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Abstract  

Adipogenesis is a tightly regulated biological process through which preadipocytes 

differentiate into mature lipid-storing adipocytes. This process is controlled by a coordinated 

transcriptional cascade in which the early adipogenic transcription factors 

CCAAT/enhancerbinding protein beta (C/EBPβ) and CCAAT/enhancer-binding protein delta 

(C/EBPδ) play critical roles by initiating the expression of key adipogenic regulators, including 

peroxisome proliferator-activated receptor gamma (PPARγ) and C/EBPα. The present study 

aimed to investigate the temporal gene expression patterns of C/EBPβ and C/EBPδ during 

adipogenesis in 3T3-L1 preadipocytes. Adipocyte differentiation was induced using a standard 

adipogenic differentiation medium, and total RNA was isolated from undifferentiated cells and 

differentiated cells collected at selected time points during adipogenesis. RNA integrity and 

purity were assessed prior to complementary DNA (cDNA) synthesis. Quantitative real-time 

polymerase chain reaction (qRT-PCR) was performed to quantify the relative expression levels 

of C/EBPβ and C/EBPδ, and gene expression was analyzed using the 2-(ΔΔCt) method after 

normalization to a housekeeping gene. The results demonstrated differential expression of both 

transcription factors during adipocyte differentiation. C/EBPβ expression was markedly 

upregulated during the early phase of adipogenesis and subsequently declined as differentiation 

progressed, whereas C/EBPδ exhibited transient induction during the initial stages, followed 

by reduced expression in mature adipocytes. These findings were consistent with the 

established roles of C/EBPβ and C/EBPδ as early regulators of the adipogenic transcriptional 

cascade. Overall, the study demonstrated that the coordinated temporal expression of these 

transcription factors is essential for the initiation and progression of adipocyte differentiation, 

providing a better understanding of the molecular mechanisms underlying adipogenesis.  
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Chapter 1  

Introduction  

Adipogenesis is the biological process through which mesenchymal stem cells differentiate into 

mature adipocytes, which are specialized cells responsible for the storage of excess energy in the 

form of lipids. This highly regulated process involves a coordinated sequence of molecular and 

cellular events that begins with the commitment of mesenchymal precursor cells to the 

preadipocyte lineage. Although committed preadipocytes retain the capacity to proliferate, they 

must undergo irreversible cell-cycle arrest before initiating terminal differentiation. This transition 

is orchestrated by a complex network of transcription factors and signaling pathways that regulate 

the acquisition of the morphological, metabolic, and endocrine characteristics of mature adipocytes 

(Gregoire, 2001; Rosen & Spiegelman, 2014).  

Over the past 25 years, adipocyte differentiation has been extensively studied for its significant 

role in the development, growth, and remodeling of adipose tissue. Effective adipogenesis is 

essential for maintaining energy balance and metabolic health, whereas disruption of this process 

can lead to obesity, insulin resistance, and various metabolic disorders. Obesity is a chronic 

metabolic condition characterized by the excessive expansion of adipose tissue through adipocyte 

hypertrophy (an increase in cell size) and adipocyte hyperplasia (an increase in cell number), and 

the latter of which may result from enhanced adipogenesis. Dysregulated adipogenesis contributes 

to adipose tissue dysfunction, leading to altered adipokine secretion, chronic low-grade 

inflammation, insulin resistance, and an increased risk of metabolic disorders, including type 2 

diabetes mellitus, hypertension, and cardiovascular disease (Moller & Flier, 1991; Hotamisligil et 

al., 1993; Ye et al., 2022; Di Rocco et al., 2024).  

Adipose tissue is a specialized form of loose connective tissue that serves as the body's primary 

energy reservoir by storing triglycerides and releasing fatty acids to meet metabolic demands.  

Although mature adipocytes constitute approximately one-third of the cellular content of adipose 

tissue, the remaining cellular population comprises mesenchymal stem cells, preadipocytes, 

endothelial cells, immune cells, and other stromal cells. This heterogeneous composition confers 

remarkable plasticity, enabling adipose tissue to undergo growth, remodeling, and metabolic 

adaptation throughout life (Rosen & MacDougald, 2006). Beyond its role in energy homeostasis, 
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it functions as an active endocrine organ that secretes adipokines involved in regulating 

metabolism, immune responses, blood pressure, hemostasis, bone metabolism, and reproductive 

and thyroid functions (Kershaw & Flier, 2004; Rosen & Spiegelman, 2014).  

 

  

Figure 1. Schematic representation of the cellular composition of adipose tissue (Sharma et al., 2021)  
  

  

Based on its structure and function, adipose tissue is classified into two major types: white adipose 

tissue (WAT) and brown adipose tissue (BAT). WAT primarily functions as the body's main energy 

storage site, whereas BAT is specialized for non-shivering thermogenesis through the expression 

of uncoupling protein-1 (UCP1), thereby increasing energy expenditure and contributing to 

metabolic regulation (Cannon & Nedergaard, 2004; Wu et al., 2012).  

  

  

Figure 2. Schematic representation of white and brown adipocytes (Fitzgerald et al., 2018)  
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Unipotent preadipocytes are specialized precursor cells committed to the adipocyte lineage. Under 

appropriate conditions, they can proliferate and differentiate into mature adipocytes, making them 

valuable in vitro models for investigating adipogenesis. Among the available preadipocyte cell 

lines, 3T3-L1 and 3T3-F442A are the most widely used, with 3T3-L1 cells considered the 

goldstandard model for studying white adipogenesis.  

Upon differentiation, 3T3-L1 cells undergo growth arrest followed by mitotic clonal expansion, 

leading to the accumulation of intracellular lipid droplets, increased mitochondrial and 

endoplasmic reticulum biogenesis, and the sequential activation of adipogenic transcription factors 

and adipocyte-specific genes involved in lipid metabolism and insulin sensitivity (Green & 

Kehinde, 1974). During this process, 3T3-L1 cells acquire the morphological and functional 

characteristics of mature white adipocytes, making them a widely used model for investigating 

adipocyte biology, obesity, and metabolic disorders (Green & Kehinde, 1974; Novikoff et al., 1980; 

Rosen & Spiegelman, 2014). Furthermore, under specific experimental conditions, these cells 

exhibit phenotypic plasticity, further expanding their utility in adipose tissue research (Cristancho 

& Lazar, 2011). These molecular and cellular events closely resemble the adipogenic process in 

vivo, making 3T3-L1 cells a physiologically relevant model for adipogenesis research. Adipocyte 

maturation is characterized by the upregulation of key lipogenic enzymes, including ATP citrate 

lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), malic enzyme 1 

(ME1), and stearoyl-CoA desaturase-1 (SCD1), accompanied by increased expression of insulin 

receptors and glucose transporter type 4 (GLUT4), which together enhance lipid synthesis and 

insulin responsiveness.  

