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ABSTRACT  

The preadipocyte is crucial for healthy adipose tissue (AT) remodeling, and insulin 

resistance in these cells may contribute to AT dysfunction. Chronic exposure to insulin and 

high glucose induces insulin resistance in the 3T3-L1 mouse adipocyte cell line in vitro, 

however, whether this occurs in human preadipocytes is not known. To investigate this, 

human preadipocytes were isolated from subcutaneous AT obtained from 6 female patients 

undergoing elective surgery (Research Ethics Board-approved). Human preadipocytes were 

incubated in 5 mM glucose or 25 mM glucose in the presence or absence of 0.6 nM insulin 

for 48 hours, followed by acute 100 nM insulin stimulation. 25 mM glucose + 0.6 nM insulin 

inhibited insulin-stimulated tyrosine phosphorylation of IR-β (77%) and IRS-1 (81%) 

compared to NG (p<0.01), however, insulin-stimulated Ser473 Akt phosphorylation was not 

affected. 25 mM glucose and/or 0.6 nM insulin did not significantly change levels of pro-

inflammatory adipokines. 25 mM glucose and/or 0.6 nM, prior to and/or during 14 days of 

adipogenic induction, did not affect levels of adipogenic markers or intracellular triglyceride 

accumulation.  
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INTRODUCTION  

An introduction to adipose tissue 

Adipose tissue (AT) is a major endocrine organ specialized in energy metabolism. 

Although involved primarily with regulation of lipid metabolism, AT also acts as a thermal 

insulator and protects against mechanical damage (Hassan et al., 2012). AT regulates energy 

homeostasis by storing excess energy as lipid or by releasing non-esterified free-fatty acids 

(NEFA) into circulation when energy is required. Furthermore, through the secretion of AT-

derived factors (adipokines) into circulation, AT modulates insulin sensitivity, inflammation 

and whole-body metabolism (Jung and Choi, 2014). 

In mammals, AT is subcategorized into two groups: brown adipose tissue (BAT) and 

white adipose tissue (WAT). BAT is a cold-stimulated thermogenic tissue found in human 

infants and hibernating mammals. In newborn humans, up to 5% of total body weight is 

BAT, however, BAT activity and size decreases with age. Whether BAT plays an important 

metabolic role in adulthood remains controversial (Kajimura and Saito, 2014; Rogers, 2015). 

BAT is comprised of adipocytes with small multilocular lipid droplets (LD) and is highly 

oxidative due to increased mitochondrial content and the expression of uncoupling protein- 

(UCP) -1. In non-shivering thermogenesis, UCP-1 uses energy to produce heat rather than 

ATP, by uncoupling mitochondrial oxidative phosphorylation from ATP synthesis. BAT 

transplantation in mouse models of diet-induced or genetic obesity enhances whole-body 

metabolism, therefore making BAT is an attractive therapeutic target for obesity treatment in 

humans (Liu et al., 2015). 
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In humans, WAT accounts for 3% (extremely lean) to 70% (morbidly-obese) of total 

body weight (Parlee et al., 2014). WAT is comprised of adipocytes with unilocular LDs (50-

70% of AT mass), and cells from the stromal vascular fraction (SVF): preadipocytes (20-

40% of AT mass), immune cells (macrophages, T-cell, B-cells), pericytes, endothelial cells 

and cells of vascular and nerve tissue (Hauner, 2005). The current study focuses on WAT. 

 

Preadipocyte: from commitment to differentiation 

Preadipocytes are stromal vascular fibroblasts with adipogenic potential. These cells 

are proliferative and visually distinguishable from adipocytes by the absence of lipid 

droplets. Molecular characterization studies in mice have identified these cells as Lin–

/Sca1+/CD24+/CD29+/CD34+ (Berry and Rodeheffer, 2013).  In this study, both CD24+ and 

CD24- populations could differentiate in vitro, however in vivo, only CD24+ cells could 

reconstitute functional WAT pads in lipodystrophic mice. Recent in vitro and in vivo mouse 

studies suggest that preadipocytes lose CD24 expression as they become adipocytes and that 

CD24 upregulation in early stages of differentiation is necessary for mature adipocyte 

formation(Berry and Rodeheffer, 2013; Smith et al., 2015).  

Several studies have attempted to characterize human SVF populations enriched for 

adipogenic capacity. Although findings remain unclear, one group identified human 

precursors as CD34+/CD31− (Sengenes et al., 2005). In an effort to standardize findings, the 

International Federation for Adipose Therapeutics and Science (IFATS) and the International 

Society for Cellular Therapy (ISCT) have proposed specific criteria for defining adipose 

precursor cells (Bourin et al., 2013). Using these guidelines, Ong et al characterized depot-

specific differences in precursors, demonstrating that subcutaneous (SC) and visceral (VS) 
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adipocyte precursor cells are CD10hi and CD200hi, respectively. Furthermore, they found that 

CD10hi and CD200lo populations exhibited enhanced adipogenic potential (Ong et al., 2014).  

Preadipocytes are derived from mesenchymal stem cells (MSCs) located in the 

adipose stroma. Alternatively, there are studies that suggest minor contributions from 

circulating hematopoetic stem cells; however, further studies are needed to confirm these 

results (Crossno et al., 2006; Sera et al., 2009; Tomiyama et al., 2008). MSCs are pluripotent 

cells that, depending on the specific stimulus, commit to adipocyte, osteocyte, chondrocyte or 

myocyte lineages. The transition from MSC to the mature adipocyte occurs in two major 

stages: 1) commitment of the MSCs to the preadipocyte lineage and 2) the maturation of 

these preadipocytes into adipocytes (terminal differentiation) (Rosen and Spiegelman, 2014). 

