fig. 5 illustrated the results of the KEGG analysis as a 
graphical representation of the scatter plots. Each figure represents 
KEGG enrichment of 10 identified pathways for each of the time dif-
ferentiation points with corresponding GeneRatio, adjusted p-value, and 
the number of the enriched genes in the corresponding pathways. The 
GeneRatio is defined as the number of the enriched candidate genes vs 
the total number of the annotated genes (number of enriched genes/ 
number of total annotated genes) that are considered by the KEGG 
analysis in the corresponding pathway. Therefore, a higher GeneRatio 
suggests a more significant enrichment of the candidate genes in the 
corresponding pathway and adjusted p-value indicates the FDR for 

Fig. 1. (a) Hierarchical clustering heatmap of 2000 genes expressed in SGBS cells at different days of differentiation. The coloured bars above the heatmap indicate 
the differentiation stage. The colour key indicates z-score and displays the relative expression levels: green, lowest expression; black, intermediate expression; red, 
highest expression. (b) Principal component analysis of SGBS samples at different days of differentiation. The results indicate that the transcriptome data are of high 
quality, as the duplicate samples are clustered together according to differentiation; early differentiated cells (D04) were significantly separated on the first 
component (p = 1.26−03) in agreement with the unsupervised hierarchical clustering. (c) Detection of lipid droplets by BODIPY of SGBS adipocytes at day 6 (A) and 
10 of differentiation (B). Scale bar = 20 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 2. Number of gene differentially expressed for adjusted p < 0.05. Gene expressions were measured in SGBS cells at different days of differentiation and the 
comparisons were related to immature adipocytes (D04). (a) Numbers of differentially expressed genes for each comparison. (b) Three-way Venn diagram illustrating 
DEGs up- and down-regulated for p < 0.05 and with log2 fold change higher than 1 and lower than − 1. The findings indicate that 932 and 384 overlapping 
transcripts were consistently up- and down-regulated (FDR ≤ 0.05 and |log2fold change| ≥ 1), among comparisons. (c) Volcano plots representing the composition of 
the analysed differentiation days, as well as the proportion and distribution of differentially expressed genes. (a) D06 vs D04; (b) D08 vs D04; (c) D10 vs D04. 
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measuring variables of a large data set, such as for the level of gene 
expression of RNA-sequencing data. DEGs were highly clustered in 
several signalling pathways, such as ‘Fatty acid metabolism’, ‘Metabolic 
pathways’, ‘Oxidative phosphorylation’, ‘PPAR signaling pathway’ 

‘Thermogenesis’ and ‘Valine, leucine and isoleucine degradation’. Of 

note, the ‘Ras signaling pathway’ and ‘TNF signaling pathway’ were 
down-regulated and ‘AMPK signalling’ up-regulated pathway only at 
D06 in comparison to D04, while the up-regulated pathways were the 
same in all comparisons (Table A.6). 

(caption on next page) 
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3.6. Genes enriched in target of E2F4, cMYC and SMAD are involved in 
acetylation and extracellular matrix organization 

TRED (http://rulai.cshl.edu/TRED) was designed as a resource for 
gene regulation and function studies and allow to know interaction data 
between transcription factors (TFs) and the promoters of their target 
genes, including binding motifs (Jiang et al., 2007). Selecting database 
TF. target.TRED in iDEP93, in the comparison D06_D04, significantly 
target genes of 10 TF were down-regulated and 9 up-regulated; in 
D08_D04 comparison 15 TF were down- regulated and 10 up-regulated; 
in D10_D04, 11 were down-regulated and 14 up-regulated (Table A.7). 

The up-regulated genes enriched with target of AR, CEBPA, cMYC, 
E2F1, E2F4, PPARA, PPARG and TFAP2A were found in all the com-
parison vs D04. The down-regulated genes are enriched with target 
genes again of cMYC and E2F4, but also with JUN, JUND, NFKB1, 
SMAD3, SP1 and TP53 in all comparison (Table A.7). 

PPI networks among the overlapped DEGs target of TFs were con-
structed and representative subnetworks using the MCC algorithm of 
CytoHubba plugin and enrichment analysis on the top ten highest-score 
genes up and down-regulated were shown in Figs. 6 and 7. Top ten with 
overlapped genes up-regulated and target of E2F1 in ‘The citric acid 
(TCA) cycle and respiratory electron transport’ (FDR 4.02−11), in 

Fig. 3. Four significant modules identified from the PPI network constructed with up-regulated DEGs overlapping to all the comparisons vs D04. The enriched 
pathways are marked in different colours. (a) Cluster 1 with a MCODE score of 17.93. Red: genes enriched in ‘Regulation of cold-induced thermogenesis’ blue: ‘PPAR 
signalling pathway’ and brown: ‘Brown fat cell differentiation’. (b) Cluster 2 with a MCODE score of 9.48. Red genes enriched in: ‘Cholesterol biosynthetic process’; 
blue: ‘Acyl-CoA metabolic process’ and green: ‘Cellular respiration’. (c) Cluster 3 with a MCODE score of 7.85. Red: ‘Extracellular matrix organization’ and blue 
‘Muscle contraction’. (d) Cluster 4 with a MCODE score of 5.5. Red: genes enriched in ‘Fatty acid degradation’; blue: ‘Valine, leucine and isoleucine degradation’ and 
green ‘Mitochondrial matrix’. Yellow nodes indicate genes involved in pathways obtained by enriched analysis. Edges represent the protein-protein associations, 
Abbreviations: (a) ACSL1, Acyl-CoA Synthetase Long Chain Family Member 1; ADIPOQ, adiponectin, C1Q and collagen domain containing; CPT2, Carnitine Pal-
mitoyltransferase 2; ELOVL6, ELOVL fatty acid elongase 6; FABP4, fatty acid binding protein 4; LEP, leptin; SCD, stearoyl-CoA desaturase; LPIN1, lipin 1; NR1H3, 
nuclear receptor subfamily 1 group H member 3; UCP1, uncoupling protein 1. (b) ACAT2, acetyl-CoA acetyltransferase 2; ACO2, aconitase 2; CYC1, cytochrome c1; 
DLAT, dihydrolipoamide S-acetyltransferase; FDPS, farnesyl diphosphate synthase; HMGCS1, 3-hydroxy-3-methylglutaryl-CoA synthase 1; IDH1, isocitrate dehy-
drogenase (NADP(+)) 1; IDI1, sopentenyl-diphosphate delta isomerase 1; LSS, lanosterol synthase; MDH1, malate dehydrogenase 1; MSMO1, methylsterol mono-
oxygenase 1; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; NSDHL, NAD(P) dependent steroid dehydrogenase-like; OGDH, oxoglutarate 
dehydrogenase; PDHA1,pyruvate dehydrogenase E1 subunit alpha 1; PDHB, pyruvate dehydrogenase E1 subunit beta; PDHX, pyruvate dehydrogenase complex 
component X; SLC25A1, solute carrier family 25 member 1; TM7SF2transmembrane 7 superfamily member 2; UQCRFS1, ubiquinol-cytochrome c reductase, Rieske 
iron-sulfur polypeptide 1. (c) ACTA2, actin alpha 2, smooth muscle; ACTG2, actin gamma 2, smooth;AGT, angiotensinogen; COL11A1, collagen type XI alpha 1 chain; 
COL14A1, collagen type XIV alpha 1 chain; COL15A1, collagen type XV alpha 1 chain; COL4A5, collagen type IV alpha 5 chain; COL4A6, collagen type IV alpha 6 
chain; COL9A3, collagen type IX alpha 3 chain; DMD, dystrophin; ITGA11, integrin subunit alpha 11; ITGA6, integrin subunit alpha 6; ITGA8, integrin subunit alpha 
8; MYH1, myosin heavy chain; MYH11, myosin heavy chain 11; MYH14, myosin heavy chain 14; MYH2, myosin heavy chain 2; NEB, nebulin; SPP1, secreted 
phosphoprotein 1; VCAM1, vascular cell adhesion molecule. (d) ACADL, acyl-CoA dehydrogenase long chain; ACADS, acyl-CoA dehydrogenase short chain; ACAA2, 
acetyl-CoA acyltransferase 2; ALDH9A1, aldehyde dehydrogenase 9 family member A1; ECHS1, enoyl-CoA hydratase, short chain 1; ETFDH, electron transfer 
flavoprotein dehydrogenase; PCCB,propionyl-CoA carboxylase subunit. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 1 
Top 15 hub genes from four clusters of up-regulated genes.  

Cluster 1 Cluster 2 Cluster 3 Cluster 4 
Rank Gene Score Rank Gene Score Rank Gene Score Rank Gene Score 
1 SREBF1  1946568960  1 ACAT2  362884  1 COL4A6  15864  1 ACAA2  409 
1 SCD  1946568960  2 NSDHL  362882  2 COL11A1  15144  1 ACADL  409 
1 DGAT2  1946568960  2 TM7SF2  362882  3 COLGALT2  15120  3 ACADS  408 
4 LPL  1935682560  2 HMGCS1  362882  3 COL5A3  15120  4 ECHS1  360 
5 PCK1  1934876160  5 FDPS  362881  3 COL14A1  15120  5 ETFDH  264 
6 LIPE  1931610240  6 IDI1  362880  3 COL8A1  15120  6 PCCB  240 
7 FABP4  1826012160  6 LSS  362880  7 COL4A5  11544  7 ALDH9A1  144 
8 SLC2A4  1789361280  6 MVK  362880  8 COL15A1  10080  8 HSDL2  120 
9 MLXIPL  1698641280  6 MVD  362880  9 COL9A3  6504  9 SLC25A20  48 
10 ADIPOQ  1647475200  6 MSMO1  362880  10 COL21A1  5040  10 ELOVL5  2 
11 LEP  1520467200  11 DLAT  90724  11 ITGA11  1464      
12 UCP1  1045094400  12 PDHB  90722  12 ITGA9  1446      
13 CEBPA  997920000  13 OGDH  90720  12 ITGA6  1446      
14 ACLY  878532480  13 PDHA1  90720  14 MYH1  1440      
15 NR1H3  522910080  13 MDH1  90720  14 MYH11  1440      

Abbreviations: ACAA2, acetyl-CoA acyltransferase 2; ACADL, acyl-CoA dehydrogenase long chain; ACADSacyl-CoA, dehydrogenase short chain; ACAT2, acetyl-CoA 
acetyltransferase 2; ACLY, ATP citrate lyase; ADIPOQ, adiponectin, C1Q and collagen domain containing; ALDH9A1,aldehyde dehydrogenase 9 family member A1; 
CEBPA, CCAAT enhancer binding protein alpha; COL11A1, collagen type XI alpha 1 chain; COL14A1, collagen type XIV alpha 1 chain; COL15A1, collagen type XV 
alpha 1 chain; COL21A1, collagen type XXI alpha 1 chain; COL4A5, collagen type IV alpha 5 chain; COL4A6, collagen type IV alpha 6 chain; COL5A3, collagen type V 
alpha 3 chain; COL8A1, collagen type VIII alpha 1 chain; COL9A3, Collagen Type IX Alpha 3 Chain; COLGALT2, collagen beta(1-O)galactosyltransferase 2; DGAT2, 
diacylglycerol O-acyltransferase 2; DLAT, dihydrolipoamide S-acetyltransferase; ECHS1, enoyl-CoA hydratase, short chain 1; ELOVL5, ELOVL fatty acid elongase 5; 
ETFDH, electron transfer flavoprotein dehydrogenase; FABP4, fatty acid binding protein 4; FDPS, farnesyl diphosphate synthase; HMGCS1, 3-hydroxy-3-methylglu-
taryl-CoA synthase 1; HSDL2, hydroxysteroid dehydrogenase like 2; IDI1, isopentenyl-diphosphate delta isomerase 1; ITGA11, integrin subunit alpha 11; ITGA6, 
integrin subunit alpha 6; ITGA9, integrin subunit alpha 9; LIPE, lipase E, hormone sensitive type; LPL, lipoprotein lipase; LSS, lanosterol synthase; MDH1, malate 
dehydrogenase 1; MLXIPL, MLX interacting protein like; MSMO1, methylsterol monooxygenase 1; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate 
kinase; MYH1, myosin heavy chain 1; MYH11, myosin heavy chain 11; NR1H3, nuclear receptor subfamily 1 group H member 3; NSDHL, NAD(P) dependent steroid 
dehydrogenase-like; OGDH, oxoglutarate dehydrogenase; PCCB, propionyl-CoA carboxylase subunit beta; PCK1, phosphoenolpyruvate carboxykinase 1; PDHA1, 
pyruvate dehydrogenase E1 subunit alpha 1; PDHB, pyruvate dehydrogenase E1 subunit beta; SCD, stearoyl-CoA desaturase; SLC25A20, solute carrier family 25 
member 20; SLC2A4, solute carrier family 2 member 4; SREBF1, sterol regulatory element binding transcription factor 1, TM7SF2, transmembrane 7 superfamily 
member 2; UCP1, uncoupling protein 1. 
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‘Oxidative phosphorylation’ (FDR 3.78−10) and ‘Thermogenesis’ (FDR 
1.29−07) (Fig. 6a), genes target of cMYC were enriched, among others, in 
‘cellular respiration’ (FDR 1.75−11) and in ‘Oxidation-reduction process’ 

(FDR 3.00−10) (Fig. 6b), The overlapped genes with the highest score 
target of E2F4 were enriched in ‘Acetylation’ (FDR 9.80−04) (Fig. 6c). 