3T3-L1 preadipocytes are routinely cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with fetal bovine serum (FBS). Upon reaching confluence, adipogenic 

differentiation is induced using the MDI cocktail, consisting of insulin, dexamethasone (DEX), 

and 3-isobutyl-1-methylxanthine (IBMX). Insulin promotes adipogenic signaling through the 

insulin and insulin-like growth factor-1 (IGF-1) receptors, DEX activates glucocorticoid 

receptormediated transcription, and IBMX increases intracellular cyclic adenosine monophosphate 

(cAMP) levels, leading to the activation of protein kinase A (PKA). Together, these factors initiate 

a coordinated transcriptional cascade that drives adipocyte differentiation and intracellular lipid 

accumulation (Student et al., 1980; Smith et al., 1988; Zebisch et al., 2012).  
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Figure 3. Schematic illustration of adipocyte differentiation (Chularojmontri et al., 2022)  

Following confluence, 3T3-L1 preadipocytes undergo growth arrest in the G0/G1 phase and 

acquire adipogenic competence, characterized by the expression of early markers such as 

lipoprotein lipase (LPL) and type VI collagen (Cornelius et al., 1988; Dani et al., 1990). During 

differentiation, preadipocytes undergo marked morphological and molecular changes. Elongated 

fibroblast-like cells progressively transform into rounded adipocytes with abundant intracellular 

lipid droplets. This process is accompanied by extracellular matrix (ECM) remodeling and 

cytoskeletal reorganization, both of which are essential for adipocyte maturation. Proteolytic 

remodeling of the ECM through the plasminogen activation cascade further facilitates 

adipocytespecific gene expression and lipid accumulation (Selvarajan et al., 2001; Gregoire et al., 

1998). As differentiation progresses, mature adipocytes express characteristic markers, including 

fatty acid-binding protein 4 (FABP4/aP2), CD36, and perilipin, reflecting the acquisition of 

functional adipocyte characteristics (Gregoire et al., 1998).  

The process of adipogenesis is governed by a tightly regulated transcriptional cascade that is 

triggered upon MDI induction. The earliest transcription factors induced are 

CCAAT/enhancerbinding protein β (C/EBPβ) and CCAAT/enhancer-binding protein δ (C/EBPδ), 

whose expression is stimulated by glucocorticoid and cyclic adenosine monophosphate (cAMP)-

dependent signaling pathways. These early transcription factors activate the expression of 

CCAAT/enhancer-binding protein α (C/EBPα) and peroxisome proliferator-activated receptor 

gamma (PPARγ), two master regulators that drive terminal adipocyte differentiation by promoting 

the expression of adipocytespecific genes involved in lipid metabolism, adipokine production, and 

insulin sensitivity (Cao et al., 1991; Tontonoz et al., 1994; Tontonoz et al., 1995; Brun et al., 1996; 

Rosen & Spiegelman, 2000).  
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The CCAAT/enhancer-binding protein (C/EBP) family comprises six members such as C/EBPα, 

C/EBPβ, C/EBPδ, C/EBPγ, C/EBPε, and C/EBPζ, all of which contain a conserved basic leucine 

zipper (bZIP) domain that enables DNA binding as well as homo- and heterodimerization (Vinson 

et al., 1989). Among these, C/EBPα, C/EBPβ, and C/EBPδ play central roles in adipogenesis. 

C/EBPβ and C/EBPδ function during the early phase of differentiation by inducing C/EBPα 

expression, whereas C/EBPα maintains the differentiated adipocyte phenotype by regulating genes 

involved in lipid metabolism, glucose homeostasis, and insulin responsiveness (Cao et al., 1991; 

Rosen & Spiegelman, 2000).  

The indispensable roles of C/EBP transcription factors in adipogenesis have been demonstrated 

through both in vitro and in vivo studies. Loss of C/EBPβ or C/EBPδ impairs adipocyte 

differentiation and lipid accumulation, whereas ectopic expression of C/EBPα is sufficient to 

induce adipogenic conversion in appropriate cell systems (Freytag et al., 1994; Yeh et al., 1995). 

Similarly, mice deficient in C/EBPβ or C/EBPδ exhibit reduced adipose tissue development, while 

C/EBPα-deficient mice display severe defects in adipocyte differentiation, lipid storage, and 

adipocyte function (Wang et al., 1995; Flodby et al., 1996; Tanaka et al., 1997). These findings 

underscore the coordinated actions of C/EBPβ, C/EBPδ, and C/EBPα in establishing and 

maintaining the adipogenic program.  

Collectively, adipogenesis is a highly regulated process that is essential for adipose tissue 

development and metabolic homeostasis. However, dysregulated adipocyte differentiation 

contributes to excessive white adipose tissue expansion, altered adipokine secretion, chronic 

lowgrade inflammation, and the development of obesity-associated metabolic disorders, including 

insulin resistance, type 2 diabetes mellitus, and cardiovascular disease (Hotamisligil et al., 1993; 

Di Rocco et al., 2024). Considering the pivotal roles of C/EBPβ and C/EBPδ in the initiation of 

adipogenesis, further investigation into the molecular mechanisms underlying their regulation may 

advance the development of targeted therapeutic approaches for obesity and obesity-associated 

metabolic diseases.   
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Chapter 2  

Review of Literature  

2.1 Adipogenesis   

Adipogenesis is the process by which fibroblast-like preadipocytes differentiate into mature 

adipocytes (Rosen et al., 2000). Adipocytes originate from multipotent mesenchymal stem cells 

that, upon exposure to various signaling molecules, commit to the adipocyte lineage (Gregoire et 

al., 1998). This tightly regulated process involves the sequential differentiation of adipose-derived 

stem cells into preadipocytes, which subsequently mature into lipid-laden adipocytes 

(Sarantopoulos et al., 2018).  

The primary function of adipocytes is to store triacylglycerol during periods of excess caloric 

intake and to mobilize these energy reserves when energy expenditure exceeds caloric intake. In 

addition, mature adipocytes possess the complete complement of enzymes and regulatory proteins 

required for both de novo lipogenesis and lipolysis (Cornelius et al., 1994).  

2.2 Adipose Tissue: Types, Functions, and Metabolic Importance   

Adipose tissue is an active endocrine organ that plays a central role in maintaining metabolic 

homeostasis. Its dysfunction or excessive accumulation is closely associated with obesity and 

related metabolic disorders (Ahmad et al., 2020). The global rise in obesity has intensified 

scientific interest in adipose tissue biology and adipogenesis, the process through which adipocytes 

are formed (Tang & Lane, 2012).  

Based on their morphology and physiological functions, adipose tissue is classified into two major 

types: white adipose tissue (WAT) and brown adipose tissue (BAT) (Cannon & Nedergaard, 2004). 

WAT serves as the primary site of energy storage and functions as an endocrine organ by secreting 

adipokines and cytokines that regulate metabolic and inflammatory processes (Ouchi et al., 2011). 

In contrast, BAT is specialized for non-shivering thermogenesis, dissipating energy as heat through 

the action of mitochondrial uncoupling protein 1 (UCP1) (Kajimura et al., 2015).  
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In addition to WAT and BAT, beige (brite) adipocytes represent an inducible thermogenic adipocyte 

subtype that expresses UCP1 in response to specific physiological or environmental stimuli. 

Because of their capacity to increase energy expenditure, beige adipocytes have emerged as 

promising therapeutic targets for obesity and other metabolic disorders (De Paula et al., 2025). 

Although murine studies have provided important insights into the biology of thermogenic adipose 

tissue, the direct translation of these findings to humans remains challenging due to speciesspecific 

differences in adipose tissue distribution, abundance, and thermogenic capacity (De Paula et al., 

2025).  

2.3 Cellular Models Used to Study Adipogenesis  

Multipotent stem cell lines and preadipocyte cell lines are extensively utilized to investigate 

adipogenesis, adipocyte proliferation, differentiation, and the secretion of adipokines. 

Adipogenesis is typically categorized into two sequential stages: commitment and terminal 

differentiation, both of which are governed by specific adipogenic signals (Smith et al., 1988).  

Over the past two decades, the cellular and molecular mechanisms that underlie adipocyte 

development have been thoroughly examined using preadipocyte culture systems (Grégoire et al., 

1998). Preadipocytes are found throughout adulthood, display depot-specific traits, and arise from 

various progenitor cell populations, where they undergo proliferation followed by differentiation 

into mature adipocytes (Sarantopoulos et al., 2018). Preadipocytes obtained from different animal 

models have been the subject of extensive research, with rodent-derived cells being the most 

commonly utilized, while feline and porcine cells have been used to a lesser degree (Rodriguez et 

al., 2004).   