 

Lineage commitment 

Several factors are involved in adipocyte lineage commitment including cell density, 

cell shape, bone morphogenetic proteins (BMPs) and Wnt signaling (Otto and Lane, 2005). 

The BMP-2 and -4, members of the transforming growth factor (TGF) -β family, promote 

adipocyte-lineage commitment and white adipocyte differentiation. BMPs stimulate the 

expression adipocyte-lineage specific genes by signalling through several Smad proteins and 

the p38 kinase pathway (Tang and Lane, 2012). Downstream targets of BMP include several 

cytoskeleton-remodelling proteins: lysyl oxidase (Lox), translationally controlled tumor 

protein 1 (Tpt1) and αB crystallin (Huang et al., 2011).  

The C3H10T1/2 clonal cell line was established in 1973, from day 14-17 C3H mouse 

embryos (Reznikoff et al., 1973). In culture, these uncommitted pluripotent cells are 

functionally similar to MSCs, and thus act as a valuable model system for characterizing 
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lineage commitment (Tang et al., 2004). Knockdown of Lox, Tpt1 and αB crystallin in the 

C3H10T1/2 cells prevents adipocyte lineage commitment (Huang et al., 2011). 

The Wnts are secreted glycoproteins that activate adipocyte lineage commitment 

while inhibiting terminal differentiation (Bowers and Lane, 2008).  In their canonical 

pathway, Wnt ligands signal through the frizzled receptor, resulting in accumulation of β-

catenin in the nucleus. This triggers the activation of leukocyte early factor (Lef)-1 and T-cell 

factor (Tcf) which themselves activate cell cycle proteins c-myc and cyclin D1. It is 

hypothesized that these events increase the number of cells that commit to the adipocyte 

lineage (Tang and Lane, 2012). Conversely, ligands such as Wnt10b inhibit terminal 

differentiation. Wnt6, Wnt10a and Wnt10b levels are decreased during differentiation and 

their forced expression in 3T3-L1 preadipocytes inhibits differentiation by supressing 

expression of peroxisome proliferator-activated receptor (PPAR) γ and CCATT-enhancer-

binding protein (C/EBP) α (Cawthorn et al., 2012).  

 

Mitotic clonal expansion 

The 3T3-L1 clonal cell line was established from 17-19 day old Swiss 3T3 mouse 

embryos and is widely used to study adipocyte function and development in vitro (Green and 

Kehinde, 1975).  The 3T3-L1 cells are fibroblast-like, and are capable of differentiation and 

lipid accumulation with appropriate adipogenic stimuli. Contrary to human preadipocytes 

cultured in vitro, 3T3-L1 cells require one to two rounds of post-confluence cellular division 

prior to terminal differentiation (Entenmann and Hauner, 1996). This process, referred to as 

mitotic clonal expansion (MCE), involves a series of signalling cascades with cell-cycle 

regulators such as Retinoblastoma (Rb) protein and E2F, and ends with cells in growth arrest 
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(Skurk and Hauner, 2012; Tang et al., 2003). The chromatin remodelling and DNA 

unwinding that occur during MCE are believed to facilitate differentiation by enabling 

interactions between transcription factors and regulatory regions of adipocyte-specific genes 

(Farmer, 2006).  

 

Terminal differentiation 

Growth-arrested preadipocytes can be stimulated to terminally differentiate using an 

adipogenic cocktail containing insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone 

and fetal bovine serum (FBS). Early stages of terminal differentiation occur following 

induction of C/EBPβ and C/EBPδ. This stage is marked by alterations in the preadipocyte 

cytoskeleton. During this stage, the extracellular matrix (ECM) gradually shifts from a 

fibronection-rich to laminar environment (Aratani and Kitagawa, 1988). As a result of these 

structural changes, preadipocyte morphology shifts from fibroblast-like to spherical and 

adipocyte-like (Ji et al., 2014).  

Together, C/EBPβ and δ activate PPARγ and C/EBPα, the master regulators of 

adipogenesis. Activation of these regulators is sufficient for maintaining differentiation. 

PPARγ and C/EBPα act synergistically in a positive feedback loop and the promoter of 

C/EBPα contains a C/EBP regulatory element, which enables its auto-activation.  PPARγ is 

required for differentiation both in vitro and in vivo, where in its ligand-bound state, PPARγ 

heterodimerizes with the retinoid X receptor (RXR) (Rosen et al., 1999). The PPARγ-RXR 

heterodimer binds to nuclear peroxisome proliferator hormone response elements (PPRE) to 

increase the transcription of genes involved in adipogenesis, glucose homeostasis and lipid 

catabolism (Grygiel-Gorniak, 2014).  
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In late stages of terminal differentiation, the multiple small LD within the cell 

coalesce into one large LD and cells begin expressing metabolic genes and adipokines 

associated with the adipocyte phenotype (Cristancho and Lazar, 2011). Examples of genes 

expressed include, fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and fatty acid 

binding protein 4 (FABP4 or aP2) (Spiegelman et al., 1993). With the expression of glucose 

transporter type (GLUT) -4 during differentiation, adipocytes develop insulin-sensitive 

glucose transport. Expression of GLUT-1, which is responsible for basal glucose uptake in 

the undifferentiated state, substantially decreases with differentiation (Hauner et al., 1998). 