Fig. 7 showed the down-regulated overlapped genes target of E2F4, 
JUN, NFKB1 and SMAD3. The top ten gens with the highest score target 
of E2F4 were significantly related to ‘Retinoblastoma gene in cancer’ 

(FDR 3.53−09) and in ‘Cell cycle’ (FDR 5.89−09) (Fig. 7a), those target of 
JUN were enriched in ‘Proteoglycan in cancer’ (FDR 1.03−07), in 
‘Interleukin-4 and Interleukin-13 signalling’ (FDR 2.40−05) and in 

‘Extracellular matrix organization’(FDR 9.77−05) (Fig. 7b). The enrich-
ment analysis of hub genes target of NFKB1 revealed that these genes 
were mainly involved in ‘PI3K-Akt signalling pathway’ (FDR 3.29−08) 
and ‘IL-18 signalling pathway’ (FDR 8.68−07) (Fig. 7c), those target of 
SMAD3 again in ‘Extracellular matrix organization’ (FDR 6.72−09) 
(Fig. 7d). 

Hub overlapped up- or down-regulated genes and target of all TFs 
were screened. Target genes of AR, CEBPA, PPARA and PPARG were 
related to adipogenesis, AMPK signaling pathway, regulation of lipid 
metabolic process, positive regulation of cold-induced thermogenesis 
and fatty acid metabolic process. Down-regulated hub genes target of 
cMYC, SP1 and RELA were significantly enriched in cytosolic ribosome, 
AGE-RAGE signalling pathway in diabetic complications, extracellular 
matrix organization and apoptosis (data not shown). 

3.7. The estimated percentage of brown-like adipocytes increases with the 
day of differentiation 

Starting from normalized reads counts of SGBS cells at all day of 
differentiation, D04, D06, D08 and D10, the BATLAS webtool estimated 
an increasing percentage of brown phenotype (Fig. 8). The estimate 
percentage at D04 was 36.7%, 50.2% at D06, 54.5% at D08 and 57.6% at 
D10. Inversely the estimated percentages of white adipocytes were 
63.35% at D04, 49.7% at D06, 45.5% at D08 and 42.4% at D10. Of the 
98 candidate genes used to classify the proportion of brown adipocytes, 
87 were found from our DEGs (Table A.8). Eighteen DEGs were found 
among the 21 genes associated with white adipocytes (Table A.9). 

Using PROFAT tool (Cheng et al., 2018) the estimation of BAT 
phenotype at D04 was 7.60%, at D06 16.44%, at D08 75.50% at D10 
95.96% (data not shown) and the heatmap of marker expression was 
constructed (Fig. 9). These results indicate that during differentiation 
SGBS cells displayed a gene expression pattern similar to “beige” or 
“brown” cells. 

3.8. Validation of gene expression with Real-time PCR 

In order to validate the results obtained from the RNAseq analysis, 
the mean values of 2^(-ΔΔCts) of PPARG, PPARGC1A, UCP1, PRDM16, 
NFKB1 and NFE2L2 genes was measured and compared (Fig. 10). No 
statistical differences were found between the expression level 
distribution. 

4. Discussion 

In recent years, ample interest has grown in the potential that white 
adipose tissue (WAT) acquires features of brown adipose tissue (BAT) in 
nonclassical BAT regions of the body, in order to develop strategies to 
counteract obesity and metabolic disorders. In vitro experimental models 
of white and brown adipocytes are a key resource for researching the 
biological features of BAT. Characteristics, functions and molecular 
signatures of BAT are mainly based on rodent models (Wang et al., 
2018), while researches in human BAT are consistently less advanced. 
Among human cellular models, SGBS cells have been frequently used to 
study human adipocyte biology for their metabolic changes during the 
differentiation (Galhardo et al., 2014) and also to study obesity (Allott 
et al., 2012) and adaptive thermogenesis (Klusóczki et al., 2019). To 
gain further insight into the tanscriptional program of human adipo-
gensis and browning, we performed RNAseq of SGBS cells at different 
stages of adipogenesis, in particular at early differentiation (D04), 
mid-differentiation (D06, D08), and mature adipocytes (D10). 

PCA analysis based on reads clearly clustered the data set on the first 
component between D04 and D06, D08, D10. Moreover, biological 
replicates of same time point were very close each other indicating a 
robust data reproducibility (Fig. 1b). 

A group of 932 up-regulated overlapping DEGs were identified at 6, 8 
and 10 days of differentiation. According to GO-terms, these DEGs were 

Fig. 4. Cluster with a MCODE score of 5.2 identified from the PPI network 
constructed with down-regulated DEGs overlapping to all the comparison vs 
D04. The enriched pathways are marked in different colours. Red: ‘NRF2 
pathway’; blue: ‘Glutathione metabolism’; purple: ‘Response to oxidative 
stress’. Yellow nodes indicate genes involved in pathways obtained by enriched 
analysis. Edges represent the protein-protein associations, Abbreviations: 
GCLM, glutamate-cysteine ligase modifier subunit; GPX3, glutathione peroxi-
dase; GSR, glutathione-disulfide reductase; GSTM3, glutathione S-transferase 
mu 3; NQO1, NAD(P)H quinone dehydrogenase 1; PTGR1, prostaglandin 
reductase 1; SLC7A11, solute carrier family 7 member 11; TXNRD1, thioredoxin 
reductase 1. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Table 2 
Top 10 hub genes from the cluster of down-regulated overlapping genes.  

Cluster 1 
Rank Gene Score 
1 GCLM  120 
1 NQO1  120 
3 TXNRD1  96 
3 GSR  96 
5 PTGR1  48 
5 GPX3  48 
7 SLC7A11  24 
7 GSTM3  24 
7 AKR1B10  24 

Abbreviations: AKR1B10, aldo-keto reductase family 1 member B10; GCLM, 
glutamate-cysteine ligase modifier subunit; GPX3, glutathione peroxidase 3; 
GSR, glutathione-disulfide reductase; GSTM3, glutathione S-transferase mu 3; 
NQO1, NAD(P)H quinone dehydrogenase 1; PTGR1, prostaglandin reductase 1; 
SLC7A11, solute carrier family 7 member 11; TXNRD1, thioredoxin reductase 1. 
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Fig. 5. KEGG pathway enrichment analysis. Dot size represents the number of genes in each KEGG pathway; adj.Pval (adjusted p-value): Red < orange < green. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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enriched in pathways related to energy production by oxidation of 
organic compounds, oxidoreductase activity, and mitochondrial orga-
nisation (Table A.2), this can be related to the continuous increase of 
UCP1 expression from D04 to D10, a feature of browning (Rosell et al., 
2014). KEGG pathways enrichment confirmed that oxidative phos-
phorylation, PPARG signalling, thermogenesis, and amino acid meta-
bolism were the most significantly up-regulated pathways in all the 
three comparisons (Fig. 5; Table A.5) corroborating that differentiated 
SGBS cells at D06, D08 and D10 progressibly acquire a BAT-like func-
tion. These results are in partial agreement with those of Kalkhof et al. 
(2020) and provide evidence that SGBS cells exhibit a molecular 
signature for the induction of thermogenesis in the early phase of dif-
ferentiation. The mechanism of nonshivering thermogenesis in BAT is 

mitochondrial uncoupling, mediated by the catabolism of energy sub-
strates without the release of chemical energy. This process is achieved 
through the action of UCP1, which is a mitochondrial proton transporter 
(Collins et al., 2010). PRDM16 is recognised as a brown fat switch that 
leads to the expression of key regulators of the brown fat, PPARG and 
PPARGC1A, by forming a transcriptional complex with C/EBPβ (Kaji-
mura et al., 2009). However, among the clustered and hub up-regulated 
genes enriched in ‘Brown fat cell differentiation’ or ‘Cold induced 
thermogenesis’ (Fig. 3; Table 1) PRDM16 is not listed and its expression 
decreased from D06 to D10 SGBS cells, suggesting that PRDM16 is an 
early trancription marker needed for early determination of differenti-
ation (Table A.2), as already observed in previous studies (Galhardo 
et al., 2014; Yeo et al., 2017; Montanari and Colitti, 2018). Interestingly, 

Fig. 6. Top ten hub genes identified by MCC algorithm from the PPI networks of overlapped up-regulated genes target of TFs. The enriched analysis was performed 
for genes with highest score and are marked in different colours. (a) Top ten hub up-regulated genes target of E2F1 were enriched in the ‘Citric acid (TCA) cycle and 
respiratory electron transport’ (red), in ‘Oxidative phosphorylation’ (blue) and ‘Thermogenesis’ (brown). (b) Top ten hub up-regulated genes target of cMYC were 
enriched in ‘Cellular respiration’ (red) and in ‘Oxidation reduction process’ (blue). (c) Top ten hub up-regulated genes target of E2F4 were enriched in ‘Acetylation’ 

(red). Hub genes in the PPI pathways with the highest MCC score are marked from red, with the lowest in yellow. Edges represent the protein-protein associations. 
Abbreviations: (a) ATP5PB, ATP synthase peripheral stalk-membrane subunit b; CYC1, cytochrome c1; FH, fumarate hydratase; MSH2, mutS homolog 2; HSPD1, heat 
shock protein family D (Hsp60) member 1; NDUFAB1, NADH:ubiquinone oxidoreductase subunit AB1; NDUFC1, NADH:ubiquinone oxidoreductase subunit C1; 
NDUFV1, NADH:ubiquinone oxidoreductase core subunit V1; SUCLG1, succinate-CoA ligase GDP/ADP-forming subunit alpha; UQCRB, ubiquinol-cytochrome c 
reductase binding protein. (b) ACADM, acyl-CoA dehydrogenase medium chain; ACO2, aconitase 2, ETFA, electron transfer flavoprotein subunit alpha; IDH3B, 
isocitrate dehydrogenase (NAD(+)) 3 non-catalytic subunit beta; LDHA, lactate dehydrogenase A; MDH1, malate dehydrogenase 1; NDUFB5,NADH:ubiquinone 
oxidoreductase subunit B5; NDUFS6, NADH:ubiquinone oxidoreductase subunit S6; NDUFV1, NADH:ubiquinone oxidoreductase core subunit V1; PDHA1, pyruvate 
dehydrogenase E1 subunit alpha 1. (c) HSP90B1, heat shock protein 90 beta family member 1; HSPD1, heat shock protein family D (Hsp60) member 1, MLH1, mutL 
homolog 1; MSH2 mutS homolog 2; PARK7, Parkinsonism associated deglycase; PSMA7, proteasome 20 S subunit alpha 7; SMARCA4, SWI/SNF related, matrix 
associated, actin dependent regulator of chromatin, subfamily a, member 4; TOP1, DNA topoisomerase I; VCP, valosin containing protein. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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released factor such as BMP7 and transcription factor as EBF2, essential 
for PRDM16 activation and brown cells formation, are not expressed or 
significantly down-regulated in D06, D08 and D10 cells in comparison to 
D04 (Table A.2). In fact, these factors are blocked by the nuclear protein 
ZNF423 (Shao et al., 2016a,2016b), which is up-regulated in all the 
comparisons and whose expression increased from D06 to D10 
(Table A.2), although organic substance catabolic process and cellular 
respiration, oxido-reductase activity and oxidative phosphorilation are 
the most significantly biological and molecular process identified 
(Tables A.3, A.4, A.5). Further, moderate BAT developed in Prdm16-/- 

mice at embryonic day 17 and ablation of Prdm16 into adipocytes only 
impairs differentiation of beige fat, leaving the classic BAT intact (Cohen 
et al., 2014). 

The 384 down-regulated overlapping DEGs were associated with 
protein translation, cellular connectivity, and focal adhesion 
(Table A.2). Again, focal adhesion and ribosome-related genes were the 
most down-regulated ones in KEGG enrichement (Fig. 5; Table A.5). It is 

known that adipocytes have a great capacity to adjust their size 
depending on substrate availability, and that during adipocyte differ-
entiation and enlargement of lipid droplets (LDs), there is cytoskeletal 
restructuring and actin reorganisation (Hansson et al., 2019; Kim et al., 
2019). This agrees with our previous study on SGBS cells that showed, 
during differentiation and without any external stimulation, a constant 
and significant increase of LDs surface without any variation of the 
number of LDs per cell (Montanari and Colitti, 2018) (Fig. 1c). In pri-
mary brown adipocytes exposed to thermoneutral condition, a uniloc-
ular LDs organization and an increase of cell size were observed, 
together with a down-regulation of F-actin (Kim et al., 2019). In the 
present study, the deeper investigation with the molecular complex 
detection (MCODE) and with MCC scores from the CytoHubba plugin in 
Cytoscape, identified, among others, a clusters of up-regulated genes 
(COL4A6, COL11A1, COLGALT2, COL5A3, COL14A1, COL8A1, COL4A5 
COL15A1, COL9A3, COL21A1, ITGA11, ITGA9, ITGA6, MYH1, MYH11) 
associated to ECM organization. Adipocytes are surrounded by a 