2.4 3T3-L1 Cell Line as an In Vitro Model of Adipogenesis  

3T3-L1 cell line, established by Howard Green and colleagues (1974) from Swiss mouse 3T3 

fibroblasts, is one of the most widely used in vitro models for studying adipogenesis, 

adipocytespecific gene expression, lipid metabolism, and metabolic regulation (Green & Kehinde, 

1974; Smas & Sul, 1997). Owing to its high adipogenic potential and reproducible differentiation, 

the 3T3-L1 cell line has become a well-established model for investigating the molecular and 

cellular mechanisms underlying adipocyte development (Grégoire et al., 1998).  
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Adipogenic differentiation of 3T3-L1 cells is typically induced using the MDI cocktail, which 

rapidly activates immediate-early genes that initiate the adipogenic transcriptional program 

(Cornelius et al., 1994). During differentiation, the cells undergo coordinated morphological, 

biochemical, and transcriptional changes that drive their transition from fibroblast-like 

preadipocytes to mature adipocytes. These changes include the sequential activation of adipogenic 

genes and the progressive accumulation of intracellular lipid droplets, a hallmark of mature 

adipocytes (MacDougald & Lane, 1995; Rubin, 1978).  

Approximately 24 hours after MDI induction, growth-arrested preadipocytes re-enter the cell cycle 

and undergo post-confluent mitosis, also known as mitotic clonal expansion, during which they 

complete at least one round of DNA replication and cell division (Bernlohr et al., 1985). Following 

this proliferative phase, the cells exit the cell cycle and enter a terminal growth-arrest state, which 

is essential for adipocyte differentiation (Scott et al., 1982). This transient mitotic event is thought 

to facilitate chromatin remodeling, thereby enabling adipogenic transcription factors to access 

regulatory elements of genes required for the mature adipocyte phenotype (Cornelius et al., 1994).  

The importance of growth arrest in cellular differentiation has been demonstrated by several 

studies, which identified it as a prerequisite for terminal differentiation (Nadal-Ginard, 1978). 

Upon completion of differentiation, mature adipocytes accumulate large intracellular lipid droplets 

that serve as triglyceride storage depots and represent a defining feature of the adipocyte phenotype 

(Rizzatti et al., 2013).  

2.5 Hormonal Regulation and Signaling Pathways in Adipogenesis  

Adipocyte differentiation is a highly coordinated process regulated by a complex network of 

transcription factors, signaling pathways, and hormonal cues that direct the conversion of precursor 

cells into mature adipocytes (Rosen & Spiegelman, 2000). Early studies established that 

adipogenesis is tightly controlled by the interplay of hormonal, genetic, and environmental factors, 

with hormones such as insulin, glucocorticoids, and thyroid hormones playing pivotal roles in 

initiating and regulating adipogenic signaling pathways (Rosen et al., 2000).  

In in vitro models, adipogenic differentiation is commonly induced using a combination of insulin, 

dexamethasone, and 3-isobutyl-1-methylxanthine (IBMX), collectively referred to as the MDI 
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cocktail (Grégoire et al., 1998). IBMX promotes adipogenesis by inhibiting phosphodiesterase 

activity, thereby increasing intracellular cyclic adenosine monophosphate (cAMP) levels (Student 

et al., 1980). Elevated cAMP activates cAMP response element-binding protein (CREB), which 

regulates the transcription of genes essential for adipocyte differentiation (Tang & Lane, 2012).  

Insulin signaling is indispensable for adipogenesis, and disruption of this pathway impairs adipose 

tissue development and metabolic homeostasis (Blüher et al., 2002). Activation of insulin and 

insulin-like growth factor-1 (IGF-1) receptors stimulates downstream signaling molecules, 

including phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt1/2), and the mammalian 

target of rapamycin (mTOR), which collectively promote adipocyte differentiation, lipid 

accumulation, and metabolic maturation (Garofalo et al., 2003; Ali et al., 2013).  

During the early stages of differentiation, growth-arrested preadipocytes undergo mitotic clonal 

expansion, a prerequisite for terminal adipocyte differentiation (MacDougald & Lane, 1995). This 

process is regulated by coordinated hormonal and extracellular signals that converge on adipogenic 

transcriptional networks, ultimately driving the formation of lipid-laden, functionally mature 

adipocytes (Ali et al., 2013).  

2.6 Role of Early Adipogenic Transcription Factors  

Adipocyte differentiation is primarily regulated through the sequential activation of transcription 

factors belonging to the CCAAT/enhancer-binding protein (C/EBP) and peroxisome 

proliferatoractivated receptor (PPAR) families (Siersbæk et al., 2010). Following adipogenic 

induction, preadipocytes undergo mitotic clonal expansion, during which the early adipogenic 

transcription factors C/EBPβ and C/EBPδ are rapidly induced (Hishida et al., 2009). These factors 

initiate the adipogenic transcriptional cascade by activating the expression of PPARγ and C/EBPα, 

the master regulators of terminal adipocyte differentiation (Erickson et al., 2001; Hishida et al., 

2009). Together, PPARγ and C/EBPα coordinate the expression of adipocyte-specific genes 

required for the development, maturation, and maintenance of functional adipocytes (Siersbæk et 

al., 2010). In addition, insulin plays a pivotal role in adipogenesis by regulating the expression of 

C/EBPα, C/EBPβ, and C/EBPδ, thereby promoting the differentiation of preadipocytes into mature 

adipocytes (MacDougald et al., 1995).  
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2.7 Additional Transcriptional Regulators of Adipogenesis  

Krüppel-like factors (KLFs) are important regulators of adipogenesis, functioning as either positive 

or negative modulators of adipocyte differentiation. KLF6 and KLF9 promote adipogenesis by 

enhancing the expression of peroxisome proliferator-activated receptor gamma (PPARγ), thereby 

facilitating adipocyte differentiation. In contrast, KLF2 and KLF7 suppress adipogenesis by 

downregulating PPARγ expression, thereby inhibiting the differentiation of preadipocytes into 

mature adipocytes (Pei et al., 2011).  

Sterol regulatory element-binding protein 1c (SREBP1c) is another key pro-adipogenic 

transcription factor that promotes adipocyte differentiation by increasing the expression and 

transcriptional activity of PPARγ (Kim & Spiegelman, 1996; Kim et al., 1998). Conversely, several 

transcription factors, including GATA2, GATA3, Forkhead box O1 (FOXO1), and Forkhead box 

A2 (FOXA2), negatively regulate adipogenesis. GATA2 and GATA3 are highly expressed in 

preadipocytes but are progressively downregulated during adipocyte differentiation, indicating that 

their suppression is required for terminal adipocyte maturation (Tong et al., 2005).  

(Ianiro et al., 2023) demonstrated that lactoferrin is an additional regulator of adipogenesis. 

Exogenous lactoferrin modulates adipocyte differentiation and improves insulin sensitivity in 

human adipocytes. Furthermore, lactoferrin expression changes during the differentiation of both 

human preadipocytes and 3T3-L1 cells and is regulated by adipogenic inducers such as 

rosiglitazone, suggesting its involvement in the regulation of adipogenesis.  

2.8 MicroRNAs in Adipogenesis  

MicroRNAs (miRNAs) are important post-transcriptional regulators of adipogenesis that modulate 

the expression of genes involved in adipocyte differentiation. Among these, miR-103, miR-107, 

and miR-143 are upregulated during adipocyte differentiation and contribute to adipogenesis. 