 

Adipocyte function: lipid metabolism 

Hormonal signals drive lipogenesis and lipolysis in the adipocyte. Lipogenesis 

describes the process in which energy is used to synthesize of triglyceride (TG). Insulin is a 

major driver of lipogenesis and induces expression of lipogenic enzymes through sterol 

regulatory element binding protein (SREBP) -1 (Proenca et al., 2014). Lipogenesis occurs 

either by 1) uptake and re-esterification of NEFA to a glycerol-3-phosphate (G3P) or by 2) 

de novo lipogenesis (DNL), a process that involves the synthesis of fatty acids from non-lipid 

substrates such as carbohydrates (Gathercole et al., 2011; Roberts et al., 2009). 

The glycerol backbone of TG is generated via the glycolytic pathway, which converts 

glucose into G3P. Alternatively, glyceroneogenesis generates G3P using non-glucose 

precursors (e.g. pyruvate); a process catalyzed by phosphoenolpyruvate carboxykinase 

(PEPCK). In fasting and high sucrose-fed rats, Nye et al found that glyceroneogenesis was 

the predominant source of G3P in AT (Nye et al., 2008). 
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The adipocyte acquires the fatty acid component of TG from hepatic sources, dietary 

sources (via lipoprotein delivery) or is generated via DNL by the adipocyte. In DNL, the 

conversion of acetyl-CoA by ACC and FAS generates palmitate, which can be further 

elongated and desaturated (Gathercole et al., 2013). Although AT DNL is believed to 

contribute minimally to whole body adiposity in humans, growing evidence suggests that its 

activation improves systemic insulin sensitivity and glucose homeostasis (Gathercole et al., 

2013; Rosen and Spiegelman, 2014).  

Lipolysis describes the breakdown of TG to release NEFA that occurs when energy is 

required. Three enzymes account for over 90% of the lipolytic activity in the adipocyte: 

adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and monoglyceride 

lipase (MGL) (Young and Zechner, 2013). Together, these enzymes catalyze the hydrolysis 

of TG into diglyceride (DG) and monoglyceride (MG).  

ATGL and HSL are the rate-limiting enzymes of lipolysis and catalyze the hydrolysis 

of TG to DG and DG to MG, respectively. ATGL is activated by α/β hydrolase fold domain 5 

(Abhd5) and inhibited by a G0/G1 switch gene 2 (G0S2) protein, whereas HSL is activated 

by cyclic adenosine monophosphate (cAMP)-dependent Protein Kinase A (PKA) (Fruhbeck 

et al., 2014). PKA also regulates lipolysis by hyperphosphorylating the LD perilipin coat. 

Hyperphosphorylation of perilipin induces conformational changes that enable hydrolysis of 

TG within the LD by facilitating lipase access. Lastly, in the final step of TG breakdown, 

MGL catalyzes the hydrolysis of MG to liberate the NEFA and glycerol moieties (Rosen and 

Spiegelman, 2014).  

Insulin is the major suppressor of lipolysis, and this is accomplished through both Akt 

-dependent and -independent mechanisms. In the Akt-dependent pathway, Akt activates 
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phosphodiesterase-3b (PDE-3b) by Ser273 phosphorylation. Activated PDE-3b reduces cAMP 

levels, thereby inhibiting PKA activity (Choi et al., 2010). The same authors proposed an 

alternative Akt-independent, PI3K-dependent mechanism wherein PKA phosphorylation of 

perillipin-1 is specifically blocked.  

 

Secretory and immune function of adipose tissue 

AT mediates its role as an active endocrine organ through the secretion of small 

signaling peptides (adipokines), enabling cross-talk with other organs such as the muscle, 

liver and brain. Leptin, the first adipokine to be discovered, binds to leptin receptors in 

arcuate nucleus of the hypothalamus and, in turn, regulates body weight through the 

promotion of satiety and increased energy expenditure (Khan and Joseph, 2014; Zhang et al., 

1994). Another adipokine, adiponectin, improves insulin sensitivity in liver and also 

enhances glucose uptake and fatty acid oxidation in muscle (Karbowska and Kochan, 2006).  

AT also performs an immune-modulatory function through the secretion of anti- (e.g. 

adiponectin) and pro- (e.g. TNF-α, IL-1β and IL-6) inflammatory adipokines. The secretion 

of pro-inflammatory adipokines within AT further exacerbates inflammation and insulin 

resistance by increasing recruitment of circulating Ly6Chi pro-inflammatory monocytes and 

by activating the M1 pro-inflammatory phenotype of the AT-resident macrophages (ATM) 

(Kraakman et al., 2014). Conversely, the M2 phenotype, which is activated by anti-

inflammatory cytokines such as IL-10, maintains AT homeostasis by promoting tissue repair, 

cell proliferation and attenuating inflammatory responses (Mills, 2012). ATM secreted 

factors also impact cellular function. In human and 3T3-L1 preadipocytes, incubation with 
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ATM secreted factors can block differentiation and proliferation (Constant et al., 2006; 

Lacasa et al., 2007). 