Fig. 7. Top ten hub genes identified by MCC algorithm from the PPI networks of overlapped down-regulated genes target of TFs. The enriched analysis was per-
formed for genes with highest score and are marked in different colours. (a) Top ten hub down-regulated genes target of E2F4 were enriched in ‘Retinoblastoma gene 
in cancer’ (red) and in ‘Cell cycle’ (blue). (b) Top ten hub down-regulated genes target of JUN were enriched in ‘Proteoglycan in cancer’ (red), in ‘Interleukin-4 and 
Interleukin-13 signalling’ (blue) and in ‘Extracellular matrix organization’ (green). (c) Top ten hub down-regulated genes target of NFKB1 were enriched in ‘PI3K-Akt 
signaling pathway’ (red) and ‘IL-18 signalling pathway’ (blue). (d) Top ten hub down-regulated genes target of SMAD3 were enriched in ‘Extracellular matrix or-
ganization’ (red). Hub genes in the PPI pathways with the highest MCC score are marked from red, with the lowest in yellow. Edges represent the protein-protein 
associations, Abbreviations: (a) ATM, ATM serine/threonine kinase; CHECK1, Checkpoint Kinase 1; H2AFZ, H2A.Z Variant Histone 1; MYC, MYC proto-oncogene, 
bHLH transcription factor; PCNA, proliferating cell nuclear antigen; PTTG1, PTTG1 regulator of sister chromatid separation, securing; TYMS, thymidylate synthetase; 
WEE1, WEE1 G2 checkpoint kinase. (b) CCL2, C-C motif chemokine ligand 2; CD44, CD44 molecule (Indian blood group); COL1A1, collagen type I alpha 1 chain; 
MET, MET proto-oncogene, receptor tyrosine kinase; MMP2, matrix metallopeptidase 2; MYC, MYC proto-oncogene, bHLH transcription factor; SERPINE1, serpin 
family E member 1; TGFB1, transforming growth factor beta 1; TIMP1, TIMP metallopeptidase inhibitor 1. (c) BCL2L1, BCL2 like 1; CCL2, C-C motif chemokine 
ligand 2; CSF1, colony stimulating factor 1; FN1, fibronectin 1; MET, MET proto-oncogene, receptor tyrosine kinase; MYC, MYC proto-oncogene, bHLH transcription 
factor; NFKB1, nuclear factor kappa B subunit 1; NFKBIA, NFKB inhibitor alpha; TIMP1, TIMP metallopeptidase inhibitor 1, VEGFC, vascular endothelial growth 
factor C. (d) COL3A1, collagen type III alpha 1 chain; COL6A1, collagen type VI alpha 1 chain; COL6A3, collagen type VI alpha 3 chain; COL7A1, collagen type VII 
alpha 1 chain; LAMC1, laminin subunit gamma 1; SERPINE1, serpin family E member 1; TGFB1, transforming growth factor beta 1; TIMP1, TIMP metallopeptidase 
inhibitor 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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basement membrane mainly composed by collagen IV and VI (Nakajima 
et al., 2002). This structure allows anchorage to the basement mem-
brane and survival of adipocytes, as well as the transduction of signals 
across the plasma membrane by integrins that are critical for adipocyte 
expansion (Mariman and Wang, 2010). More recently, the interaction of 
ECM with adipocytes has been found related to brown adipose formation 
and function through actomyosin mechanics and integrin-extracellular 
matrix interactions (Tharp et al., 2018; Gonzalez Porras et al., 2021). 
Of note, in the cluster the expression of muscle-specific type II myosin 
heavy chains such as MYH1 and MYH11, which promote intrinsic 
physical forces in cells, are listed. 

Interconnected genes in cluster 4 were related to fatty acid degra-
dation and to valine, leucine and isoleucine degradation (Fig. 3, Table 1) 
and both processes have been widely recognised in WAT and BAT adi-
pocytes. Branched-chain amino acids (BCAA; valine, leucine, and 
isoleucine) are strongly up-regulated in mature white adipocytes during 
adipogenesis (Halama et al., 2015) and are an important source of de 
novo lipogenesis (Green et al., 2016). Interestingly SLC25A44 gene 
coding for the mitochondrial transporter for BCAA catabolism in BAT 
was significantly up-regulated in D08 and D10 SGBS cells. The in-
termediates of BCAA catabolism, produced in mitochondria, can then be 
exported in cytoplasm and elongated through carnitine acyl transferase 
(CPT2), which was significantly up-regulated in D06, D08 and D10 cells, 
to be stored or mobilized as monomethyl branched-chain fatty acid 
(mmBCFA) (Green et al., 2016). BAT, after cold exposure, actively em-
ploys BCAA for thermogenesis thus promoting systemic BCAA clearance 
in mice and humans (Yoneshiro et al., 2019), even if intracellular tri-
glycerides are likely the primary energy source of BAT upon activation 
(Carpentier et al., 2018). 

Reactive oxygen species ROS plays a controversial role in adipo-
genesis (Schneider and Chan, 2013), while its role has been ascertained 
during thermogenesis (Han et al., 2016; Mills et al., 2018). Pathway of 
nuclear factor erythroid 2-related factor 2 (NRF2), a main regulator of 
antioxidants genes (Ma, 2013; Colitti et al., 2019) was associated to 
overlapping down-regulated DEGs in SGBS cells and the NRF2 gene was 
significantly down-regulated in comparison to D04 (Table A.2). Of note, 
in Nrf2 deficient mice an increased UCP1 expression was found due to an 
increased oxidative stress (Schneider et al., 2016; Chang et al., 2021), 

therefore related to a decreased glutathione peroxidases (GPxs) 
expression, regulated by NRF2. In fact, level of glutathione (GSH), is 
negatively correlated with activation of the thermogenic program 
(Lettieri Barbato et al. 2015). GPX3 and NQO1 are included among the 
hub down-regulated genes both involved in the protection from oxida-
tive stress and in adipogenesis (Schneider and Chan, 2013). Accordingly, 
it has been demonstrated that the enhancement of oxidative stress in-
creases the expression of Pgc1α in mice (Matsuzawa-Nagata et al., 
2008), which boosts mitochondrial biogenesis and the UCP1 expression 
(Rius-Pérez et al., 2020). 

Target genes of AR, CEBPA, cMYC, E2F1, E2F4, PPARA, PPARG and 
TFAP2A obtained by transcription factors enrichment analysis were 
overrepresented in the up-regulated genes. AR, CEBPA, PPARG and 
PPARA are known to be involved in adipogenesis and lipid metabolism 
with a clearly defined role (Colitti and Grasso, 2014), others, like the 
E2F family of transcription factors, are cell-cycle proteins that regulates 
adipogenesis with their pocket proteins (Fajas et al., 2002). While E2F1 
induces transcription of PPARG, promoting adipogenesis, on the con-
trary E2F4 through the association of pocket protein RBL1 (p107) or 
RBL2 (p130) represses PPARG trascription (Farmer, 2006). More 
recently Han et al. (2016) showed that in muscle progenitors cells of 
mice repression of Prdm16 is mediated through E2F4/pocket proteins 
and that switching on transcription repressor complex promotes BAT 
formation. 

Our data demonstrate that hub genes, target of E2F1, such as CYC1, 
NDUFV1, NDUFC1, NDUFAB1, ATP5F1 and UQCRB are shared genes 
between the citric acid (TCA) cycle and respiratory electron transport, 
oxidative phosphorilation and thermogenesis (Fig. 6a). Overlapping 
genes up-regulated by cMyc showed that hub genes ACO2, NDUFB5, 
NDUFS6, NDUFV1, PDHA1, IDH3B, MDH1 and ETFA were also related 
to the citric acid (TCA) cycle and cellular respiration (Fig. 6b), while the 
down-regulated ones were enriched in cytosol ribosomal proteins. 
However, transcriptional repressors of WAT, such as CTBP1 and CTBP2, 
which promote WAT browning (Vernochet et al., 2009), were signifi-
cantly down-regulated in all the differentiation days examined in com-
parison to D04. Moreover, EBF2 and ZNF516 brown adipocyte 
lineage-specific transcription factors (Jung et al., 2019), were 
down-regulated at D06, D08 and D10 and no enrichment for their target 

Fig. 8. The BATLAS estimation of the percentage of brown phenotype at different days of differentiation in SGBS cells. By the comparison of up and down-regulated 
hub DEGs and gene signature that classifies brown and white adipocytes reported by BATLAS (Perdikari et al., 2018), 6 genes PCK1 (phosphoenolpyruvate car-
boxykinase 1), UCP1 (uncoupling protein 1), OGDH (oxoglutarate dehydrogenase), PDHA1 (pyruvate dehydrogenase E1 subunit alpha 1), ACADS (acyl-CoA de-
hydrogenase short chain) and ECHS1 (enoyl-CoA hydratase, short chain 1) were associated to brown fat and one LEP (leptin) to the white phenotype. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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genes were found. On the contrary, ZNF423, identified as 
anti-thermogenic transcription factor, was up-regulated in comparison 
to D04 probably leading to a repression of PRDM16, as already reported 

(Shao et al., 2016a,2016b). 
The up-regulated genes target of E2F4 (Fig. 6c) and cMYC were 

enriched in ‘Acetylation’, a process that is widely involved in adipocyte 

Fig. 9. Hierarchical clustering obtained by PROFAT web tool performed using Euclidean distance and complete linkage based on normalized gene expression values. 
DEGs were defined based on an adjusted p-values < 0.01 and a mean log2 fold-change threshold > 1.5. WAT reference aggregate = white adipose tissue predicted 
marker gene set, BAT reference aggregate = brown adipose tissue predicted marker gene set. 
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thermogenic differentiation and adaptive thermogenesis or browning 
through the down-regulation HDAC1, HDAC3 and HDAC11 and the up- 
regulation of SIRT1 and HADC6 (Ong et al., 2020). Interestingly, HDAC9 
is known to inhibit HDAC1, HDAC3 promoting an oxidative metabolism 
(Galmozzi et al., 2013), suppressing adipogenic differentiation in 
3T3-L1 preadipocytes (Chatterjee et al., 2011). Accordingly, compared 
with D04, SGBS cells showed significant down-regulation of HDAC1, 
HDAC3, but not HDAC11 along with significant up-regulation of 
HDAC9, HDAC6, and SIRT1 (Table A.2). 

Hub genes target of selected down-regulated TFs were significantly 
enriched, among others, in ‘Retinoblastoma gene in cancer’, ‘Proteo-
glycan in cancer, ‘Extracellular matrix organization’ and ‘IL-18 signal-
ling pathway’ (Fig. 7), that confirmed previous data obtained by down- 
regulated overlapping DEGs. In particular, the retinoblastoma pathway 

could be related to a down-regulation of RBL1 and RBL2 that, if deleted, 
have an important role in browning process (Hansen et al., 2004). 
Proteoglycans are a subset of glycoproteins found at the cell surface and 
in the extracellular matrix and were connected to metabolic homeostasis 
and adipocytes differentiation (Pessentheiner et al., 2020). Moreover, it 
has been known that ablation of specific proteoglycans, such as NG2, 
impaired brown fat development through a reduced transcription of 
PRDM16 (Chang et al., 2012) and that metalloproteinase such as MMP-2 
and CD44 are involved in obesity and insuline resistance (Lin et al., 
2016). Interestingly, down-regulated hub gene targets of NFKB1 are 
involved in IL-18 signalling pathway whose deletion promoted a brown 
phenotype in brown tissue and cells of Il18−/− mice (Yamanishi et al., 
2018). 

It has been observed previously that SGBS cells induce a beige 

Fig. 10. qPCR validation of of the DEGs from RNA sequencing. Expression level of qPCR were normalized against the geometric mean of housekeeping genes and 
reported as 2(-ΔΔCt) mean values relative to D04 (equal to 1). PPARCG1A, PPARG Coactivator 1 Alpha; UCP1, uncoupling protein 1; PRDM16, PR domain containing 
16; PPARG, Peroxisome Proliferator Activated Receptor Gamma, NFE2L2, NFE2 Like BZIP Transcription Factor 2; NFKB1, Nuclear Factor Kappa B Subunit 1. 
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adipocyte differentiation program upon rosiglitazone and T3 treatment 
(Klusóczki et al., 2019), as previously observed in adipocytes derived 
from epididymal depot (Petrovic et al., 2010). Of note, rosiglitazone was 
also found to inhibit SMAD signalling in white adipose tissue in vivo 
(Beaudoin et al., 2014), supporting the notion that in SMAD-/- mice WAT 
exhibited an increased number of brown adipocytes and mitochondrial 
biogenesis (Yadav et al., 2011). Among the down-regulated genes 
SMAD, TGFB1, COL3A1, COL6A1 are highly connected and their 
expression decreased from D06 compared to D10 comparsion 
(Table A.2). Elevated collagen VI, the major ECM protein in adipose 
tissues, together TGFβ are responsible factors for excessive accumulation 
of the ECM in adipose tissue of human with obesity (Reggio et al., 2016). 

Finally, the comparison of DEGs with candidate genes of brown and 
white cell molecular signature indicated an increase in percentage of 
genes related to brown phenotype according to SGBS cells 
differentiation. 

5. Conclusions 

This is a detailed study comparing the DEGs of SGBS cells up to the 
tenth day of differentiation. RNA-Seq analysis identified genes involved 
in ECM organization and oxidative stress that may regulate thermo-
genesis. The present study provided useful resources and sequencing 
information of considerable value for further research on the browning 
process. Functional characterization of several unigenes, involved in the 
identified biological processes, could stimulate research to further un-
ravel the molecular basis of adipose tissue browning and also provide a 
reference base to promote experimental research. 
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Effects of allicin on human
Simpson-Golabi-Behmel
syndrome cells in mediating
browning phenotype
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Introduction: Obesity is a major health problem because it is associated with

increased risk of cardiovascular disease, diabetes, hypertension, and some cancers.

Strategies to prevent or reduce obesity focus mainly on the possible effects of

natural compounds that can induce a phenotype of browning adipocytes capable

of releasing energy in the form of heat. Allicin, a bioactive component of garlic with

numerous pharmacological functions, is known to stimulate energy metabolism.

Methods: In the present study, the effects of allicin on human Simpson-Golabi-

Behmel Syndrome (SGBS) cells were investigated by quantifying the dynamics of

lipid droplets (LDs) and mitochondria, as well as transcriptomic changes after six

days of differentiation.