Overexpression of miR-103 and miR-143 enhances the differentiation of 3T3-L1 cells by 

promoting triglyceride accumulation and increasing the expression of adipocyte-specific genes 

(Xie et al., 2009).  
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2.9 Nrf2 Signalling in Adipogenesis  

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important regulator of adipogenesis, 

although its role remains controversial. Pi et al., (2010) reported that Nrf2 promotes adipocyte 

differentiation, as Nrf2 deficiency reduced the expression of adipogenic transcription factors, 

including PPARγ and C/EBPα, whereas Keap1 knockdown enhanced adipogenesis. Similarly, Hou 

et al. (2020) demonstrated that Nrf2 regulates adipogenesis through C/EBPβ and is required for 

normal adipocyte differentiation. In contrast, Liu et al. (2023) showed that Nrf2 activation 

suppresses adipogenesis by reducing the expression of adipogenic markers, including PPARγ, 

C/EBPα, and fatty acid-binding protein 4 (FABP4), thereby inhibiting lipid accumulation. These 

findings suggest that the role of Nrf2 in adipogenesis is context-dependent and may vary according 

to cellular conditions and experimental models.  

2.10 Clinical Significance and Future Perspectives  

Adipocyte differentiation is essential for maintaining energy homeostasis, regulating lipid storage, 

and preserving insulin sensitivity. Dysregulation of adipogenesis contributes to the development 

of obesity, insulin resistance, type 2 diabetes, and other metabolic disorders. Therefore, 

understanding the molecular mechanisms underlying adipocyte differentiation is fundamental to 

elucidating adipose tissue biology and metabolic regulation.  

Future research should focus on identifying the molecular pathways, signaling networks, and 

genetic and epigenetic mechanisms that regulate adipogenesis. Emerging areas such as epigenetic 

modifications, microRNA-mediated regulation, circadian rhythm, and redox signaling warrant 

further investigation because of their potential roles in adipose tissue development and metabolic 

homeostasis. Improved understanding of these regulatory mechanisms may facilitate the 

identification of novel therapeutic targets and support the development of personalized treatment 

strategies and regenerative medicine approaches for obesity and other metabolic diseases  
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Chapter 3  

Aim and Objectives  

  

Aim  

The present study aims to investigate the gene expression pattern of C/EBPβ and C/EBPδ during 

adipocyte differentiation.  

  

Objectives  

• To induce adipocyte differentiation in 3T3-L1 cell model.  

• To confirm adipocyte differentiation by morphological evaluation.   

• To isolate total RNA and synthesize cDNA.   

• To analyze the expression levels of C/EBPβ and C/EBPδ by qRT-PCR.  
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Chapter 4  

Materials and Methods  

4.1 Materials  

4.1.1 Laboratory Materials  

• T-25 tissue culture flasks   

• 6-well tissue culture plates   

• Cryovials   

• Sterile centrifuge tubes (15 mL and 50 mL)   

• Sterile microcentrifuge (Eppendorf) tubes   

• Sterile micropipette tips   

• Hemocytometer (Neubauer chamber)   

• Coverslips   

• Gel casting tray and comb   

• Erlenmeyer flask   

• PCR tubes   

• Aluminium foil   

• Syringe filter unit   

• Disposable gloves and other laboratory consumables  

4.1.2 Reagents for Cell Culture  

• Dulbecco's Modified Eagle Medium (DMEM)   

• Fetal bovine serum (FBS)   

• Penicillin–streptomycin (1 %)   

• Phosphate-buffered saline (PBS)   

• 0.25 % Trypsin–EDTA solution   

• Dimethyl sulfoxide (DMSO)   

• Sodium bicarbonate (NaHCO₃)  
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4.1.3 Reagents for Cell Revival  

• 70 % Ethanol   

• Complete DMEM (DMEM supplemented with 10 % FBS and 1 % penicillin– 

streptomycin), pre-warmed to 37 °C   

4.1.4 Reagents for Cryopreservation  

• Freezing medium (complete DMEM containing 10 % DMSO)   

• 70 % Ethanol  

4.1.5 Reagents for Cell Counting  

• Trypan blue solution (0.4 %)  

4.1.6 Reagents for Cell Seeding  

• Phosphate-buffered saline (PBS)   

• 0.25 % Trypsin–EDTA solution   

• Complete DMEM  

4.1.7 Reagents for Adipocyte Differentiation  

• MDI induction medium (3-isobutyl-1-methylxanthine [IBMX], dexamethasone, and 

insulin)   

• Maintenance medium (DMEM supplemented with 10 % FBS)  

4.1.8 Reagents for Oil Red O Staining  

• Oil Red O working solution   

• 4 % Paraformaldehyde (PFA) fixative   

• 60 % Isopropanol  
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4.1.9 Reagents for RNA Isolation (TRIzol Method)  

• TRIzol™ Reagent (Invitrogen™)   

• Chloroform   

• Isopropanol   

• 75 % Ethanol (prepared using RNase-free water)   

• RNase-free water or 0.1 % DEPC-treated water   

• RNaseZap™ solution   

4.1.10 Reagents for Agarose Gel Electrophoresis  

• 1.2 % High-purity agarose   

• DEPC-treated water   

• 50× TAE buffer   

• Ethidium bromide (EtBr) or an equivalent nucleic acid stain  

4.1.11 Reagents for cDNA Synthesis and Quantitative Real-Time PCR (qRT-PCR)  

• iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, USA)   

• SYBR® Green Master Mix (Bio-Rad Laboratories, USA)   

• Forward and reverse primers  

4.1.12 Instruments  

• Class II HEPA-filtered biosafety cabinet (ESCO Lifesciences, Singapore)  

• CO₂ incubator (Eppendorf, Germany)   

• Inverted phase-contrast microscope (Leica Microsystems, Germany)  

• Refrigerated centrifuge (Eppendorf, Germany)    

• Microcentrifuge (Eppendorf, Germany)   

• Vortex mixer (Shimadzu, Japan)  

• pH meter (Thermo Scientific, USA)  

• Analytical balance (Shimadzu, Japan)    
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• Biophotometer (Eppendorf, Germany)    

• Gel electrophoresis apparatus (Bio-Rad Laboratories, USA)  

• Gel documentation system (Bio-Rad Laboratories, USA)   

• Thermal cycler (Thermo Fisher Scientific, USA)   

• Real-Time PCR Detection System (Bio-Rad Laboratories, USA)   

• Water bath   

• Refrigerator (4 °C)   

• Deep freezers (−20 °C and −80 °C)  

• Magnetic stirrer with hot plate   

• Microwave oven  

4.2 Methods    

4.2.1 Cell Culture  

3T3-L1 cell line was procured from National Centre for Cell Science (NCCS), Pune, India, and 

maintained according to standard cell culture procedures under aseptic conditions. Cells were 

cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % 

fetal bovine serum (FBS) and 1 % penicillin-streptomycin. Cells were maintained at 37 °C in a 

humidified incubator containing 5 % CO2. Cell morphology and confluency were monitored 

regularly using an inverted phase-contrast microscope. Cells were subcultured upon reaching 70– 

80 % confluency to maintain optimal growth and prevent contact inhibition. For long-term storage, 

cells were cryopreserved in freezing medium containing 10 % DMSO to preserve cell viability 

and structural integrity.  