 

White adipose tissue depots 

The main WAT depots in humans are subcutaneous and visceral AT (SAT and VAT, 

respectively). Approximately 80% of all body fat is stored as SAT (Ibrahim, 2010). VAT 

consists of deep fat depots surrounding vital organs. VAT constitutes 10-20% and 5-8% of 

total fat mass in males and females, respectively (Lee et al., 2013).  

Compared to SAT, VAT is more lipolytic when stimulated with adrenergic agonists 

and its accumulation is a greater predictor of metabolic dysfunction (Lee et al., 2013). In 

addition, VAT production of pro-inflammatory cytokines is greater and preadipocytes from 

this depot are more susceptible to apoptotic stimuli (Lee et al., 2013; Tchkonia et al., 2005). 

Although not as metabolically active as VAT, SAT also contributes to metabolic dysfunction 

through the secretion of pro-inflammatory cytokines (Silva et al., 2015). Furthermore, if SAT 

storage capacity is exceeded, the subsequent ectopic lipid deposition and lipotoxicity also 

promotes metabolic dysfunction.   

SAT adipocytes are smaller, more insulin sensitive and are better able to store lipid 

than their VAT counterparts (Hauner et al., 1988; Ibrahim, 2010). In general, the number of 

preadipocytes and their differentiation capacity is greater in SAT than VAT (Lessard et al., 

2014). Regional variations between VAT and SAT may stem from differences in 

preadipocyte populations. Two subtypes of preadipocytes can be distinguished in humans, 

with SAT containing the subtype that is more replicative, adipogenic and resistant to tumor 

necrosis factor (TNF) -α induced apoptosis (Tchkonia et al., 2005). Supporting the 
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hypothesis of VAT and SAT-specific populations, Gesta el al observed depot-specific 

differential expression of preadipocyte and adipocyte developmental genes. In humans, 

several of these genes exhibited changes in expression that closely correlated with the pattern 

of fat distribution (Gesta et al., 2006).                               

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Adipose tissue expansion and obesity: hyperplasia and hypertrophy 

Obesity is defined as abnormal or excess AT accumulation resulting in a body-mass 

index (BMI; a calculation of an individual’s weight relative to their height) that exceeds 30 

kilograms (kg)/meter (m) 2. Obesity is associated with insulin resistance, cardiovascular 

disease and type 2 diabetes (T2D) (WHO, 2015). Obesity is marked by chronic low-grade 

inflammation stemming from increased secretion of pro-inflammatory cytokines and 

circulating NEFA.  

AT expands by both hyperplasia and hypertrophy. Interestingly, 10-25% of obese 

individuals are metabolically healthy, which may be linked to hyperplastic (increase in cell 

number) versus hypertrophic (increase in cell size) AT expansion (Bluher, 2010). When AT 

expansion is hyperplastic, adipocytes are more numerous, but are normal-sized and 

metabolically neutral, and inflammatory macrophage accumulation does not occur (Ahima 

and Lazar, 2013; Sun et al., 2011). Weight gain through hyperplastic expansion is associated 

with the metabolically healthy but obese (MHO) phenotype; wherein energy is evenly 

distributed and each cell remains functionally responsive. Adipocyte hypertrophy is 

associated with inflammatory immune cell/macrophage infiltration, increased lipolysis and 

insulin resistance, raising the risk for atherosclerosis and T2D. Low generation of adipocytes 

is linked to hypertrophy and as such, the etiology of obesity is dependent on both the 
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differentiation capacity of the preadipocytes and their abundance within the AT (Arner et al., 

2010). 

Using HFD-fed mice, Jeffery et al observed that VAT responds to over-nutrition with 

both hyperplastic and hypertrophic expansion, whereas SAT does so mainly through 

hypertrophy. Furthermore, they found that functional phosphoinositide 3-kinase (PI3K)-Akt2 

signaling was required for this AT expansion (Jeffery et al., 2015).  In a separate study using 

HFD-fed mice, Strissel et al detailed the temporal dynamics of AT development. In early 

stages, hypertrophic expansion predominated with little change in adipocyte number. At 

week 16, they observed high levels of cell death (~80% adipocyte cell death) and increased 

macrophage infiltration.  Finally at week 20, they observed a reduction in adipocyte cell 

death (~16%) accompanied by a significant increase of smaller adipocytes (Strissel et al., 

2007).  

There is also evidence of differences in expansion in humans between the different 

AT depots. In healthy normal-weight adults, Tchoukalova et al detailed human AT expansion 

following 8 weeks of over-feeding. In this study, over-feeding resulted in hyperplastic versus 

hypertrophic expansion in lower body versus upper SAT depots, respectively (Tchoukalova 

et al., 2010). 

By comparing the incorporation of 14C stable-isotopes (derived from above-ground 

nuclear bomb tests during the Cold War, 1955 to 1963) into genomic DNA of human 

children, adolescents and adults, Spalding et al established that total adipocyte number 

increases throughout childhood and levels off in adulthood, with obese individuals reaching a 

higher plateau than lean individuals (Spalding et al., 2008). Furthermore they found that 

~10% of adipocytes turn-over annually in adulthood, irrespective of BMI. In a follow-up to 
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this study, Arner et al reported that individuals with hypertrophic AT generated 70% less 

adipocytes per year compared to individuals with hyperplastic AT (Arner et al., 2010). 