Results: Allicin significantly promoted the reduction in the surface area and size of

LDs, leading to the formation of multilocular adipocytes, which was confirmed by

the upregulation of genes related to lipolysis. The increase in the number and

decrease in themean aspect ratio of mitochondria in allicin-treated cells indicate a

shift inmitochondrial dynamics toward fission. The structural results are confirmed

by transcriptomic analysis showing a significant arrangement of gene expression

associated with beige adipocytes, in particular increased expression of T-box

transcription factor 1 (TBX1), uncoupling protein 1 (UCP1), PPARG coactivator 1

alpha (PPARGC1A), peroxisome proliferator-activated receptor alpha (PPARA), and

OXPHOS-related genes. The most promising targets are nuclear genes such as

retinoid X receptor alpha (RXRA), retinoid X receptor gamma (RXRG), nuclear

receptor subfamily 1 group H member 3 (NR1H3), nuclear receptor subfamily 1

group H member 4 (NR1H4), PPARA, and oestrogen receptor 1 (ESR1).

Discussion: Transcriptomic data and the network pharmacology-based

approach revealed that genes and potential targets of allicin are involved in

ligand-activated transcription factor activity, intracellular receptor signalling,

regulation of cold-induced thermogenesis, and positive regulation of lipid

metabolism. The present study highlights the potential role of allicin in

triggering browning in human SGBS cells by affecting the LD dynamics,

mitochondrial morphology, and expression of brown marker genes.

Understanding the potential targets through which allicin promotes this effect

may reveal the underlying signalling pathways and support these findings.
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Introduction

Obesity is a complex multifactorial disease that presents a risk

of death as it is associated with many noncommunicable diseases

such as cardiovascular diseases, type 2 diabetes, and cancer. Since

the discovery of brown adipose tissue (BAT) in the adult human

body and its ability to dissipate energy, it has been of particular

interest to exploit the activity of BAT as a therapeutic option to

counteract obesity. In addition, the formation of thermogenic or

beige adipocytes in white adipose tissue (e.g., adipocyte browning)

may represent another option to increase energy expenditure (1). In

both brown and beige adipocytes oxidative phosphorylation is

uncoupled from ATP production, which is due to up-regulation

of uncoupling protein-1 (UCP1) (2). To date, in vitro and in vivo

studies have identified a considerable number of browning agents,

such as capsaicin, resveratrol, caffeine, and fucoxanthin (3, 4).

Garlic (Allium sativum L.) is a popular species rich in

organosulfur compounds that are useful for medicinal purposes.

When garlic is chopped or crushed, alliin is released and then

hydrolyzed into allicin by allicinase. Allicin in vitro breaks down

into a variety of fat-soluble organosulfur compounds, including

diallyl trisulfide (DATS), diallyl disulfide (DADS), and diallyl

sulfide (DAS) (5–7). The high permeability of allicin through cell

membranes and rapid reaction with free thiol groups promote its

diverse biological and therapeutic functions (8). Allicin is known for

its antibacterial, antifungal, and antiparasitic activities (9), as well as

its anticarcinogenic (10, 11) and anti-inflammatory functions (12,

13). Allicin has also been shown to suppress cholesterol biosynthesis

by inhibiting squalene monooxygenase and acetyl-CoA synthetase

(14). Methanolic extract of black garlic containing alliin,

upregulated the expression of genes related to adipokines,

lipolysis, and fatty acid oxidation in adipose tissue of rats fed a

high-fat diet (15).

Recently, allicin was reported to promote browning in

differentiated 3T3-L1 adipocytes and white inguinal adipose tissue

of mice through extracellular signal regulated kinase 1/2 (ERK1/2)

and KLF Transcription Factor 15 (KLF15) pathways, which

stimulates the expression of UCP1 through interaction with its

promoter (16). It has also been suggested that the Sirt1-PGC1a-

Tfam pathway plays a role in promoting allicin-mediated BAT

activity (17).

Although several mouse cell lines are available to understand

the adipogenic and thermogenic regulatory networks in vitro,

human cell lines are of interest to explore the molecular

mechanism of browning and to identify potential dietary

supplements and nutraceuticals that could induce browning. The

Simpson-Golabi-Behmel Syndrome (SGBS) cell strain is commonly

used as a model for the differentiation of human white adipocytes

(18). These cells retain their differentiation ability up to several

generations when provided with the appropriate adipogenic

differentiation medium. Based on the effect of rosiglitazone (19), a

browning phenotype was observed in SGBS cells during

differentiation, and RNA sequencing revealed an increase in genes

involved in extracellular matrix organization and oxidative stress

that may regulate adaptive thermogenesis, with an increased

percentage of brown phenotype, confirming that differentiated

SGBS cells gradually acquire BAT-like function from day 4 to day

10 (20).

After stimulation of browning, the formation of micro lipid

droplets (LDs) has been demonstrated in response to lipolytic

release of fatty acids (21). This enables efficient intracellular

lipolysis from the LD surface and subsequent promotion of free

fatty acid transport to mitochondria for b-oxidation in BAT (22).

Consistent with this property, both cold exposure and adrenergic

stimulation induce rapid mitochondrial fragmentation, which

synergistically promote uncoupling and thus heat production (23).

Using RNAseq and quantifying the dynamics of LDs and

mitochondrial morphology, the current study aims to evaluate the

browning effect of allicin in vitro using the SGBS cell strain as a

human primary adipocyte model in comparison to the control and

cells treated with dibutyryl cAMP sodium salt (cAMP) as a positive

control. To clarify the potential browning effect of allicin, a network

pharmacology strategy was also performed based on the

identification of potential targets.

Materials and methods

Chemicals and culture media

Dulbecco’s modified Eagle medium (DMEM)/F-12 medium

(1:1) enriched with L-glutamine and 15 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), fetal bovine serum (FBS)

and penicillin streptomycin solution were purchased from Gibco by

Life Technologies (Thermo Fisher Scientific Inc., Waltham,

Massachusetts). TRIzol reagent, PureLink™ RNA Mini Kit and

SuperScript™ III one-step RT-PCR system with Platinum™ Taq

DNA polymerase were purchased from Invitrogen (Thermo Fisher

Scientific Inc., Waltham, Massachusetts). Rosiglitazone was

purchased from Cayman Chemical (Ann Arbor, Michigan).

Al l ic in was purchased from Solarbio Li fe Sciences®

(Beijing, China).

All other chemicals used in the experiment and not listed above

were purchased from Sigma-Aldrich (Darmstadt, Germany).

Cell culture and treatments

Human SGBS cells were grown Dulbecco’s Modified Eagle

Medium Nutrient Mixture F-12 (DMEM/F-12) supplemented

with 10% fetal bovine serum (FBS), 3.3 mM biotin, 1.7 mM

panthotenate and 1% penicillin/streptomycin solution, at 37°C,

5% CO2 and 95% relative humidity. Cells were platted in Petri

dishes (100mm) in duplicate. Once the cells reached approximately

90% confluence, differentiation was induced by feeding the cells

with serum-free growth medium supplemented with 10 µg/ml

t rans fer r in , 0 .2 nM tr i iodothyronine (T 3 ) , 250 nM

hydroxycortisone, 20 nM human insulin, 25 nM dexamethasone,

250 µM 3-isobutyl-1-methylxanthine (IBMX) and 2 µM

rosiglitazone (day 0 of differentiation). After 4 days, the
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differentiation medium was replaced with maintenance medium

composed by serum-free growth medium supplemented with 10 µg/

ml transferrin, 0.2 nM T3, 250 nM hydroxycortisone and 20 nM

human insulin. Fresh maintenance medium was added every 2 days.

Treatment with allicin began on day 0 of differentiation (D0),

and continued until analysis on day six (D06) of differentiation

(Figure 1). Allicin concentrations of 5, 12.5, 25, and 50 µM were

tested. Prior to treatment, allicin was diluted in dimethyl sulfoxide

(DMSO) and a stock solution was prepared. Stock solutions were

prepared so that the volume of DMSO in the treatment medium did

not exceed 0.5%. Control cells (CTRL) were incubated with the

same volume of 0.5% DMSO in the differentiation medium for 6

days. As a positive control (cAMP), SGBS cells were treated with

500 µM dibutyryl cAMP sodium salt (a cyclic nucleotide derivative

that mimics endogenous cAMP) for 24 hours before the sixth day of

differentiation (24) (Figure 1).

Cell viability assay

Cell viability was determined using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were

plated in a 96-well plate and treated with 5.0, 12.5, 25.0, and 50

µM allicin (25). Before incubation with 5 mg/mL MTT in HBSS,

cells were rinsed with 1X phosphate buffer saline (PBS) 1X.

Incubation with the MTT solution was performed at 37°C for 4

hours. The resulting formazan was dissolved in dimethyl sulfoxide

(DMSO) and incubated overnight (O/N) at 37°C. Optical density

was used as an indicator of cell viability and was measured at

590 nm.

BODIPY staining and confocal imaging

Cells for BODIPY™ staining and subsequent confocal imaging

were cultured on ibiTreat 8-well m-slides (Ibidi GmbH, Planegg/

Martinsried, Germany). Cells were fixed in a 2% formalin solution

diluted in PBS 1X at room temperature (RT) for 15 minutes.

Subsequently, after washing three times in PBS 1X, the cells were

incubated in a solution of BODIPY™ 493/503 in PBS 1X to

fluorescently label the lipid droplets. Incubation was performed

for 45 minutes in the dark at RT. The slides were then washed three

times in PBS 1X.

Fluorescence images were acquired using a Leica SP8 confocal

microscope (Leica Microsystems Srl, Milan, Italy) and LAS X

3.1.5.16308 software. Slides were viewed with the HCX PL APO

lambda blue 63x/1.40 OIL objective. DAPI fluorescence was

detected with a 405 diode laser (410/480 nm), while BODIPY

fluorescence was detected with a white light laser (503/588 nm).

Images were acquired using a photomultiplier tube (PMT) that

allowed point scanning of the region of interest (ROI) with the

selected laser and produced 1024 × 1024 px images.

Morphology of LDs

The MRI_Lipid Droplets Tool (http://dev.mri.cnrs.fr/projects/

imagej-macros/wiki/LipidDroplets_Tool), a macro in the ImageJ

1.50b software (http://rsb.info.nih.gov/ij/), was used to measure LD

area (26). Individual cells were defined by regions of interest (ROIs)

and images were analyzed as previously described (27). For each

cell, the LD area (in mm2), maximum Feret diameter (MFD, in mm),

and integrated optical density (IOD, dimensionless) were measured.

The MDF is used as a measure of the diameter of irregularly shaped

objects, whereas the IOD is related to both triglyceride

accumulation and the size of LDs (28).

MitoTracker® staining

SGBS cells cultured on ibiTreat 8-well m-slides (Ibidi GmbH,

Germany) were incubated at 37°C with 100 nM MitoTracker®

Orange CMTMRos (Thermo Fisher Scientific, USA) for 30

minutes. The stained cells were washed with PBS 1X and fixed

with 2% formalin at RT for 15 minutes. After fixation, cells were

rinsed three times with PBS 1X, mounted in DAPI-containing

mounting medium (Cayman Chemical Company, USA), and

imaged using a Leica SP8 confocal microscope (Leica

Microsystems, Germany) and LAS X 3.1.5.16308 software. Slides

were viewed with the HCX PL APO lambda blue 63x/1.40 OIL

objective. DAPI fluorescence was detected with a 405 diode laser

(410/480 nm), while MitoTracker® fluorescence was detected with a

white light laser (550/605 nm). Images were acquired using a

photomultiplier tube (PMT) that allowed point-by-point scanning

of the region of interest (ROI) with the selected laser and produced

images with a resolution of 1024 x 1024 px.

FIGURE 1

Cell culture treatment protocol. Cells were grown to 90% confluence. Differentiation lasted 6 days supplemented with allicin treatment. From day 4,

cells were incubated with allicin in maintenance medium. Cells were incubated with cAMP for 24 hours (from day 5 to day 6 of differentiation).

Sampling and analyses were performed on day 6.
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Mitochondrial morphology analyses

To quantify mitochondrial morphology on standard confocal

fluorescence microscopy images of CTRL, ALLI, and cAMP-treated

cells, the Mitochondrial Analyzer based on adaptive thresholding

and the ImageJ/Fiji open-source image analysis platform were used

(29). Scale was set for magnification and the global check box in the

Set Scale dialog box was selected. After 2D threshold optimization,

the images were thresholded with a block size of 1,350µm and a C-

value of 5. Subsequently, the images were also processed using the

MiNa (30) and Micro2P (31) tools.

The Mitochondria Analyzer tool was used to measure counts

(number of mitochondria in the image), total area (sum of the area

of all mitochondria in the image), mean area (total area/

mitochondria number), total perimeter (sum of perimeter of

all mitochondria in the image), mean perimeter (total perimeter/

mitochondria number), mean aspect ratio (shape descriptor

measuring elongation), and mean form factor (shape descriptor

measuring round to filamentous shape). In addition, parameters

describing the connectivity of the mitochondrial network were

calculated, including the number of branches, the total length of

branches, the mean length of branches, the branch junctions, the

end points of branches, and the mean diameter of branches. The

branches consist of point-shaped objects without branching

junctions and minimal length, long single tubular objects without

branching junctions, but the highest branch length and complex

objects with multiple branches and junctions. The number of

branches, total branch length, branch junctions and branch end

points were also expressed as normalization to either the number of

mitochondria or total area (29).