4.2.2 Preparation of DMEM  

Dulbecco’s Modified Eagle Medium (DMEM) was prepared according to the manufacturer’s 

instructions. Powdered DMEM was dissolved in approximately 900 mL of sterile distilled water 

with continuous stirring until completely dissolved. Sodium bicarbonate (3.7 g/L) was added, and 

the solution was mixed until clear. The final volume was adjusted to 1000 mL with sterile distilled 

water. The medium was sterilized using a 0.22 μm vacuum filtration system and collected in a 

sterile storage bottle. 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin were added 

to prepare complete DMEM.  
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4.2.3 Subculture of 3T3-L1 Cells  

Cells were subcultured when they reached approximately 70–80 % confluency to maintain healthy 

growth and optimal differentiation potential. The spent culture medium was aspirated from T-25 

culture flasks, and the cell monolayer was gently rinsed twice with 1 mL sterile phosphate-buffered 

saline (PBS) to remove residual serum. Cells were then treated with an appropriate volume of 

Trypsin-EDTA and incubated at 37 °C for 2–5 minutes until detachment was observed. Complete 

DMEM was added to neutralize the trypsin, and the cell suspension was collected and centrifuged 

at 1000 rpm for 5 minutes. The resulting cell pellet was resuspended in fresh complete DMEM, 

and the cells were seeded into new culture flasks containing 5 ml of fresh media at the desired split 

ratio. The cells were further incubated at 37 °C in a humidified atmosphere containing 5 % CO₂.  

4.2.4 Cell counting   

The hemocytometer (Neubauer chamber) and coverslip were cleaned with 70 % ethanol, allowed 

to air dry, and the coverslip was carefully positioned over the counting chamber. A 10 μL aliquot 

of the cell suspension was loaded into the hemocytometer by gently dispensing the sample at the 

edge of the coverslip, allowing the chamber to fill by capillary action without introducing air 

bubbles or overfilling.  

The hemocytometer was placed on an inverted phase-contrast microscope and examined under a 

10× objective. Cells were counted within the four large corner squares of the Neubauer chamber, 

each consisting of 16 smaller squares. To avoid double counting, only cells touching the top and 

left boundary lines were included in the count, whereas cells touching the bottom and right 

boundary lines were excluded.   

The total viable cell concentration was calculated using the following formula:  

Total cells/mL = (Total cells counted × Dilution factor × 10⁴) / Number of squares counted.  
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4.2.5 Cell seeding   

Cells maintained in the T-25 culture flask were first examined under an inverted microscope to 

assess cell morphology and confluency. The spent culture medium was carefully discarded. The 

adherent cells were then washed twice with 1 mL of phosphate-buffered saline (PBS) to remove 

residual medium and dead cells. Approximately 400 µL of trypsin solution was added to the flask, 

and the cells were incubated for about 2 minutes to facilitate cell detachment. The detachment 

process was monitored microscopically to avoid over-trypsinization. After complete detachment, 

1 mL of complete growth medium was added to neutralize the trypsin activity. The resulting cell 

suspension was collected and transferred into a sterile centrifuge tube. For cell counting, 10 µL of 

the cell suspension was loaded onto a hemocytometer with a coverslip. The total cell concentration 

was determined microscopically. Subsequently, the cells were seeded into a sterile 6-well tissue 

culture plate. Each well was seeded with an appropriate volume of the diluted cell suspension in 

complete growth medium to obtain a final cell density of 1 × 10⁴– 2 × 10⁴ cells per well. The plate 

was gently rocked in a horizontal and vertical direction to ensure uniform distribution of the cells. 

It was then labeled, sealed with Parafilm®, and incubated at 37 °C in a humidified incubator 

maintained at 5 % CO₂ for 48 hours.  

4.2.6 Adipocyte differentiation   

4.2.6.1 Induction Media Stock Solution Preparation  

Stock solutions of 3-isobutyl-1-methylxanthine (IBMX), Dexamethasone and Insulin were 

prepared by dissolving each compound in Dimethyl sulfoxide (DMSO). For adipogenic induction, 

18 mL of induction medium was required for a 6-well plate (3 mL per well). Therefore, 20 mL of 

induction medium was prepared to ensure sufficient volume. The final induction medium was 

prepared by supplementing DMEM base medium with 100 µL of 100 mM IBMX, 4 µL of 5 mM 

dexamethasone, and 20 µL of 10 mg/mL insulin per 20 mL total volume. This resulted in final 

working concentrations of 0.5 mM IBMX, 1 µM Dexamethasone, and 10 µg/mL Insulin in the 

induction medium.  
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4.2.6.2 Induction media treatment (Day 0)  

The induction medium was formulated by supplementing DMEM base medium with 100 µL of 

100 mM 3-isobutyl-1-methylxanthine (IBMX), 4 µL of 5 mM dexamethasone, and 20 µL of 10 

mg/mL insulin. The final volume was adjusted to 20 mL. The 6-well plate containing seeded 

3T3L1 preadipocytes was retrieved from the incubator, and the complete growth medium was 

aspirated and discarded under aseptic condition. Subsequently, 3 mL of freshly prepared MDI 

induction medium was added to each well to initiate adipogenic differentiation. The plate was then 

incubated at 37 °C in a 5 % CO2 atmosphere for 48 hours. This time point was designated as Day 

0 of differentiation.  

4.2.6.3 Insulin treatment (Day 4)  

The 6-well plate was monitored regularly under an inverted microscope to check the cell 

morphology and differentiation status. Following 4 days of MDI induction, the induction medium 

was aspirated from each well and discarded under aseptic conditions. The insulin medium was 

freshly prepared by supplementing DMEM containing 10 % FBS with insulin to a final 

concentration of 10 µg/mL. Specifically, 20 µL of 10 mg/mL insulin stock solution was added to 

20 mL of DMEM + 10 % FBS. Subsequently, 3 mL of insulin medium was added to each well 

except first well (control well) and the media in the control well was replaced with DMEM 

supplemented with 10 % FBS. The plate was then incubated at 37 °C in a 5 % CO₂ atmosphere.  

4.2.6.4 Maintenance Medium Renewal (Days 6, 8, and 10)  

Following insulin treatment, the medium was replaced with maintenance medium every 48 hours 

to support adipocyte maturation. The 6-well plate was examined under an inverted microscope 

regularly to monitor lipid droplet accumulation. The insulin medium was aspirated from each well 

and discarded under aseptic conditions. Subsequently, 3 mL of maintenance medium, (10 % 

DMEM) was added to each well. The plate was then incubated at 37 °C, 5 % CO₂ incubator.   

4.2.6.5 Collection of cells for RNA isolation (Day 2, 6 and 12)  

After induction, the cell morphology was assessed by inverted microscopy. For RNA extraction, 

the culture medium was aspirated from one well, and cells were lysed directly by the addition of 

1 mL of TRIzol® reagent.   
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Table 1. Work flow of 3T3-L1 cell differentiation  
 

Day  Activity  

Day 0  Induction media (100 ml of IBMX (0.5mM), 4μL of Dexamethasone 

(1μM) and 20 μL of insulin (10μg/ml) was added.  

Day 2  Cells collected for RNA isolation.  

Day 4  Induction media replaced with 10 % DMEM containing insulin (10  

μg/ ml).  

Day 6   Cells collected for RNA isolation and spent medium was replaced  

with 10 % DMEM.  

Day 8 & 10  Media renewal (10 % DMEM).  

Day 12  Cells collected for RNA isolation and Oil Red O Staining.  

  

4.2.7 Oil Red O Staining   

Following adipogenic differentiation, intracellular lipid accumulation in 3T3-L1 cells was assessed 

using Oil Red O staining according to the method described by Pittenger et al., (1999).  

4.2.7.1 Preparation of Oil Red O Working Solution  

The Oil Red O working solution was prepared immediately prior to use. Three parts of Oil Red O 

stock solution (0.5 % w/v in 100 % isopropanol) were mixed with two parts of distilled water. The 

solution was allowed to stand for 10 minutes and then filtered through Whatman No. 1 filter paper 

to remove precipitates.   