 

The preadipocyte pool and adipose tissue dysfunction 

Dysfunctional SAT is associated with lipotoxicity, ectopic lipid accumulation and 

enlarged VAT (Tchkonia et al., 2013). The spill-over hypothesis proposes that when 

hypertrophied SAT adipocytes reach their maximal expansion limit, excess lipid is deposited 

first in VAT and then ectopically, in non-AT such as liver or muscle (O'Connell et al., 2010). 

Thus, SAT is believed to act as a buffer, protecting other tissues from post-prandial fluxes of 

circulating NEFA (Frayn, 2002).   

Several studies provide evidence for this protective role of SAT. In humans, Snijder 

et al observed that increased thigh SAT correlates with favourable glucose and lipid levels 

(Snijder et al., 2005). With HFD mice, Lu et al demonstrated that increasing SAT volume 

through hyperplasia resulted in a reduction in liver steatosis, improved glucose tolerance and 

insulin sensitivity (Lu et al., 2014).  

Preadipocyte recruitment, self-renewal and adipogenic potential are important for 

hyperplastic AT expansion. Consistent with this concept, several studies have reported 

reduced numbers of adipocyte precursors in human obesity (Onate et al., 2012; Tchoukalova 

et al., 2007). Using a stable isotope approach to measure adipogenesis in mice, Kim et al 

observed that SC adipocyte turnover inversely correlates with insulin sensitivity in obesity 

(Kim et al., 2014). Furthermore, they postulated that differentiation without a preceding cell 

division step results in preadipocyte pool exhaustion, thus limiting SAT expansion.  
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Adipose tissue and insulin signalling 

Following the digestion of a meal, glucose is absorbed and enters the circulation. As 

blood glucose concentration begins to rise, it stimulates the secretion of insulin by the 

pancreatic β-cells. Insulin is a polypeptide dimer comprised of an A chain (21 residues) and 

B chain (30 residues) linked by three disulfide bridges (Hua, 2010). In AT, insulin promotes 

adipogenesis, glucose uptake and lipogenesis, while suppressing lipolysis (Samuel and 

Shulman, 2012). The IR is expressed in most tissues, with higher levels found in the classical 

target tissues (i.e. liver, muscle and AT) (Golan and Tashjian, 2012).  

 

Insulin signaling in adipose tissue: the Akt pathway 

Insulin receptor activation through insulin binding results in auto-phosphorylation of 

its tyrosine kinase domains and the subsequent tyrosine (Tyr) phosphorylation of intracellular 

insulin receptor substrate (IRS). Tyr-phosphorylated IRS serves as a docking site for the Src-

homology (Sh)-2 domain of PI3K. PI3K generates 3-phosphorylated phosphoinositides and 

these lipids attract phosphoinositide-dependent kinase-1 (PDK-1) and Akt, resulting in the 

phosphorylation of Akt at Threonine (Thr) 308 by PDK-1. The mammalian target of 

rapamycin complex (mTORC) -2 fully activates Akt by a second phosphorylation event at 

Serine (Ser) 473 (Tsuchiya et al., 2013).  In the adipocyte, Akt regulates insulin-stimulated 

glucose transport, via GLUT4 translocation to the plasma membrane. In the preadipocyte, 

insulin signaling is not coupled to glucose transport, but rather linked to adipogenic 

responses (Hauner et al., 1998).  
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Inhibition of the anti-adipogenic Forkhead transcription factor (FoxO1) by insulin 

occurs through Akt-dependent phosphorylation (Farmer, 2006). When FoxO1 is active, it 

translocates to the nucleus where it promotes gluconeogenesis, lipolysis, and lipogenesis 

(Fan et al., 2009). The mechanism by which FoxO1 inhibits adipogenesis is not fully 

understood. One group reported that FoxO1 binds to promoter sites of PPARγ, preventing 

PPARγ expression (Armoni et al., 2006). Furthermore, through direct binding with PPARγ, 

FoxO1 also acts as a trans-repressor of PPARγ. FoxO1-bound PPARγ is unable to interact 

with its cognate enhancer element and activity is thus supressed (Fan et al., 2009). With 

insulin stimulation, FoxO1 is phosphorylated by Akt, and thus unable to translocate into the 

nucleus to suppress adipogenic gene expression. 

Insulin also stimulates expression of SREBP-1, a key transcription factor (Farmer, 

2006). SREBP-1 binds to sterol regulatory elements (SRE) in promoter regions of genes 

involved in sterol biosynthesis and fatty acid synthesis, thereby promoting their transcription 

(Shimano, 2001). SREBP-1 also promotes adipogenesis through the activation of PPARγ and 

this occurs through the binding of SREBP-1 to an E-box motif located in the PPARγ 

promoter (Fajas et al., 1999). SREBP-1 also activates PPARγ by promoting the expression 

and secretion of endogenous PPARγ ligands (Kim et al., 1998). 

 

Protein tyrosine kinases: insulin receptor and insulin receptor substrate 

Insulin signals through several closely related receptors; the IR, the insulin-like 

growth factor 1 receptor (IGF1R) or through IGF1R-IR hybrid receptors. Hybridization is 

facilitated as the IR and IGF1R share from 41% to 84% structural homology (depending on 

the domain), however, insulin binds them with lower affinity (De Meyts et al., 2000; Slaaby, 



15 

 

2015). Alternatively, insulin-like growth factors (IGFs) stimulate signaling through the IR, 

however, they do so with 10 to 100 fold lower affinity than insulin (Blakesley et al., 1996).  