The MiNa tool, a macro of the ImageJ1.53o software (http://

rsb.info.nih.gov/ij/), was also used to quantify mitochondrial

morphology (30). Threshold images were processed using the

Tophat option (32), as was the MiNa interface. The macro

detected ‘individual’ mitochondrial structures in a skeletonized

image, such as punctate, rod-shaped, and large/round structures

without branching, and ‘networks’ identified as mitochondrial

structures with a single node and three branches. All parameters

were used in the discriminant analysis. Among the nine parameters

calculated by MiNa, the number of individuals (punctate, rod-

shaped, and large/round mitochondria), the number of networks

(objects with at least one branch), and the mean rod/branch length,

which refers to the average length of all mitochondrial rods/

branches, were considered for statistical comparisons. Other

parameters such as the mean number of branches per network,

i.e., the mean number of mitochondrial branches per network, the

mean length of branches, and the mitochondrial footprint, which

refers to the total area of mitochondria, were included in the

discriminant analysis.

Mitochondria were also analyzed and classified using MicroP

software, a useful tool validated in CHO-K1 cells (31). The software

classifies six morphological types of mitochondria, such as small

globules, round-shaped mitochondria, that may have arisen by

fission; large globules with a larger area; simple tubules, i.e.

straight, elongated mitochondria without branches; twisted

tubules, elongated tubular mitochondria with a non-linear

development; donuts, like elongated tubules mitochondria but

with fused ends; branched tubules, complex interconnected

mitochondria with a network-like structure. On each image, the

total number of mitochondria and their area were calculated as the

ratio of mitochondria and area for each subtype in the different

SGBS cells treated. These data with the number of objects and total

area were used for discriminant analysis.

RNA extraction and sequencing

The experiment was set up with 2 biological replicates for the 3

experimental conditions.

After removing the culture medium from the Petri dishes, 1ml/

10cm2 of TRIzol reagent was added to each plate and repeatedly

pipetted to induce a severe breakdown of the cell structures. These

samples were immediately processed further using the PureLink™

RNA Mini Kit according to the manufacturer’s instructions.

The concentration of extracted total RNA was quantified using

a spectrophotometer (NanoDrop 1000 Spectrophotometer,

ThermoScientific, Wilmington, Delaware), and the purity of the

RNA samples ranged from 1.8 to 1.9. RNA integrity was assessed by

observing the 18S and 28S ribosomal bands after electrophoresis on

1% agarose gel, in the presence of GelRed. b-actin expression was

used as an internal control, and confirmed the complete integrity of

the RNA.

The purified total RNA was subjected to deep sequencing

analysis. First, the isolated RNA was quantified using Agilent

Bioanalyzer 2100 with the RNA integrity number (RIN) greater

than 8.0 before sequencing using Illumina Genome Analyzer (GA).

Generally, 2-4 ug of the total RNA was used for library construction.

Total RNA was reverse transcribed into double-stranded cDNA,

digested with NlaIII and ligated to an Illumina specific adapter

containing a recognition site of MmeI. After MmeI digestion, a

second Illumina adapter, containing a 2-bp degenerate 3’ overhang

was ligated. The obtained sequences were aligned on GRCh38

human genome (https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001405.39) using STAR software (33).

Data processing

Raw data were uploaded to the R package (v0.92) Differential

Expression and Pathway analysis (iDEP951) that is a web-based

tool available at http://bioinformatics.sdstate.edu/idep/(34, 35). In

the pre-processing step, genes expressed at very low levels across

samples were filtered out, and genes expressed at a minimum of 0.5

counts per million (CPM) in a library were further analyzed. To

reduce variability and normalizecount data, EdgeR log2(CPM+c)

was chosen with pseudocount c = 4 transformation,. Next, the

DESeq2 package in the R language was used to identify differentially

expressed genes (DEG) between ALLI_ cAMP, ALLI_CTRL and

cAMP_CTRL using a of false discovery rate (FDR) threshold ≤ 0.05

and fold-change > |1.0|. Heatmaps, principal component analysis
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(PCA), k-means cluster and enrichment analyses were also

performed in iDEP951.

Gene set enrichment analysis to determine the shared biological

functions of differentially regulated genes based on significant GO

terms (36), Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway (37) and TF. target.TRED analyses were performed (38).

Venn diagrams were created by web tool available at http://

bioinformatics.psb.ugent.be/webtools/Venn/.

Protein-protein interaction Network
construction and hub genes analysis

On the basis of the online tool Search Tool for the Retrieval of

Interacting Genes (STRING; https://string-db.org/), PPI networks

of the up regulated and the down regulated DEGs in each

comparison were generated with a confidence level of ≥ 0.4, and

the PPI network was visualized using Cytoscape software (version

3.9.1, https://cytoscape.org/). Then, the PPI networks of DEGs in

each comparison were analyzed using the Cytoscape CytoHubba

plugin to select the top 10 hub nodes according to the Degree

algorithm (39). The Molecular Complex Detection (MCODE) plug-

in (40) in the Cytoscape suite was used to examine the significant

modules in the PPI network of overlapping DEGs that are the target

ofshared TF networks between comparisons. Degree cutoff = 2, K-

core = 2, and node score cutoff = 0.2 were set as options.

Enrichment analysis of DEGs in modules with a score ≥ 5 was

then performed.

PROFAT webtool analysis

Estimation of the proportion of brown adipocytes in each

sample was analyzed based on read counts using the PROFAT

tool, which automatically performs hierarchical cluster analysis to

predict the browning capacity of mouse and human RNA-seq

datasets (41).

Targets prediction of allicin, DAS,
DADS, DATS

To identify a larger number of potential targets, PharmMapper

(http://www.lilab-ecust.cn/pharmmapper/; 42, 43), the similarity

ensemble approach (SEA, https://sea.bkslab.org/), the STITCH

database (http://stitch.embl.de/; 44), Swiss Target Prediction

(http://www.swisstargetprediction.ch/; 45), and GeneCard (https://

www.genecards.org/) were used. The 2D structure and canonical

SMILES of allicin (CID_65036), diallyl sulphide (CID_11617),

diallyl disulfide (CID_16590), and diallyl trisulfide (CID_16315)

were obtained from the PubChem database (https : //

pubchem.ncbi.nlm.nih.gov/). The sdf files were uploaded to the

PharmMapper server, and the search was started using the

maximum generated conformations of 300 by selecting the option

‘Human Protein Targets Only (v2010, 2241)’ and the default value

of 300 for the number of reserved matching targets. for the other

parameters, the ‘default mode’ was selected. Canonical SMILES

were uploaded to the other tools. The predicted targets were entered

into the UniProt database (https://www.uniprot.org/) with the

species set to Homo sapiens to determine their gene IDs. A Venn

diagram was used to find common targets among the allicin

compounds. Genes related to ‘adipocyte’, ‘browning’, ‘non

shivering thermogenesis’, ‘cold-induced thermogenesis’, ‘brown

adipose thermogenesis,’ and ‘adaptive thermogenesis’ were

downloaded from GeneCard, and the intersection of the targets

was determined using the Venn tool. The resulting common genes

associated with browning and adipocytes were then crossed with

common putative targets of allicin, and a Venn diagram was

generated. Subsequently, the overlapping targets were uploaded to

GeneMANIA (https://genemania.org/) (46) to perform functional

gene analysis and generate a PPI network.

CytoNCA, another Cytoscape plugin, was applied to the

network to perform topological analysis evaluating the centrality

measures of the network (47). Then, the Cytoscape intersectional

merge function was used to isolate the PPI subnetworks. Key node

functions were determined by analyzing GO terms, KEGG and

Reactome pathways.

By entering the screened key nodes into the online tool VarElect

(48), the correlation between nodes and ‘cold induced

thermogenesis’ was investigated.

Statistical analysis

All measurement results are given as means ± SD and were

analyzed with XLSTAT (49). Measurements of LD area surface/cell,

MFD/cell, and IOD/cell obtained from 15 biological replicates were

compared along with Mitochondrial Analyzer, MiNa, and Micro2P

results using the Kruskal-Wallis statistical test, followed by pairwise

comparisons using the Mann-Whitney approach with Bonferroni

correction (p < 0.0167).

All Mitochondrial Analyzer and MiNa parameters, as well as

ratios of parameters obtained with the Micro2P tool, were

calculated together to perform a canonical discriminant analysis

(DA) that integrates morphological mitochondrial parameters into

a single multivariate model with the aim of maximizing differences

between treatments and calculating the best discriminant

components between treatments (49).

Results

Cell viability

To investigate possible adverse effects of allicin, a viability assay

was used to investigate possible adverse effects of ALLI extract on

SGBS cells treated with doses of 5, 12.5, 25, and 50 µM. In

particular, the analysis showed that the viability of cells treated

with ALLI extract decreased significantly (p < 0.001) in a dose-

dependent manner (Figure S1), with the 50 µM dose always

significantly different from the other doses. Nevertheless, viability

remained above 85% up to 25 µM and 12.5 µM ALLI and did not
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differ from 5 and 25 µM. Based on these findings, 12.5 µM ALLI was

selected for further experiments.

Allicin treatment affects the number of
lipid droplets and their maximum diameter

Next, We investigated whether allicin has an effect on early

adipogenic differentiation. Thus, we performed LD analysis in SGBS

cells after ALLI treatment during the induction of adipogenesis.

Figure 1 shows statistically significant differences in area of LDs/cell,

MFD/cell, and IOD/cell between treatments and illustrates Bodipy

staining in SGBS cells after 6 days of treatment with allicin (ALLI),

CTRL, and dibutyryl cAMP (cAMP). The area of LDs/cell was

significantly lower in cells treated with cAMP and ALLI compared

with cells from CTRL (p < 0.0001). No significant differences were

observed between cAMP- and ALLI-treated cells (Figure 2A). A

significant (p < 0.0001) decrease in MDF/cell was observed in cells

treated with cAMP and ALLI compared with CTRL (p < 0.0001)

(Figure 2B), while IOD/cell was significantly lower in cells treated

with cAMP compared with cells treated with ALLI (p = 0.016) and

CTRL (p = 0.0001) (Figure 2C). A significant increase in the number

of LDs/cell (p = 0.015) was observed between ALLI treated cells and

CTRL cells (Figure 2D).

Allicin increases the number and area of
small round mitochondria

Accurate analysis of mitochondria is critical for determining

mitochondrial dynamics, so three different tools were used to

characterize mitochondrial morphology. Figure S2 shows the

identification and classification of objects using adaptive thresholding

(radius = 1.350 µm, C = 5) on images of ALLI- and cAMP-treated cells

and CTRL. Figures S2A, B show the effects of the different treatments

measured with the three tools, on the total number and area of

mitochondria in SGBS cells. No statistical differences in

mitochondrial distribution patterns were detected between

treatments, although treatments with allicin and cAMP caused a shift

toward a greater number of mitochondria (Figure S2A) and a greater

total area of mitochondria compared with cells from CTRL (Figure

S2B). These results suggest that ALLI treatment increases the number

of mitochondria by inducing mitochondrial fission or biogenesis and

thus also increases the total area of mitochondria.

D

A B C

FIGURE 2

Results of lipid droplet analysis performed on SGBS cells. Boxplots show the median (horizontal lines), the first to third quartiles (box), and the most

extreme values with the interquartile range (vertical lines). For all comparisons, differences between treatments on SGBS cells were statistically

significant using the Kruskal-Wallis test and Bonferroni correction. (A) LD area per cell; (B) Maximum Feret Diameter (MFD) per cell; (C) Optical

Density Intensity (IOD) per cell; (D) number of lipid droplets per cell in treated and CTRL cells.Representative confocal images of SGBS cells treated

with allicin (ALLI), dibutyryl cAMP (cAMP), or control (CTRL) 6 days after differentiation and stained with BODIPY. Nuclear staining, DAPI. Images are

representative of n. 15 biological replicates. ALLI, 12.5 µg/mL allicin-treated cells; CTRL, control cells; cAMP, 500 µM dibutyryl cAMP-treated cells.
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Therefore, more than 26000 mitochondria were analysed using

Micro2P software to classify six morphological subtypes and

calculate the average proportion of mitochondrial subtypes within

each treatment (Figure 3A, B). ALLI and cAMP treatments resulted

in 13.6% (p < 0.01) and 11.5% (p < 0.05) more small globules,

respectively, compared with CTRL. ALLI treatment reduced the

percentage of mitochondria with large globules to 32.5% and that of

the simple tube subtype to 19.5% compared with CTRL (p < 0.01)

(Figure 3A). Accordingly, the ratio of surface area was significantly

higher (p < 0.05) in ALLI- and cAMP-treated cells compared

with CTRL at 30.3 and 31.7%, respectively, whereas the area of

large globules in ALLI-treated cells decreased significantly (p <

0.05) (Figure 3B).

Specifically, the average ratio of mitochondrial amount in the

different treatments was 53.4% in ALLI-treated cells, 28.6% in

cAMP-treated cells, and 18.02% in CTRL. The relative percent

area of total mitochondrial content between treatments was 51.9%

in ALLI-treated cells, 27.8% in cAMP-treated cells, and 20.3% in

cells from CTRL. Considering all treatments together, small

globules (65.7%) and simple tubules (23.3%) were the most

representative subtypes, followed by branched tubules (5.42%),

large globules (2.3%), donuts (1.7%), and twisting tubules (1.6%).

Accordingly, the percentage area of mitochondrial subtypes was

34.9% for small globules, 33.9.8% for simple tubules, 16.67% in

branching tubules, 7.4% for donuts, 3.6% for large globules, and

3.5% for twisting tubules.