4.2.7.2 Preparation of 4 % paraformaldehyde solution  

4 % paraformaldehyde (PFA) solution was prepared in 1X phosphate-buffered saline (PBS, pH 

7.4). 10 mL of 1X PBS was heated to 60 °C with constant stirring. Subsequently, 0.4 g of PFA 

powder was added gradually while stirring. To facilitate dissolution, 1 N NaOH was added drop 

wise until the solution became clear. After complete dissolution, the solution was cooled to room 

temperature and the pH was adjusted to 7.2–7.4 using 1 N HCl. The final volume was adjusted to 

10 mL with 1X PBS.  
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4.2.7.3 Procedure:   

The culture medium was aspirated, and cells were gently washed twice with 1X PBS. 

Subsequently, 2 mL of 4 % paraformaldehye (or 10 % neutral buffered formalin) was added to 

each well by pipetting onto the wall of the well to avoid cell detachment. The plate was incubated 

for 30–60 minutes. The paraformaldehye was discarded, and the cells were washed twice with 

distilled water. Cells were then incubated with 1 mL of 60 % v/v isopropanol per well for 5 minutes 

to facilitate Oil Red O penetration. The 60 % isopropanol was aspirated, and cells were covered 

evenly with 2 mL of freshly prepared Oil Red O working solution per well. The plate was incubated 

for 10–20 minutes with gentle rotation to ensure uniform staining.  The Oil Red O solution was 

discarded, and the cells were washed 2–5 times with distilled water until no excess stain was visible 

in the wash solution. Cells were maintained in distilled water to prevent drying and were imaged 

using an inverted microscope.   

4.2.8 RNA isolation by TRIzol Method   

Before RNA isolation, the workbench, micropipettes, centrifuge, and all plastic wares were 

thoroughly decontaminated with RNaseZap (Ambion) to eliminate RNase contamination. All 

aqueous solutions were prepared using 0.1 % diethyl pyrocarbonate (DEPC; Sigma)-treated water. 

The solutions were incubated overnight at room temperature and subsequently autoclaved for 20 

min to hydrolyze residual DEPC. All reagents used throughout the procedure were prepared with 

DEPC-treated water to ensure an RNase-free environment.  

For total RNA isolation the cells were lysed and homogenized using TRIzol Reagent (Invitrogen) 

following the manufacturer’s protocol. Initially, the culture medium was aspirated from the wells, 

and cells were lysed directly by the addition of 1 mL of TRIzol® reagent per well. The lysate was 

homogenized by pipetting and incubated for 5 minutes at room temperature to permit complete 

dissociation of nucleoprotein complexes.  Chloroform (0.2 mL per 1 mL TRIzol®) was added to 

the homogenate. The tube was capped securely, shaken vigorously for 15 seconds, and incubated 

at room temperature for 2–3 minutes. The mixture was then centrifuged at 12,000 rpm for 15 

minutes at 4 °C. Following centrifugation, the mixture separated into a lower red phenolchloroform 

phase, an interphase, and a colorless upper aqueous phase containing RNA.  The aqueous phase 

was carefully transferred to a fresh microcentrifuge tube. RNA was precipitated by adding 0.5 mL 

of isopropanol per 1 mL TRIzol® used. The sample was incubated at room temperature for 10 
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minutes and centrifuged at 12,000 rpm for 10 minutes at 4 °C. The RNA pellet was visible as a 

gel-like precipitate at the bottom of the tube.  The supernatant was discarded, and the RNA pellet 

was washed with 1 mL of 75 % ethanol (7.5 ml ethanol with 2.5 ml DEPC water) per 1 mL 

TRIzol® used. The sample was vortexed briefly and centrifuged at 2000 rpm for 4 minutes at 4 

°C. The ethanol was discarded, and the RNA pellet was air-dried for 5–10 minutes.  The RNA 

pellet was resuspended in 20–50 µL of RNase-free water by pipetting and incubated at 55–60 °C 

for 10 minutes. The purified RNA was immediately stored at −80 °C for subsequent cDNA 

synthesis and qPCR analysis.    

4.2.9 Assessment of RNA Quality  

4.2.9.1 RNA Purity   

The purity of the isolated RNA was assessed using the absorbance ratios A260/A280 and A260/A230 

measured using a biophotometer. RNA samples exhibiting A260/A280 and A260/A230 ratios 

approximately 2.0 were considered as pure and used for downstream applications such as cDNA 

synthesis and quantitative real-time PCR (qRT-PCR).  

4.2.9.2 RNA integrity   

The integrity of RNA was evaluated by agarose gel electrophoresis. The procedure is as follows.  

Gel Preparation:  

A 1.2 % agarose gel was prepared by dissolving 0.6 g of agarose powder in 50 mL of 1X TBE 

buffer prepared in DEPC-treated water and heated in a microwave until the agarose was completely 

dissolved. The gel solution was cooled to approximately 60 °C, and Eco Safe Nucleic Acid 

Staining Solution was added as per the manufacturer’s instructions. The solution was poured into 

a gel casting tray, and a comb was inserted. The gel was allowed to solidify at room temperature 

for 30 minutes.    

Sample Preparation:  

Total RNA (1 µg) was mixed with 6X RNA loading dye.   

Electrophoresis:  
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The solidified gel was placed in an electrophoresis tank containing 1X TAE running buffer 

prepared with DEPC-treated water. The RNA samples mixed with 6X RNA loading dye and a 

molecular marker were loaded into the wells. Electrophoresis was performed at 80 V for 45–60 

minutes until the tracking dye had migrated approximately 75 % of the gel length.    

Visualization:  

The gel was visualized using a gel documentation system. RNA integrity was confirmed by the 

presence of distinct 28S and 18S ribosomal RNA bands with an intensity ratio of approximately 

2:1.   

4.2.10 cDNA Synthesis  iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, USA) is used for 

two-step reverse transcription quantitative PCR (qRT-PCR).  

 Reaction set up:  

Table 2: Reaction mixture used for cDNA synthesis  

Component  Volume per reaction (μL)  

5x iscript Reaction Mix  4 μL  

iscript Reverse Transcriptase   1 μL  

RNA template   5 μL  

Nuclease-free water   10 μL  

Total volume  20 μL  

 

The reaction condition for cDNA synthesis is as follows:  

 

Table 3: Thermal cycling conditions for cDNA synthesis  

Reaction   Temperature   Time   

Priming   25 °C  5 min  

Reverse  

transcription   

46 °C  20 min   

RT inactivation   95 °C  1 min   

 Optional step  Hold at 4 °C    
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4.2.11 Primer Dilution  

The lyophilized forward and reverse primers were procured commercially and diluted using 

nuclease free water. The lyophilized primer was briefly centrifuged to collect the contents from 

the bottom of the tube. Nuclease-free water was added according to the manufacturer's datasheet 

to obtain a final stock solution concentration of 100 μM (100 pmol/μL). The solution was vortexed 

and briefly centrifuged. A 10 μM (10 pmol/μL) of working solution was prepared by diluting 10 

μL of the stock solution with 90 μL of nuclease-free water. The working solution was vortexed and 

stored at −20°C until further use in qPCR analysis.  

Table 4: Primer sequence used for qRT-PCR  

 

Sl  

No  

Gene  

Symbol   

Gene Name   Primer Sequence   Reference   

1.  C/EBPβ  CCAAT/enhancer- 

binding protein beta  

Forward –  

5’-GCAAGAGCCGCGACAAG-3’  

Reverse –  

5’-GGCTCGGGCAGCTGCTT-3’  

Yamaguchi et 

al., (2017)  

2.  C/EBPδ  CCAAT/enhancer  

binding protein delta  

Forward –  

5’-TCGACTTCAGCGCCTACATTGACT-3’  

Reverse-  

5’-CCGCTTTGTGGTTGCTGTTGAAGA-3’  

Yamaguchi et  

al., (2017)  

3.  GAPDH   Glyceraldehyde-3- 

phosphate 

dehydrogenase   

Forward –  

5’-ACTCCACTCACGGCAAATTC-3’  

Reverse –  

5’-TCTCCATGGTGGTGAAGACA-3’  

Xie et al.,  

(2025)  

 

4.2.12 Quantitative Real-time PCR (qRT-PCR)   

Differential expression of C/EBPβ and C/EBPδ was evaluated using quantitative real-time PCR 

(qRT-PCR). RNA extracted from differentiated and control cells were reverse-transcribed to 

cDNA, and 1 µL cDNA was used as the template for each reaction. GAPDH served as the 

endogenous control in all the experiments. Reactions were performed in triplicates with a total 
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volume of 10 µL, and a non-template control (NTC) was included in each run to monitor 

contamination.  