The IR is a (αβ) 2 transmembrane homodimer with intrinsic tyrosine kinase activity. 

Alternative splicing of IR mRNA yields two isoforms, IR-A and IR-B. The IR-A, the 

truncated isoform lacking 12 residues near the C-terminus of the α-subunit, is expressed 

ubiquitously, whereas IR-B expression is localized to insulin target tissues (Belfiore et al., 

2009). IR-A binds insulin with greater affinity than IR-B, and is the predominating isoform 

found in human SC preadipocytes (Back and Arnqvist, 2009). These authors also report that 

following differentiation of human SC preadipocytes, total expression of the IR increases 

more than 10-fold relative to the IGF1R, with IGF1R levels remaining constant.  

Activated IR interacts with proteins containing Sh2 or phosphotyrosine-binding 

(PTB) domains. The IRS proteins contain an N-terminal Pleckstrin Homology (PH) domain 

followed by a PTB domain and a variable length C-terminal containing multiple Tyr 

phosphorylation sites. The PTB of IRS binds directly to phosphorylated Tyr960 within the 

NPXY motif of the IR-β subunit, whereas the PH domain binds to cell membrane 3-

phosphorylated phosphatidylinositol lipids (Ramalingam et al., 2013; Wagner et al., 2013). 

The PH domain may facilitate the IR interaction by promoting membrane localization of 

IRS-1 (Vainshtein et al., 2001). Finally, the Tyr residues in the C-terminal region, when 

appropriately phosphorylated, act as binding sites for specific downstream Sh2 domain-

containing signaling proteins. IRS-1 and IRS-2 are the main isoforms found in humans, with 

the former predominating in AT and muscle, and the latter in liver. IRS proteins play a 

crucial role in adipogenesis since, in vivo, IRS-1−/− IRS-2−/− double knockout mice display 
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severe reduction of WAT and in vitro these cells are unable to differentiate (Miki et al., 

2001).  

Regulation of insulin signaling: a balance of phosphorylation 

The status of Tyr phosphorylation of IR and IRS proteins is determined by the 

activities of protein tyrosine phosphatases (PTPs) and kinases (PTKs). The Tyr 

phosphorylation facilitates specific interactions with downstream proteins by acting as Sh2 

binding sites. IRS1 contains approximately 20 Tyr sites at its C-terminal domain (Boura-

Halfon and Zick, 2009). The role of PTPs in insulin signaling is complex and several PTPs 

including PTP-BL, PTP-RQ and leukocyte common antigen–related (LAR) and PTP-1B are 

implicated in adipogenesis (Bae et al., 2012; Gurzov et al., 2015). PTP-1B, encoded by the 

PTN1 gene, is the most extensively studied PTP in humans. Polymorphisms in PTN1 are 

linked with increased risk insulin resistance, T2D and obesity in humans (Tsou and Bence, 

2012).  

Insulin signaling is also modulated through Ser/Thr residue phosphorylation of IRS 

via Ser/Thr Kinases. IRS-1 contains more than 50 Ser/Thr sites and depending on the specific 

residue, phosphorylation can either promote or inhibit transduction of the signal (Copps and 

White, 2012). For example, residues adjacent to Tyr residues can inhibit signaling by 

interfering with the SH2 domain interactions. Alternatively, insulin-stimulated activation of 

Akt positively regulates signaling via Ser phosphorylation of the IRS PTB domain. This Ser 

phosphorylation protects against PTP-mediated Tyr dephosphorylation at the PTB domain, 

allowing IRS to maintain its active conformation (Paz et al., 1999). Finally, several known 

inducers of insulin resistance (e.g. TNF-α and NEFA) also stimulate Ser/Thr kinases (Boura-

Halfon and Zick, 2009). Activity of these kinases is also regulated in part by Ser/Thr 
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phosphatases. Examples of these include Protein Phosphatase (PP)-1, PP-2A, and PH-

domain-and-Leucine-rich-repeat Protein Phosphatases (PHLPPs) (Xu et al., 2014).  

Mutational analysis reveals human (h) Ser312, or mouse (m) Ser307 on IRS-1, as a 

major target of phosphorylation by c-Jun N-terminal kinases (JNK). Due to their proximity to 

the IRS PTB domain, phosphorylation of hSer312 and other neighboring Ser/Thr residues are 

believed to sterically disrupt interaction between the activated IR and IRS (Copps and White, 

2012; Du and Wei, 2014). Phosphorylation of this residue is linked to a variety of metabolic 

dysfunctions including hyperinsulinemia, T2D and obesity (Hancer et al., 2014). Using 

human SC adipocytes, Danielsson et al observed that phosphorylation at this residue required 

chronic stimulation with high concentrations of insulin (Danielsson et al., 2006). The early 

stages of T2D are marked by chronic hyperinsulinemia, therefore, the authors postulated that 

hSer312 phosphorylation may occur during this stage, thus further exacerbating the insulin 

resistant state.  

 

Nutrient stress and adipose tissue 

Recent studies suggest that nutrient stress in obesity and T2D causes “metabolic” 

inflammation and insulin resistance in insulin-target tissues (Odegaard and Chawla, 2013). 