Mitochondrial Analyzer detected significantly higher numbers

of mitochondria in ALLI-treated cells (Figure 3C), whereas the

mean perimeter and area (Figure 3D) were significantly lower

compared with cells from CTRL. No statistical differences were

observed in the cells treated with cAMP. The shape of

mitochondria, characterized by aspect ratio and form factor,

decreased significantly under ALLI and cAMP compared with

cells from CTRL (Figures 3E, F). Mitochondria Analyser tool was

also used to quantify the morphological complexity of

mitochondria. The mean length of branches and the total number

of branches per mitochondrion were lowest in cells treated with

ALLI and showed a significant difference in cells treated with cAMP

(data not shown).

Network parameters calculated with MiNa confirmed a

significant (p < 0.05) increase in the number of individuals

(puncta, rods and large) in ALLI-treated cells compared with

CTRL cells (Figure 4A). The number of networks showed no

significant differences between treatments (Figure 4B), but the

mean value of rod/branch length significantly decreased in cells

treated with ALLI (p < 0.05) and cAMP (p < 0.05) (Figure 4C).

Mitochondrial analysis results classify
treatments into non-overlapping groups

To determine the extent of treatment-specific variation in an

unbiased manner, all Mitochondrial Analyzer measurements, six

MiNa measurements from, and the percentage of the number and

area of each mitochondrial subtype, number of objects, and total

area calculated by Micro2P were integrated into a single

DA

B E F

C

FIGURE 3

Mitochondrial analyses. Differences in the distribution of mitochondrial morphological characteristics were analysed between cells incubated with

ALLI and cAMP compared with cells from CTRL. (A) Average ratio of mitochondrial subtypes within each treatment. The Kruskal-Wallis test was

performed between ALLI-treated cells compared with CTRL (**p < 0.01) and cAMP-treated cells compared with CTRL (*p < 0.05). Differences

between ALLI-treated cells and cAMP were also detected († p < 0.05). (B) The ratio of the surface area was significantly higher in ALLI- and cAMP-

treated cells compared with CTRL by 30.3 and 31.7%, respectively (p < 0.05). The average ratio surface area of large globules showed a significant

(* † p < 0.05) decrease in ALLI-treated cells by 24.9 and 28.6% compared with cAMP-treated and CTRL cells, respectively. Mitochondria features

determined using the Mitochondria Analyser tool. (C) Number of mitochondria. (D) Mitochondrial size measured by mean area. (E, F) Mitochondrial

shape measured by mean aspect ratio and mean form factor. Boxplots showed the difference between medians (horizontal lines), first to third

quartiles (box), and the most extreme values within the interquartile range (vertical lines) between treatments. Statistical significance in the boxplots

was determined by the Kruskal-Wallis statistical test with Bonferroni correction (p < 0.0167). ALLI, 12.5 µg/mL allicin-treated cells; CTRL, control

cells; cAMP, 500 µM dibutyryl cAMP-treated cells.

Ali et al. 10.3389/fendo.2023.1141303

Frontiers in Endocrinology frontiersin.org07



multivariate model (DA) that maximized differences between

treatments (Figure 5).

The model achieved clear separation of samples. With few

exceptions, the treatments were grouped and divided into 3

clusters. Mitochondrial values of ALLI-treated cells were projected

in the quadrant with a positive value for the F1 and F2 components,

CTRL was projected in the quadrant with a negative value for F1 and

a positive value for the F2 component. The projection of cAMP-

treated cells was observed in the quadrant with negative value for F1

and positive value for F2. The significant morphological

characteristics that distinguished the different experimental groups

are shown in Table 1. This analysis showed that most of the variance

between treatments in mitochondrial dynamics was based on

elongation index, area of small globes, solidity of simple tubes,

number of punctate and rod-shaped mitochondria (individuals),

and number of simple tubes (Table 1). Discriminant functions were

used to classify the treatments into the correct groups. To check the

functionality and robustness of the classification model, a cross-

validation test was performed, in which the success rate of correctly

classified samples was 88.6%.

RNAseq analysis

After removal of low abundance reads, the final mapping rate of

the filtered transcript reads was 71.2%. Hierarchical clustering was

performed on the initial analysis of the RNAseq results, that showed

that the transcriptomic data was well-clustered according to the

treatment. In addition, PCA showed the overall variability in the

expression profile of the samples and treatments. Overall, there was

a significant difference between CTRL and the treatments with

cAMP and ALLI along the first principal component, which

explained 61% of the variance, with smaller differences 28% along

the second component (Figure S3).

Analysis of DEGs was performed between cells treated with

allicin and cAMP compared to control cells and between allicin and

cAMP treatments, based on a log2fold change of |1| and an FDR

adjusted p value of ≤ 0.05.

iDEP951 expression analysis significantly identified (p < 0.05)

820 up regulated genes between cells treated with ALLI vs cAMP,

1417 up regulated genes between cells treated with ALLI vs CTRL

and 1647 between cells treated with cAMP vs CTRL cells.

Significantly down regulated (p < 0.05) genes were 640 between

cells treated with ALLI compared with cAMP, 1085 genes between

cells treated with ALLI vs CTRL and 1521 between cells treated with

cAMP compared with CTRL cells (Supplementary Table 1).

GO term and KEGG analysis enriches
genes of treated cells in cellular
respiration, mitochondrial organization,
and thermogenesis

To further investigate the function of the DEGs, GO term

enrichment analysis was performed. The up- and down regulated

DEGs were significantly enriched in biological processes (BP),

molecular functions (MF) and cellular components (CC).

A B C

FIGURE 4

Summary statistics of mitochondrial network analysis performed with the MiNa tool on SGBS cells for each treatment. (A) Number of individual

mitochondria. (B) Number of networks. (C) Mean value of rod/branch length. Boxplots show the median (horizontal lines), first through third

quartiles (box), and the most extreme values with the interquartile range (vertical lines). The number of individual counts was statistically different in

ALLI-treated SGBS cells from CTRL cells, using the Kruskal-Wallis test and Bonferroni correction (p < 0.0167). The number of networks showed no

statistical difference. The mean length of rod/branch mitochondria significantly decreased in ALLI- (p = 0.035) and cAMP-treated cells (p < 0.046)

compared with CTRL. ALLI, 12.5 µg/mL allicin-treated cells; CTRL, control cells; cAMP, 500 µM dibutyryl cAMP-treated cells.

FIGURE 5

Biplot of canonical discriminant analysis to visualize the information

of the whole mitochondrial dataset in the treatments and controls.

F1 and F2 are canonical discriminant functions, and the two-

component model separated the treatments. Centroids are shown

as yellow circles. ALLI, 12.5 µg/mL allicin-treated cells; CTRL, control

cells; cAMP, 500 µM dibutyryl cAMP-treated cells.
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In all comparisons, 30 BP, CC and MF GO terms were found to

be significantly enriched (Supplementary Tables 2–4). Notably, BP

terms such as ‘Oxoacid metabolic process’, ‘Small molecule

metabolic process’, ‘Fatty acid metabolic process’, ‘Cellular

respiration’, ‘Cellular lipid metabolic process’, ‘Energy derivation

by oxidation of organic compounds’, ‘Monocarboxylic acid

metabolic process’ were down regulated in the ALLI_cAMP

comparison, but up regulated in the ALLI_CTRL and cAMP_

CTRL comparisons (Supplementary Table 2). Interestingly

‘Mitochondrion’, ‘Mitochondrial matrix’, ‘Mitochondrial inner

membrane’, ‘Mitochondrial membrane’, ‘Mitochondrial envelope’,

‘Mitochondrial protein-containing complex’ CC terms were

down regulated in ALLI_cAMP comparison, but up regulated

in ALLI_CTRL and in cAMP_ CTRL compar i sons

(Supplementary Table 3).

In contrast, significantly enriched MF terms such as ‘Calcium

ion binding’, ‘Cell adhesion molecule binding’, ‘Collagen binding’,

‘Extracellular matrix structural constituent’, ‘Glycosaminoglycan

binding ’ , ‘Growth factor binding ’ , ‘Heparin binding ’ ,

‘Integrin binding’ and ‘Signalling receptor binding’ were up

regulated in the ALLI_cAMP comparison, but down regulated in

the ALLI_CTRL and in the cAMP_CTRL comparisons

(Supplementary Table 4). Interestingly, significantly enriched MF

terms such as ‘Active transmembrane transporter activity’, ‘Electron

transfer activity’, ‘Oxidoreductase activity’ and ‘Transmembrane

transporter activity’ were up regulated in the ALLI_CTRL and in

the cAMP_CTRL comparisons (Supplementary Table 4).

Figure 6 shows the results of the KEGG analysis in the form of a

graphical representation of the scatter plots. Each figure shows the

KEGG enrichment of 15 identified pathways for each treatment

comparison with the corresponding GeneRatio, adjusted p-value,

and number of enriched genes in the corresponding pathways. The

GeneRatio is defined as the number of enriched candidate genes

compared with the total number of annotated genes included in the

corresponding pathway in the KEGG analysis. Therefore, a higher

GeneRatio indicates a higher enrichment of candidate genes in the

corresponding pathway. KEGG analysis showed that DEGs were

significantly down regulated within the ‘PPAR pathway,’ Fatty acid

metabolism, elongation and degradation, and in ‘Citrate cycle (TCA

cycle)’ in ALLI_cAMP comparison. Of note, DEGs were over-

expressed in pathways such as ‘cAMP signalling pathway,’

‘Calcium signalling pathway,’ and ‘CGMP-PKG signalling

pathway’ in ALLI_cAMP comparison (Figure 6). ALLI_CTRL and

cAMP_CTRL had common DEGs significantly enriched in

‘Oxidative phosphorylation’ and ‘Thermogenesis’, whereas DEGs

within the ‘PPAR signalling pathway’ were down regulated in ALLI

vs cAMP and up regulated only in cells under cAMP

treatment (Figure 6).

These results suggest that the browning effect of ALLI is only

evident when compared with CTRL cells, so the ALLI-cAMP

contrast was not discussed further.

Construction of PPI networks and module
analysis of DEGs in cells treated with allicin
and positive control indicate brown
adipocyte differentiation associated with an
increase in AMPK and PPARA signalling
through downregulation of extracellular
matrix organization

The PPIs of all up regulated and down regulated DEGs with

combined scores greater than 0.4 were constructed from the

three comparisons, and each entire PPI network was analysed

using Cytohubba. The ten most highly regulated hub genes with

a high degree of connectivity between nodes are listed in Table 2.

The highly regulated hub genes in the ALLI_CTRL and

cAMP_CTRL comparisons shared 6 genes such as PPARG,

FASN, SREBF1, SCD, PPARGC1A, and ACLY. Both

comparisons, referring to CTRL, were similarly enriched in

‘Fatty acid synthase complex, ’ ‘acetyl-CoA carboxylase

complex,’ ‘AMPK signalling pathway,’ ‘PPARA activates gene

TABLE 1 Unidimensional test of equality of the means of the classes illustrating the contribution of different morphological features to the separation

of differentially treated cells.

Variable Wilk’s Lambda F p-value

Mean Aspect Ratio (au) 0.746 5.795 0.007

Simple tubules (%) 0.765 5.224 0.011

Mean Branch Length (µm) 0.779 4.817 0.014

Total Branch Length/area 0.789 4.533 0.018

Median Branch Length (µm) 0.802 4.205 0.023

Mean Network Size (Branches) (µm) 0.805 4.115 0.025

Mean Branch Length (µm) 0.808 4.050 0.026

Mean Form Factor (au) 0.815 3.863 0.031

Area_Large globules (%) 0.834 3.392 0.045

Mean Perimeter (µm) 0.834 3.381 0.046

The most discriminant parameters have a low Wilk’s lambda and a high F.
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expression,’ ‘Regulation of small molecule metabolic process,’

and ‘Thermogenesis’.

Four down regulated hub genes, such as FN1, THBS1, COL1A2,

and CCN2, are common between ALLI- and cAMP-treated cells

compared with CTRL cells (Table 3). Enrichment of both

comparisons included ‘AGE-RAGE signalling pathway in diabetic

complications’, ‘PI3K-Akt signalling pathway’, ‘Focal adhesion’,

‘ECM-receptor interaction’, and ‘TGF-beta signalling pathway’.

FIGURE 6

KEGG pathway enrichment analysis. Dot size represents the number of genes in each KEGG pathway; p.val (adjusted p-value): Red < orange < green.

ALLI_cAMP = 12.5 µg/mL allicin-treated cells vs cAMP = 500 µM dibutyryl cAMP-treated cells; ALLI_CTRL = 12.5 µg/mL allicin-treated cells vs

control cells; cAMP_CTRL =500 µM dibutyryl cAMP-treated cells vs control cells. Scatter plot was drawn by http://www.bioinformatics.com.cn/

srplot.

TABLE 2 Top 10 hub genes from up regulated DEGs calculated by Degree topological algorithm of Cytohubba plugin.

ALLI_CTRL cAMP_CTRL

ank Gene Score Rank Gene Score

1 PPARG 100 1 FASN 100

2 IL1B 87 2 PPARG 97

3 FASN 86 3 CS 96

4 SREBF1 84 3 ACLY 96

5 EGF 78 5 SREBF1 94

5 SCD 78 6 SCD 89

7 APOE 74 7 PPARGC1A 87

7 PPARGC1A 74 8 ACADM 86

9 CD4 73 9 ACACA 79

10 ACLY 69 9 ACO2 79

ALLI_CTRL, 12.5 µg/mL allicin-treated cells vs control cells; cAMP_CTRL, 500 µM dibutyryl cAMP-treated cells vs control cells.