 Table 5: Reaction mixture used for qRT-PCR  

 Components   Volume per reaction (μL)  

SYBR® Green Supermix (2x)  5 μL  

Forward primer   1 μL  

Reverse primer   1 μL  

Nuclease-free water  2 μL  

cDNA template   1 μL  

 Total volume   10 μL   

4.2.12.1 Thermal Cycling Protocol  

The real-time PCR instrument was programmed with the specified thermal cycling protocol, and 

the PCR tubes containing the reaction mixture were placed into the instrument for amplification. 

Upon completion of the run, the amplification data were analyzed according to the manufacturer's 

instrument-specific guidelines.  

Table 6: Thermal cycling conditions for qRT-PCR (40 cycles)  

Reaction   Temperature   Time   

Initial denaturation   95 °C  2-3 min  

 Denaturation   98 °C  15 sec  

 
 Annealing / Extension plate  60 °C  30 sec  

read  

  

Melt curve analysis was conducted at the end of each run to verify the specificity of amplification. 

4.2.12.2 Data Analysis   

The relative gene expression levels of target genes were calculated using 2(-ΔΔ Ct) Method (Livak 

and Schmittgen, 2001). GAPDH was used as the endogenous reference gene (housekeeping gene) 

for normalization. All reactions were performed as triplicates and mean Ct values were used for 

further analysis. Data were expressed as mean ± standard error. Fold changes in gene expression 

were calculated by comparing the Ct values of 2nd, 6th,12th day samples with control Sample.   
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Relative fold change was calculated by the equation:  

  

Δ Ct = Ct (Target gene) – Ct (Reference Gene)  

ΔΔ Ct = Δ Ct (Test) – Δ Ct (control)  

Fold change = 2(-ΔΔ Ct)  
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Chapter 5  

Results  

5.1 Morphology of 3T3-L1 Preadipocytes  

Under undifferentiated culture conditions, 3T3-L1 preadipocytes exhibited the characteristic 

fibroblast-like, spindle-shaped morphology typical of proliferating preadipocytes (Fig. 4). The 

cells appeared elongated with well-defined cytoplasmic extensions and formed a uniform, adherent 

monolayer and no visible intracellular lipid droplets were detected, confirming their 

undifferentiated state prior to the induction of adipogenic differentiation.  

              
                  

Figure 4: Microscopic image showing the morphology of undifferentiated 3T3-L1 cells 

5.1.1 Morphological changes and lipid droplet accumulation in 3T3-L1 cells during 

adipocyte differentiation  

Preadipocytes were treated with an MDI cocktail to induce their differentiation into mature 

adipocytes. During the differentiation process, the fibroblast-like (spindle-shaped) preadipocytes 

gradually changed their morphology, became rounded in shape, and progressively accumulated 

intracellular lipid droplets (Fig. 5a- Fig. 5e) that increased in both size and number, ultimately 

resulting in the formation of rounded, lipid-rich mature adipocytes.  
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                                                (a)  (b)  

 
  (c)  (d)  

 
                                                                         (e)  

Figure 5: Microscopic images showing the progressive accumulation of lipid droplets in 3T3-L1 cells during 

the course of adipocyte differentiation. (a)- Day 2, (b) - Day 4, (c) - Day 6, (d) - Day 8 and (e) - Day 12  
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5.1.2 Oil Red O Staining   

Adipocyte differentiation was confirmed by Oil Red O staining. At Day 2, negligible amount of 

intracellular lipid droplets were present, which increased in size on Day 4 (Fig. 6a)and Day 8 (Fig. 

6b), reaching even more ORO-positive lipid droplets on Day 12 (Fig. 6c). The increase in 

intracellular lipid droplet accumulation was clearly visible throughout the differentiation process 

(Fig. 7).   

       (a)                                                                     (b)  

 

 

     (c)  

 

Figure 6: Microscopic images of Oil Red O-stained 3T3-L1 cells during adipogenic differentiation showing  
the progressive accumulation of intracellular lipid droplets at 20× magnification. Images were captured on (a)  

Day 4, (b) Day 8, and (c) Day 12 following the induction of differentiation  
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                                 (a)                                                                             (b)  

Figure 7: Representative images of Oil Red O Staining of differentiated 3T3-L1 cells.   
(a)10x magnification, (b) 40x magnification  

  

5.2 Total RNA analysis   

5.2.1 Assessment of concentration and purity by biophotometric analysis  

The purity and concentration of RNA was assessed by biophotometric analysis. The A₂₆₀/A₂₈₀ and 

A₂₆₀/A₂₃₀ absorbance ratio of all samples was approximately 2, indicating good quality RNA with 

minimal contamination (Table 7).  

  

Table 7: Biophotometric data analysis of RNA quality   

 

 Sample     
Concentration      

(ng/µl)  

      A₂₆₀/A₂₈₀   
  

    A₂₆₀/ A₂₃₀  

Preadipocyte  273.24  1.95  1.88  

2  
623.84  1.99  1.89  

6  251.10  1.98  1.91  

12  
321.64  2.00  1.92  

  

5.2.2 Assessment of RNA Integrity by Agarose Gel Electrophoresis  

The integrity of the isolated total RNA was assessed by 1.2 % agarose gel electrophoresis. Two 

distinct ribosomal RNA (rRNA) bands corresponding to the 28S and 18S rRNA were observed in 

all samples (Fig. 8). The 28S rRNA band appeared more intense than the 18S rRNA band, 
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indicating that the RNA remained intact with minimal degradation. No smearing was observed, 

confirming the high quality and integrity of the isolated RNA.  

  

 

  

Figure 8: Total RNA isolated from cells at various stages of differentiation  
Lane 1: 100 bp DNA ladder; Lane 2: RNA from preadipocytes (3T3-L1); Lane 3: RNA from the cells 

at 2nd day of differentiation; Lane 4: RNA from the cells at 6th day of differentiation; Lane 5: RNA  
from the cells at 12th day of differentiation  

   

5.3 cDNA quality assessment   

To evaluate the quality and synthesis efficiency of the cDNA, qPCR was performed using primers 

specific to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene and was 

used as the endogenous control in all the experiments. Amplification of GAPDH yielded highly 

reproducible results with low quantification cycle values, indicating substantial and consistent 

template abundance across samples, confirming its suitability for downstream gene expression 

analysis (Fig. 9).   
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Figure 9: Representative qPCR amplification and melt curve analysis of the GAPDH reference gene used for 

cDNA quality assessment  

  

5.3.1 qPCR Amplification Curve Analysis   

  

The quantitative real-time PCR (qPCR) amplification curves exhibited the characteristic sigmoidal 

profile expected for efficient target amplification. Each amplification plot initially displayed a 

stable baseline phase, during which the fluorescence signal remained at background levels due to 

the absence of detectable PCR product accumulation. This was followed by a distinct exponential 

phase, characterized by a rapid increase in fluorescence intensity as the target nucleic acid was 

amplified with high efficiency. Subsequently, the amplification curves entered a linear transition 

phase before reaching a plateau phase, where the fluorescence signal stabilized as amplification 

efficiency declined because of reagent depletion, accumulation of PCR products, and reduced 

enzyme activity. The observed amplification profiles indicated successful amplification of the 

target genes and demonstrated the reliability and efficiency of the qPCR assay. A representative 

amplification curve demonstrating efficient qPCR amplification is represented in Fig. 10.   
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Figure 10: Representative amplification curve demonstrating efficient qPCR amplification, characterized by 

an early quantification followed by a strong exponential phase  

  

5.3.2 qPCR Melt Curve Analysis   

  

Melt curve analysis further confirmed the high specificity of the reaction, characterized by a single 

sharp melt peak indicating specific amplification of the target gene with no significant primerdimer 

formation or non-specific PCR products (Fig. 11).   