Obesity is a major risk factor for T2D, a disease characterized by insulin resistance in target 

tissues. Early stages of T2D are marked by chronic hyperinsulinemia, wherein the β-cells 

compensate for decreased insulin sensitivity in order to maintain euglycemia (Martyn et al., 

2008). The following sections describe cell culture models of type 2 diabetes, based on 

hyperglycemia and chronic hyperinsulinemia to induce insulin resistance. 
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General mechanisms of hyperglycemia-mediated insulin resistance 

At supraphysiological levels, glucose impairs AT insulin sensitivity, however, this 

process is incompletely understood. Hyperglycemia produces advanced glycation end 

products (AGEs) that may inhibit insulin signaling via methylglyoxal binding to IRS-1, and 

the impairment of IRS Tyr phosphorylation (Liu et al., 2013; Riboulet-Chavey et al., 2006). 

Alternatively, hyperglycemia increases flux into hexosamine-synthesis pathway (Teo et al., 

2010). Induction of the hexosamine pathway promotes the O-GlcNAcylation of IRS proteins 

and IR, thus inhibiting their interactions and preventing the latter from dimerizing (Boucher 

et al., 2014).  

Chronic hyperglycemia also induces DG synthesis, activating protein kinase C (PKC) 

(Filippis et al., 1997; Hoffman et al., 1991). PKC activation is also thought to occur through 

the hyperglycemia-induced production of reactive oxygen species (ROS) (Haber et al., 2003). 

Activated PKC inhibits IR Tyr kinase activity through Ser phosphorylation (without 

impairment of insulin binding), attenuates IRS-1 Tyr phosphorylation by activating specific 

PTPs and promotes IRS-1 Ser/Thr phosphorylation (Bollag et al., 1986; Mussig et al., 2005). 

In skeletal muscle hyperglycemia promotes the formation of a receptor of AGE/IRS-1/Src 

complex that activates PKC-α (Cassese et al., 2008). PKC-α mediates impairment of insulin 

signaling by phosphorylating IRS-1 at mSer307 (Boucher et al., 2014).  

 

General mechanisms of hyperinsulinemia-mediated insulin resistance 

Hyperinsulinemia is traditionally viewed as a consequence of insulin resistance in 

HFD-induced obesity, however, recent rodent studies suggest that it may play a causal role 
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(Mehran et al., 2012). Furthermore, transgenic mice overexpressing insulin and humans with 

insulinomas, display reduced insulin responses (Catalano et al., 2014). Consistent with these 

findings, isolated rat adipocytes exposed to hyperinsulinemia for 2 or 4 hours display dose-

dependent losses of IRs and marked post-receptor defects in glucose transport (Marshall and 

Olefsky, 1980). Both in vitro and in vivo, prolonged exposure to insulin decreases IR 

numbers, which subsequently impairs insulin sensitivity (Gavin et al., 1974). 

Hyperinsulinemia also drives AT inflammation in obese mice, possibly through increased 

macrophage expansion and pro-inflammatory gene expression, and this contributes to 

suppression of insulin-stimulated adipocyte DNL and to systemic insulin resistance 

(Pedersen et al., 2015). 

Chronic hyperinsulinemia causes impairment at both the IR and post-receptor 

signaling. Prolonged exposure to insulin activates IRS-1 ubiquitin-proteasome degradation, a 

process that is IR-mediated (Zhande et al., 2002). Recently, using Förster Resonance 

Emission Transfer (FRET) with Chinese Hamster Ovary (CHO) cells, Catalano et al 

observed that the Tyr Kinase domain of the IR is structurally altered and exhibits decreased 

autophosphorylation with prolonged hyperinsulinemia (Catalano et al., 2014). This decrease 

in IR Tyr phosphorylation was independent of IR amount and membrane localization of the 

receptor.  

 

The effects of chronic high glucose on adipocytes in vitro 

High glucose (≥15 mM glucose) is used to inhibit insulin-stimulated responses in 

several in vitro models of insulin resistance. Burén et al found that rat adipocytes isolated 

from epididymal fat pads and pre-incubated with 25 mM glucose for 24 hours exhibit lower 
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insulin-stimulated glucose uptake in comparison to 5 mM treatments (Buren et al., 2003). 

Furthermore, this effect has also been observed in 3T3-L1 adipocytes treated with 25 mM 

glucose for 48 hours (Gao et al., 2010). 

The effects of high glucose on the adipocyte extend to the cellular stress and 

inflammatory responses. Thioredoxin interacting proten (Txnip) modulates insulin sensitivity 

by altering phosphatase and tensin homolog (PTEN) activity, the latter being an enzyme that 

targets 3-phosphorylated phosphoinositides. With 48 hour high glucose treatment, Txnip is 

enhanced in human AT, and this in turn increases transcription of pro-inflammatory IL-1β 

promoting an insulin resistant state (Koenen et al., 2011). Furthermore, in primary cultured 

human adipocytes, 24 hour treatment with 25 mM glucose results in the induction of 

endoplasmic reticulum (ER) stress and, unexpectedly, in increased levels of Ser473 Akt 

phosphorylation (Alhusaini et al., 2010).  