Ali et al. 10.3389/fendo.2023.1141303

Frontiers in Endocrinology frontiersin.org10



Genes upregulated by allicin and cAMP are
enriched in the target genes of AR and
PPARG, which are involved in the positive
regulation of cold-induced thermogenesis
and fatty acid metabolism

TRED analysis (http://rulai.cshl.edu/TRED) allows to know

interaction data between transcription factors (TFs) and the

promoters of their target genes, including binding motifs (38). In

the ALLI_cAMP comparison, the target genes of only 1 TF (c-

MYC) were down regulated and 15 were up regulated; in the

ALLI_CTRL comparison, 4 TFs were down regulated and 3 (AR,

PPARA, PPAG) were up regulated; in the cAMP_CTRL, 15 were

down regulated and the same 3 of the ALLI_CTRL comparison

were up regulated (Supplementary Table 5).

The up regulated genes were enriched in the target of AR in all

comparisons (14 genes), whereas genes enriched in the target of

PPARG (37 genes) and PPARA (18 genes) were enriched only in the

ALLI_CTRL and cAMP_ CTRL comparisons (Supplementary

Table 5). The target genes of JUN, SP1, and TP53 were

significantly down regulated in the ALLI_CTRL and

cAMP_CTRL comparisons but up regulated in the ALLI_cAMP

comparison (Supplementary Table 5). Down regulated DEGs were

enriched in target genes of EGR1, ETS1, SMAD1, SMAD3, SMAD4,

and TFAP2A in the cAMP_CTRL comparison, but up regulated in

ALLI_cAMP (Supplementary Table 5).

Enrichment analysis of the 14 genes targeting to AR and

common to all comparisons showed significant up-regulation of

‘Response to hormone, ‘Regulation of lipid metabolic process’,

‘Regulation of small molecule metabolic process’, ‘Cellular

response to hormone stimulus’, ‘Zinc finger nuclear hormone

receptor-type’ and ‘PPARA activates gene expression’. The

MCODE plugin cluster analysis did not filter any cluster with a

score ≥ 5 for these genes.

The 37 DEGs targeting AR that were common only between

ALLI and cAMP treatments compared with CTRL cells and the 51

common DEGs targeting PPARG resulted in only one MCODE

cluster. No cluster with a score ≥ 5 was found for common DEGs

targeting PPARA.

Enrichment analysis revealed the potential function of genes in

each module. Shared DEGs targeted by AR and PPARG and over-

expressed in ALLI_CTRL and cAMP_CTRL were enriched, among

others, in ‘PPARG signalling pathway’ (Figures 7A, B red), ‘Positive

regulation of cold-induced thermogenesis’ (Figures 7A, B, brown),

‘Fatty acid metabolic process’, ‘AMPK signalling pathway’

(Figures 7A, B, green), ‘AMPK signalling pathway’ (Figure 7A,

blue) and ‘PPARA activates gene expression’ (Figure 7B, blue).

DEGs targeted by TP53, JUN and SP1 were down regulated in

both ALLI_CTRL and cAMP_CTRL comparisons, but up regulated

in ALLI_cAMP comparison. Shared DEGs targeted by SP1 and

down-expressed in ALLI_CTRL and cAMP_CTRL were enriched in

‘Interleukin-4 and Interleukin-13 signalling’ (Figure 7C, red), and

in ‘Extracellular matrix organization’ (Figure 7C, red). Interestingly,

DEGs targeted by SP1 were found over-expressed in ALLI_cAMP

comparison. Down regulated DEGs targeted by TP53 and JUN

common to ALLI_CTRL and cAMP_CTRL were enriched in

‘Interleukin-4 and Interleukin-13 signalling’ and ‘IL-18 signalling

pathway’ (data not shown).

Allicin stimulation favors the differentiation
into brown adipocyte

Allicin stimulation favors the differentiation into beige

adipocyte The PROFAT tool (41) generated the heatmap of

marker expression starting from normalized reads counts of

SGBS cells. The estimation of BAT phenotype in ALLI- and

cAMP-treated cells increased significantly (p < 0.0001) in

comparison to CTRL cells. In contrast, WAT phenotype

decreased significantly (p < 0.0001) in ALLI- and cAMP-

treated cells compared with CTRL (Figure 8). These results

evidenced that SGBS cells exhibit a gene expression pattern

TABLE 3 Top 10 hub genes from down regulated DEGs calculated by Degree topological algorithm of Cytohubba plugin.

ALLI_CTRL cAMP_CTRL

Rank Gene Score Rank Gene Score

1 FN1 96 1 FN1 179

2 MYC 61 2 IL6 130

3 CD34 45 3 CD44 104

4 THBS1 39 4 COL1A1 103

5 COL1A2 38 5 MMP2 99

5 THY1 38 6 ERBB2 83

5 HGF 38 7 THBS1 82

8 LOX 36 7 CCN2 82

8 DCN 36 7 CCND1 82

8 CCN2 36 10 COL1A2 79

ALLI_CTRL, 12.5 µg/mL allicin-treated cells vs control cells; cAMP_CTRL, 500 µM dibutyryl cAMP-treated cells vs control cells.
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similar to that of brown cells during 6 days of differentiation

under allicin treatment.

Identification of common candidate targets
among allicin, their organosulfur
compounds and browning target genes

Because allicin is rapidly converted in vitro to its related fat-

soluble organosulfur compounds such as DATS, DADS and DAS,

the potential targets of these compounds and of allicin were

screened by computational target fishing from the PharmMapper,

STITCH, Swiss Target Prediction and GeneCard databases. By

overlapping the highest ranked common targets of allicin and

related organosulfur compounds with the 315 overlapped

‘adipocyte-browning’ genes, 26 common targets between allicin

compounds and adipocyte-browning were used to create a

GeneMania network (Supplementary Table 5). The results of the

analysis showed that these 26 targets correlated with 20 others and a

total of 407 different links were predicted to construct a network

linking these 46 genes (Figure 9A). The constructed network had

33.99% physical interactions and 23.56% predicted functional

relationships between genes. In addiction 20.58% shared the same

protein domain and 13.85% shared similar co-expression

characteristics, other results were pathways (5.24%) and

colocalization (2.77%) as shown in Figure 9A. The molecular

functions of the top ranked targets, filtered by their FDR score,

were reported as GO categories. The preliminary network

illustrated that the genes, depicted by different colours in

Figure 9A, were involved in ‘ligand-activated transcription factor

activity’, ‘intracellular receptor signalling pathway’, ‘temperature

homeostasis’, ‘regulation of cold induced thermogenesis’, ‘reactive

A B C

FIGURE 7

PPI networks identified by cluster functional analysis constructed with up- and down regulated DEG targets to TFs and overlapping to ALLI and

cAMP treatments vs CTRL. The enriched pathways are marked in different colors. (A) Cluster 1 with a MCODE score of 7.83 achieved from up

regulated genes target of AR. Red: genes enriched in ‘PPARG signalling pathway’ (FDR 1.82-12); brown: ‘Positive regulation of cold-induced

thermogenesis’ (FDR 4.05-10); green: ‘Fatty acid metabolic process’ (FDR 3.08-09); and blue: ‘PPARA activates gene expression (FDR 4.59-08).

(B) Cluster 1 with a MCODE score of 10.47 achieved from up regulated genes target of PPARG. Red: genes enriched in ‘PPARG signalling pathway’

(FDR 3.10-13); brown: ‘Positive regulation of cold-induced thermogenesis’ (FDR 4.02-13); green: ‘Fatty acid metabolic process’ (FDR 5.23-13); and blue:

‘AMPK signalling pathway’ (FDR 5.53-12). (C) Cluster 1 with a MCODE score of 13.67 achieved from down regulated genes target of SP1. Red: genes

enriched in ‘Interleukin-4 and Interleukin-13 signalling (FDR 3.32-13); green: AGE-RAGE signalling pathway in diabetic complications (FDR 4.42-12);

blue: ‘Extracellular matrix organization’ (FDR 7.12-12).

FIGURE 8

Statistical significance of PROFAT prediction percentage of brown and white adipocytes was determined using Euclidean distance and complete

linkage on normalized gene expression values and analyzed by statistical test-t. *** = p < 0.0001 between estimated percentage of brown cells;

### = p < 0.0001 between estimated percentage of white cells. ALLI, 12.5 µg/mL allicin-treated cells; cAMP, 500 µM dibutyryl cAMP-treated cells;

CTRL, control cells.
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oxygen species metabolic process’, ‘positive regulation of lipid

metabolic process’, and ‘cold-induced thermogenesis’.

PPI subnetwork construction and
identification of core targets

A topological analysis of the preliminary network was

performed using the CytoNCA plugin in Cytoscape to find the

core proteins that form the preliminary network. The mean the

degree (17.70), betweenness (48.96), closeness (0.49), eigenvector

(0.106), LAC (12.40), network (10.95) values of the preliminary

network was calculated, and the nodes of the preliminary PPI

network that were above this mean were sorted out to build the

corresponding subnetworks. Using the intersectional merge

function in Cytoscape a core PPI subnetwork was extracted

(Figure 9B) containing 6 key nodes (ESR1, NR1H3, NR1H4,

PPARA, RXRA, RXRG) and 15 edges. Among these genes,

Nuclear Receptor Subfamily 1 Group H Member 4 (NR1H4) and

PPARA were significantly up regulated in the ALLI_CTRL

comparison of SGBS cells (Supplementary Table 1), whereas

estrogen receptor 1 (ESR1), Nuclear Receptor Subfamily 1

Group H Member 3 (NR1H3) and Retinoid X receptor alpha

(RXRA) are common targets of allicin and related fat-soluble

organosulfur compounds.

The effects of allicin are related to
mitochondrial biogenesis and lipid
catabolism through the activation of core
targets transcription factors

GO terms from biological process, cellular component, and

molecular functions were examinedand the most enriched GO

terms from biological process were ‘intracellular receptor

signalling pathway’, ‘cellular response to lipid’, ‘hormone-

mediated signalling pathway’, ‘response to steroid hormone’,

‘response to lipid’, whereas the most enriched GO terms from

cellular component and molecular functions were ‘transcription

regulator complex’, ‘nuclear receptor activity’, and ligand-

activated transcription factor activity, respectively (data

not shown).

KEGG pathways were analysed with a redundancy cut-off of 0.7,

17 pathways were statistically significant (FDR < 0.05) ‘PPAR

signalling pathway’, ‘Adipocytokine signalling pathway’, ‘Thyroid

hormone signalling pathway’, ‘Non-alcoholic fatty liver disease,

‘Insulin resistance’ and ‘Lipid and atherosclerosis’(data not shown).

The pathways enriched by Reactome analysis were ‘Nuclear

Receptor transcription pathway’, ‘PPARA activates gene

expression’, ‘SUMOylation of intracellular receptors’, Regulation

of lipid metabolism by PPARalpha’ and ‘Mitochondrial biogenesis’,

which were shown as bubble plot combined with a Sankey

diagram (Figure 10).

In addition, the score of the 6 key nodes identified by the

topological analysis was scored using VarElect. The score indicates

the strength of the association between the target and the ‘cold

induced thermogenesis’ phenotype (Table 4). ESR1, PPARA,

NR1H3, and NR1H4 scored > 6.

Discussion

As a thermogenic organ, BAT is known to enhance energy

metabolism and weight loss (50), so promoting mass and activity of

BAT is one of the most promising strategies against obesity.

Treatment of white adipose cells with rosiglitazone or with other

b-adrenergic agonists induces beige cells with similar properties as

BAT (51). Induction of the beige/brown fat cell phenotype leads not

only to thermogenesis, but also to lipolysis, which facilitates energy

metabolism, and mitochondrial dynamics, which precede the

depolarization associated with heat dissipation (23). A high rate

of mitochondrial fragmentation and free fatty acid release promote

mitochondrial uncoupling and energy expenditure (52). Knowledge

of the signalling pathways that stimulate the transition from white

A
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FIGURE 9

Preliminary PPI network constructed with GeneMANIA. (A) Twenty-

six common targets between allicin, related fat-soluble organosulfur

compounds and adipocytes-browning were built as assigned based

on query gene. Genes are linked by functional associated networks

filtered on their FDR score. Black nodes are the query targets and

the larger the node, the higher degree of the node. The stronger

interaction between node, the ticker and deeper colour of the edge.

(B) Core PPI subnetwork generated by intersectional merge of PPI

subnetworks according to the calculated degree, betweenness,

closeness, eigenvector, LAC and network average values. ESR1,

Estrogen Receptor 1; PPARA,Peroxisome Proliferator Activated

Receptor Alpha; NR1H3, Nuclear Receptor Subfamily 1 Group H

Member 3; NR1H4, Nuclear Receptor Subfamily 1 Group H Member

4; RXRA, Retinoid X Receptor Alpha; RXRG, Retinoid X Receptor

Gamma.
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to beige adipocytes, could help identify effective therapeutic

strategies against obesity.

The discovery of functionally active BAT in adult humans and

the possible recruitment of beige adipocytes by browning of WAT

have introduced the way for new potential strategies for anti-obesity

agents (53).

Previous studies have shown that SGBS cells gradually acquire

BAT-like function in the absence of external stimulation during

different days of differentiation, suggesting that lipid droplets t

dynamics, and mitochondrial morphology (27) together with a

differential expression of genes involved in extracellular matrix

organization and oxidative stress are related to the brown fat

phenotype (20). While it has been clearly demonstrated that the

b3-adrenergic receptor (b3-AR) mediates thermogenesis in rodents

(54), BAT is activated in humans by b2-AR signalling (55).

Therefore, to bypass the ADRBs receptors dibutyryl-cAMP was

chosen as a positive control.