 

  
Figure 11: Melt curve analysis: Single, sharp melt peak showing accurate amplification   

(A) C/EBPβ; (B) C/EBPδ  
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5.4 Relative expression analysis of C/EBPβ  

The relative expression of C/EBPβ gene was quantified by quantitative real-time PCR (qPCR) 

using the 2-(ΔΔCt) method. Gene expression levels were expressed as fold changes relative to the 

undifferentiated control, which was normalized to a value of 1. The fold change analysis 

demonstrated differential expression of C/EBPβ among samples collected on 2nd day, 6th day and 

12th day of adipogenic differentiation. The expression of C/EBPβ was found upregulated 

immediately upon adipogenic induction (day 2) followed by day 6, and then gradually decreased 

by day 12. The quantitative results are summarized in Table 8 and illustrated in Figure 12.  

  

Table 8: Relative expression of the C/EBPβ gene during adipogenesis, quantified by qPCR using the 2-(ΔΔCt)  

method.  

  

 Day  Fold change   

        = 2-(ΔΔCt)  

Day 2  0.81  

Day 6  0.92  

 Day 12  0.43  

  

  

 

 

Figure 12: Relative fold change in C/EBPβ gene expression during adipogenic differentiation at 

Day 2, Day 6 and Day 12.  
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5.5 Relative expression analysis of C/EBPδ  

The relative expression of the C/EBPδ gene was quantified by quantitative real-time PCR (qPCR) 

using the 2-(ΔΔCt) method. Gene expression levels were expressed as fold changes relative to the 

undifferentiated cells. The fold change analysis demonstrated differential C/EBPδ expression on 

2nd day, 6th day and 12th day. C/EBPδ also followed a similar expression pattern to that of C/EBPβ, 

showing a comparable temporal trend with peak expression at the intermediate stage followed by 

a decline during the later stage of differentiation. The expression of C/EBPδ was increased to 

1.69-fold on day 6, and sharply declined to 0.15-fold by day 12, indicating the role of C/EBPδ as 

an early adipogenic transcription factor. The results are presented in Table 9 and Figure 13.  

  

Table 9: Relative expression of the C/EBPδ gene during adipogenesis, quantified by qPCR using the 2-(ΔΔCt)  

method  

  

Day  Fold change   

       = 2-(ΔΔCt)  

 
Day 12  0.15  

 

 

 

Day 2   0.85   

Day 6   1.69   
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Figure 13: Relative fold change in C/EBPδ gene expression during adipogenic differentiation at Day 2, 

Day 6 and Day 12         
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Chapter 6 

Discussion 

In the present study, adipocyte differentiation was successfully induced in 3T3-L1 preadipocytes 

using a standard adipogenic induction cocktail containing insulin, dexamethasone, and IBMX. 

Following induction, the cells underwent a characteristic morphological transition from 

fibroblastlike preadipocytes to rounded adipocytes with intracellular lipid droplet accumulation, 

confirming successful adipogenic differentiation (Green and Kehinde, 1975; Zebisch et al., 2012).  

The initiation of adipocyte differentiation was accompanied by the rapid induction of the early 

transcription factors C/EBPβ and C/EBPδ (Cao et al., 1991; Farmer, 2006). IBMX increased 

intracellular cAMP levels by inhibiting phosphodiesterase activity, thereby activating protein 

kinase A (PKA) signaling and promoting the expression of C/EBPβ (Tang & Lane, 2012; Rosen & 

MacDougald, 2006). Dexamethasone activated glucocorticoid signaling, leading to the induction 

of C/EBPδ during the early stage of adipogenesis (Rosen & MacDougald, 2006; Farmer, 2006). 

Both transcription factors were transiently expressed during the early phase of adipocyte 

differentiation and functioned as essential regulators of adipogenesis (Cao et al., 1991; Farmer, 

2006).  

The qPCR analysis performed in the present study demonstrated differential expression of C/EBPβ 

and C/EBPδ during adipocyte differentiation. C/EBPβ exhibited higher expression during the early 

stage of differentiation, consistent with its role as an immediate early-response transcription factor 

following adipogenic induction (Cao et al., 1991; Rosen & MacDougald, 2006). C/EBPδ also 

followed a similar expression pattern to that of C/EBPβ, showing a comparable temporal trend 

with peak expression at the intermediate stage followed by a decline during the later stage of 

differentiation. These early transcription factors act cooperatively to initiate the adipogenic cascade 

by activating downstream regulators such as PPARγ and C/EBPα, thereby committing cells to 

terminal adipocyte differentiation (Farmer, 2006). Therefore, the observed higher early expression 

of C/EBPδ compared with C/EBPβ is consistent with its role as a rapidly inducible glucocorticoid-

responsive gene during the initiation of adipogenesis. The transient expression pattern observed 

for both genes suggests that their primary functions were restricted to the early stages of adipocyte 

differentiation (Cao et al., 1991; Rosen & MacDougald, 2006).  
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Overall, the expression profiles obtained in the present study support the established roles of 

C/EBPβ and C/EBPδ as early regulators of adipocyte differentiation. The observed temporal 

expression patterns are consistent with their function as immediate early transcription factors that 

initiate the adipogenic program, leading to activation of downstream regulators such as PPARγ and 

C/EBPα. The transient nature of their expression further indicates their involvement in the early 

commitment phase of differentiation. Future studies involving detailed time-course analysis and 

functional validation are required to further clarify their regulatory roles during adipogenesis.  
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Summary and Conclusion  

In the present study, adipogenic differentiation was successfully induced in 3T3-L1 preadipocytes 

using a standard induction cocktail comprising insulin, dexamethasone, and IBMX. Morphological 

observations confirmed successful differentiation, as the cells underwent a distinct phenotypic 

transition from fibroblast-like preadipocytes to rounded adipocytes characterized by the 

progressive accumulation of intracellular lipid droplets, a hallmark of adipocyte maturation.  

The early phase of differentiation was marked by the rapid induction of the transcription factors 

C/EBPβ and C/EBPδ, both of which are recognized as key regulators of the adipogenic program. 

qPCR analysis demonstrated dynamic and time-dependent changes in their expression profiles, 

with both genes exhibiting transient upregulation during the initial stages of differentiation. This 

early induction reflects their role as immediate early response genes, activated in response to 

adipogenic stimuli. However, as differentiation progressed, the expression levels of both C/EBPβ 

and C/EBPδ declined during the later stages, indicating that their regulatory activity is largely 

restricted to the early commitment phase rather than terminal adipocyte maturation.  

Overall, the findings suggest that C/EBPβ and C/EBPδ play a coordinated and time-sensitive role 

in initiating the adipogenic transcriptional cascade. Their early activation likely contributes to the 

subsequent induction of downstream master regulators such as PPARγ and C/EBPα, which drive 

terminal differentiation and lipid accumulation. The observed decline in expression during later 

stages further supports their function as early stage regulatory factors whose activity diminishes 

once the adipogenic program is fully established.  
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