The present study demonstrated that allicin supported the

transition from white to beige adipocytes in SGBS after 6 days of

differentiation and that the transformation of structural cell

phenotype was evidenced by the dynamic changes in the size of

LDs and the shape of mitochondria similar to those observed in the

positive control.Lipolysis is generally considered an essential

requirement for thermogenesis in brown and beige adipocytes,

and any lipolytic compound could be a potential activator of

thermogenesis (56). In HepG2 cells, allicin reduces lipid

accumulation either by regulating AMPK-SREBPs and PKA-

CREB signalling pathways (57) or by activating PPARA and

FABP6 gene expression (58). The effect of allicin on lipid

reduction argues for PPARg/LXRa signalling in THP-1

macrophage foam cells (59). In the present work, ALLI and

cAMP treatments decreased the area and diameter of LDs, but

because the number of LDs/cell increased significantly with ALLI

treatment, the lipolytic activity of allicin may have led to the

formation of multilocular adipocytes, a feature of WAT

browning. This is confirmed by the increased number of

differentially expressed genes related to lipolysis, such as DNA

fragmentation factor subunit alpha (DFFA), monoglyceride lipase

(MGLL), perilipin 1 (PLIN1), patatin like phospholipase domain

containing 2 (PNPLA2), lipoprotein lipase (LPL) and hormone-

sensitive lipase (LIPE) in ALLI- and cAMP-treated cells

(Supplementary Table 1). However, a thermogenic futile cycle of

lipolysis/lipogenesis has been claimed to explain the unilocular to

multilocular transformation duringWAT browning (21). In 3T3-L1

cells exposed to b-adrenergic stimulation, remodelling of LDs

involves first their reduction into small LDs and then their new

FIGURE 10

Bubble plot combined with Sankey diagram showing statistically significant Reactome pathways and the genes within each pathway. Figure was

plotted by http://www.bioinformatics.com.cn/srplot.

TABLE 4 Score of the six key nodes evaluated by VarElect.

Gene Symbol Description -Log10(P) Score

ESR1 Estrogen Receptor 1 2.35 14.91

PPARA Peroxisome Proliferator Activated Receptor Alpha 2.07 11.56

NR1H3 Nuclear Receptor Subfamily 1 Group H Member 3 1.49 6.30

NR1H4 Nuclear Receptor Subfamily 1 Group H Member 4 1.63 6.09

RXRA Retinoid X Receptor Alpha 1.44 5.89

RXRG Retinoid X Receptor Gamma 0.55 0.56

Ali et al. 10.3389/fendo.2023.1141303

Frontiers in Endocrinology frontiersin.org14



formation and subsequent enlargement (21). Indeed, significant

expression of negative regulators of lipolysis such as G0/G1 switch

gene 2 (G0S2) and patatin like phospholipase domain containing 3

(PNPLA3) were also found in ALLI-treated SBGS cells as well as the

mRNA levels of the perilipin 4 (PLIN4), diacylglycerol o-

acyltransferase 1 (DGAT1), diacylglycerol o-acyltransferase 2

(DGAT2) and adipocyte glycerol transporter aquaporin7 (AQP7),

(Supplementary Table 1), indicating that the cells store and export

metabolites released during lipolysis. Moreover, other studies have

shown that triglyceride lipolysis catalysed by PNPLA2 in mice

brown adipocytes is not required to maintain body temperature

during cold exposure (60, 61) and that other sources such as

circulating glucose and fatty acids can balance thermogenesis (62).

During cold exposure mitochondrial reorganization and free

fatty acid release synergize to facilitate uncoupling and thereby heat

production (23). Concomitantly, mitochondria acquire a spheroid

morphology driven by increased fission (63). Present results show

an increased in number and area of mitochondria in cells treated

with allicin, and the data was also confirmed by the reduction of

elongation (mean aspect ratio) and by the change from round to

filamentous shape (mean form factor) in ALLI- and cAMP-treated

cells. Network parameters obtained by MiNa also show a significant

decrease in mean rod/branch length in both treatments compare to

CTRL cells. According to the Micro2P plugin, six different subtypes

of mitochondria with the highest proportion of small globules were

classified in ALLI- and cAMP-treated cells. Canonical DA further

evidenced that mitochondrial parameters specifically those related

to mean aspect ratio, percentage of simple tubules, mean branch

length, accurately clustered differentially treated cells and

CTRL cells.

The high content of organosulfur compounds in garlic suggests

that many of its active compounds may have anti-adipogenic effects

by promoting the expression of genes specific for brown adipocytes

(64). Recent data showed that allicin promotes browning of 3T3-L1

mouse adipocytes and iWAT by inducing the expression of brown

marker genes through KLF15 signalling (16) or through the SIRT1-

PGC1a-TFAM pathway (17).

PCA analysis based on reads clearly grouped the data set on the

first component between CTRL cells and cells treated with ALLI or

cAMP. On the second component, the treatments are separated, but

the replicates of the same point were very close, indicating robust

reproducibility of the data.

Classical thermogenesis is activated by adrenoreceptors that

promote cAMP synthesis for PKA activation and expression of

downstream targets (65). Intracellular cAMP levels are maintained

by a balance between the rate of synthesis mediated by adenylate

cyclase and the rate of degradation regulated by cAMP

phosphodiesterase 3 (PDE3). Allicin is known to increase

intracellular cAMP by inhibiting phosphodiesterase activity in

isolated human platelets (66, 67) or by increasing adenylate

cyclase activity in the human bronchial epithelial cell line (68). In

adipose tissue, PDE3 inhibitors increase intracellular cAMP levels,

thereby enhancing lipolysis (69). The present results showed a

significant up-regulation of PDE3B in ALLI_CTRL and

cAMP_CTRL (Supplementary Table 1), resulting in an increase in

intracellular cAMP and downstream genes involved in lipolysis,

such as LIPE and PLIN1, and in browning, such as TBX1 and UCP1

(Supplementary Table 1). This is consistent with the results

obtained in adipose tissue of mice fed a high-fat diet when

treated with cilostazol, a selective inhibitor of phosphodiesterase

III with multiple effects on metabolism (70). In addition, cilostazol,

which has antiplatelet, antithrombotic, and vasodilatory properties

similar to allicin, increased the intracellular concentration of cAMP,

which stimulated the expression of thermogenic and brown specific

genes (70). The BP GO terms enrichment, such as cellular

respiration and cellar lipid metabolic process as well as CC GO

terms related to mitochondria were significantly up regulated in

ALLI- and cAMP-treated cells compared with CTRL cells,

suggesting similar activity in cells with different treatments, but

was opposite when ALLI-treated cells were compared with cAMP-

treated cells. MF GO terms, such as oxidoreductase activity, were up

regulated in ALLI- and cAMP-treated cells compared with CTRL

cells, but down regulated in ALLI-treated and cAMP-treated cells.

Therefore, the positive browning effect of ALLI treatment was

evident only in comparison with CTRL cells, but not in

comparison with cAMP incubation. However, ALLI and cAMP

treatments shared the most up regulated hub genes such as PPARG,

FASN, SREBF1, SCD, PPARGC1A, and ACLY, which are related to

fatty acid metabolic process, fatty acid oxidation and response to

cold. The lowest down regulated hub genes common to ALLI and

cAMP treatments FN1, THBS, COL1A2 and CCN2 were enriched

in ECM receptor interactions, integrin cell surface interactions and

focal adhesion. This is consistent with the down regulation of

collagen, integrin and laminin genes (COL1A1, COL1A2, ITGA2,

ITGA3 , ITGA4, ITGA5 , LAMA1, LAMA2, LAMA3;

Supplementary Table 1) observed in SGBS cells during

differentiation (20) demonstrating their ability to adjust

cytoskeletal reorganization according to their size, LDs dynamics

and thermogenesis (71).

KEGG pathway enrichment confirmed that oxidative

phosphorylation, thermogenesis, and fatty acid metabolism were

the most significantly up-regulated pathways in the ALLI_CTRL

and cAMP_CTRL comparisons, whereas ECM-receptor

interaction, PI3K-Akt signalling pathway and Focal adhesion

were downregulated. In contrast, pathways related to PPAR and

fatty acid metabolism were significantly downregulated in the

ALLI_ cAMP comparison.

Interestingly, an in vivo study suggests that the allyl-containing

sulphides of garlic significantly enhance thermogenesis and increase

epinephrine and norepinephrine levels in rat plasma (72), which is

why allicin may interact with the adrenergic receptor (AR), which is

one of the most effective mechanisms to deplete excess energy

through cAMP/PKA-dependent signal transduction (73). In the

present study, up regulated DEGs common to ALLI_CTRL and

cAMP_CTRL comparisons and the targets of transcription factor

AR were significantly associated with ‘PPARG signalling pathway’,

‘positive regulation of cold-induced thermogenesis’, ‘fatty acid

metabolic process’ and ‘PPARA activates gene expression’. All of

these metabolic pathways and processes share the genes for fatty

acid translocase (FATP or CD36), acyl-coA synthetase long chain

family member 1 (ACSL1) and carnitine palmitoyltransferase II

(CPT2), each of which is involved in the storage and recycling of
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fatty acids, their conversion to acyl-CoA and transport to

mitochondria (74). Their co-expression is clearly part of the

thermogenesis programme. In 3T3-L1 adipocytes, CD36 has been

found to play an important lipolytic role (75) and its translocation

from the cell membrane to lipid droplets mediates the release of

long-chain fatty acids by exocytosis (76). In human macrophages

aged garlic extract inhibits CD36 expression through modulation of

the PPARg pathway (77), but in SGBS cells, its over expression

together with that of LPL, and aquaporin 7 (AQP7) (Supplementary

Table 1) can lead to triglycerides uptake and then lipolysis

associated with heat production (78). In addition, CD36 has been

found to be a scavenger receptor required for coenzyme Q (CoQ10)

uptake in BAT and therefore essential for adaptive thermogenesis

and BAT morphology, (79). Of note, CoQ10 is up regulated in

ALLI-treated SGBS cells (Supplementary Table 1).

ACSL1 and CPT2 have been shown to be required for fatty acid

oxidation for cold-induced thermogenesis (80). Interestingly, all of

these genes are downstream targets of the nuclear transcription

factor PPARA, which is expressed in metabolically active tissues

such as brown adipose tissue (81). In contrast, down regulated

DEGs targets of SP1 and other TFs, such as TP53 and JUN, were

involved in ‘Interleukin-4 and Interleukin-13 signalling’ and

‘Extracellular matrix organization’, ‘Cytokine-mediated signalling

pathways’ and ‘IL-18 signalling pathways’, as previously described

in SGBS cells (20). In particular, the down regulation of fibronectin

(FN1), collagen type I alpha 1 chain (COL1A1), collagen type I

alpha 2 chain (COL1A2) is associated with that of the zinc finger

transcript ion factor early growth response-1 (EGR1)

(Supplementary Table 1) and, in mice, with a concomitant

increase of beige cells differentiation and a decrease in genes

encoding the extracellular matrix proteins (82). The down

regulations of cell-surface glycoprotein CD44 and its receptor

ONP in SGBS ce l l s t rea ted wi th a l l i c in and cAMP

(Supplementary Table 1) further confirms the browning activity

of the compounds present in garlic. CD44 was recently recognized

as a major receptor for an extracellular matrix component that plays

an essential role in promoting obesity and diabetes (83).

Brown features were also confirmed by PROFAT analysis,

which revealed a significant increase in 80% of genes related to

BAT phenotype.

Using open-source tools, computational target fishing facilitates

the investigation of biological targets of bioactive molecules using

the reverse pharmacophore mapping approach (84)

(Supplementary Table 6). To understand potential targets

involved in the browning process six major targets ESR1, NR1H3,

RXRA, PPARA, NR1H4, and RXRG were extracted from the

comparison of targets of allicin and related organosulfur

compounds with browning genesafter topological analysis. The

targets were strongly associated, and enrichment analysis

confirmed the involvement of these genes in limiting cholesterol

uptake, lipolysis and mitochondrial biogenesis, all processes in

which allicin plays a role. The lipolytic role of allicin may be

related to the activation of PPARA through the release of fatty

acids. RXRA forms heterodimers with PPARA to regulate the

expression of genes involved in fatty acid oxidation (ACOX1,

ACADM, CYP4A1, HMGCS2), fatty acid transport (CD36,

SLC27A1, CPT2), and lipid storage (PLIN) (85), that were over

expressed by ALLI treatment (Supplementary Table 1). This is

consistent with the activation of PPARA promoted by allicin in

palmitic acid-loaded HepG2 cells (58). Again, garlic essential oil

significantly up regulated PPARA expression level in the liver of

HFD-fed mice compared with control mice (86). Moreover, PPARA

was found to be associated with the expression of superoxide

dismutase (CuZn-SOD) in human aortic endothelial cells (87), a

scavenger of ROS, which is consistent with the antioxidant

properties of allicin. Of note, ESR1 is known to induce a selective

beiging in 3T3-L1 cells leading to ATGL-mediated lipolysis (88).

Moreover, in human and mouse adipocytes ESR1 promotes

mitochondrial remodelling and thermogenesis through uncoupled

respiration by regulating the mitochondrial gene POLG1 (89). All of

downstream genes of these metabolic pathways, such as SOD1,

ATGL, and POLG were significantly expressed in SGBS cells

(Supplementary Table 1).

Conclusion

Overall, this study supports the modulatory role of allicin in

stimulating the brown phenotype of SGBS cells, which is associated

with an increase in mitochondrial biogenesis and lipid catabolism.

The possible mechanism of this interesting process may be based on

the partial interaction of allicin within the regulatory steps of cAMP

signalling and PPARA signalling.

However, the study has some limitations, because neither

down-regulation of SIRT5 nor significant up-regulation of

KLF15, as recently reported, was detected in SGBS cells. The

mechanism by which allicin promotes browning and induces

mitochondrial biogenesis is not yet fully elucidated, and

functional studies could be performed to further investigate the

browning effect.
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