 

The effects of chronic insulin and high glucose on adipocytes in vitro 

Despite the aforementioned findings, several studies with 3T3-L1 adipocytes suggest 

that high glucose alone is not sufficient in fully generating insulin resistant cells (Ling et al., 

2012; Robinson et al., 2014).  Instead, these studies combine insulin with high glucose, 

which act synergistically to generate an insulin resistant state. Chronic exposure of 3T3-L1 

adipocytes to the combination results in decreased insulin-stimulated glucose uptake and 

impaired insulin signaling downstream of PI3K (Greene et al., 2001; Ling et al., 2012; 

Nelson et al., 2000; Robinson et al., 2014; Ross et al., 2000). Moreover, Renström et al found 

that pre-incubation of isolated human adipocytes with 20 mM glucose for 24 hours resulted 
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only in a minor decrease of insulin-stimulated glucose uptake, and this effect was amplified 

with co-treatment with 104 µU/mL insulin (Renstrom et al., 2007). 

The effects of high glucose on adipocyte differentiation in vitro 

Differentiation of 3T3-L1 preadipocytes in high glucose generates hypertrophic 

adipocytes that express more monocyte chemoattractant protein-1 (MCP-1), a factor that 

mediates macrophage recruitment (Han et al., 2007). Consistent with a pro-inflammatory 

phenotype, these hypertrophic adipocytes display increased NF-κB and decreased PPARγ 

activity. A separate study found that differentiation was enhanced in normal glucose 

conditions when compared to the high glucose conditions, as measured by Oil Red O staining 

of neutral lipid and by quantification of cellular triglyceride mass (Gagnon and Sorisky, 

1998). Differentiation in high glucose has also been reported to increase ROS production and 

decrease insulin-stimulated glucose uptake in the mature adipocytes (Lin et al., 2005). 

Finally, high glucose differentiation of 3T3-L1 cells has recently been linked with increased 

mitochondrial and ER stress (Tanis et al., 2015).  

 

The effects of chronic insulin and high glucose on human preadipocytes in vitro 

To our knowledge, the combinatorial effects of chronic insulin and high glucose on 

the human preadipocyte has yet to be explored. In a study using human preadipocytes, 

Moreno-Navarrete et al found that 48 hour pre-incubation with 100 mM glucose followed by 

acute 100 nM insulin stimulation for 10 minutes led to a significant decrease in Ser473 pAkt 

levels when compared to cells pre-incubated with 17.5 mM glucose (Moreno-Navarrete et 

al., 2013). It should be noted that 100 mM glucose is extremely high and it is an unusual 
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concentration to use in cell culture studies. Finally, confluent 3T3-L1 preadipocytes exposed 

to 25 mM glucose and acutely stimulated with 100 nM insulin, display decreased levels of 

insulin-stimulated IRS-1 Tyr phosphorylation and decreased insulin-stimulated IRS-1-PI3K 

association (Gagnon and Sorisky, 1998). 

 

Cell model: human primary preadipocytes 

The present study uses human primary preadipocytes, enabling a representative 

characterization of the effects of nutrient stress on human AT development and function in 

vitro. This model provides added accuracy as it rules out species-specific differences that 

accompany the murine 3T3-L1 cell lines. However, there are also limitations to this model, 

which include variability in cellular responses amongst patients, introduced by donor 

heterogeneity (e.g. age, sex, BMI), and the limited preadipocyte passage number in culture 

(3-4 passages, after which they lose the ability to differentiate). 

 

Rationale 

The manner in which AT expands influences metabolic health; hyperplastic 

expansion is protective, whereas hypertrophic expansion is linked to inflammation, insulin 

resistance, and metabolic dysfunction. The polarization of hyperplasia versus hypertrophy is 

dependent on the adipogenic responses and size of the preadipocyte pool. Despite this, very 

few studies have examined the effects of high glucose-based nutrient stress on the 

preadipocyte. Studies using 3T3-L1 adipocytes demonstrate in vitro generated insulin 

resistance following chronic pre-incubation in insulin and high glucose (Nelson et al., 2000; 
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Robinson et al., 2014). Thus, we investigated whether these same conditions could generate 

insulin resistance and impair insulin-stimulated adipogenesis in the human preadipocyte. 

Detailing the effects of glucotoxicity at the level of the preadipocyte may elucidate 

mechanisms by which dysfunctional versus healthy human AT remodelling and expansion 

occurs in vivo. 

 

Hypothesis 

Chronic exposure to insulin and/or high glucose causes insulin resistance in human 

preadipocytes. 

 

Objectives 

Objective 1: Determine the conditions in which insulin and/or high glucose inhibits insulin 

signaling in human preadipocytes 

Objective 2: Characterize the effect of insulin and/or high glucose on preadipocyte pro-

inflammatory adipokine expression 

Objective 3: Characterize the effect of insulin and/or high glucose on adipocyte 

differentiation 
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METHODOLOGY 

Isolation and culture of human preadipocytes 

Human SC abdominal AT was obtained from 6 female patients undergoing elective 

abdominal surgery (approved by Ottawa Health Science Network Research Ethics Board). 

Mean age was 57±6 years, and mean BMI was 27±4 kg/m2 (±SD). AT was carried to the 

laboratory in DMEM (Dulbecco’s modified Eagle’s medium):F12 (1:1) supplemented with 

33 mM biotin, 17 µM calcium pantothenate, 200 U/ml penicillin, 0.2 mg/ml streptomycin 

and 100 U/ml nystatin. Next, AT was dissected to remove blood vessels and connective 

tissue. The dissected tissue was incubated (60 minutes, 37°C) with collagenase CLS type I 

(200 U/g tissue, Worthington, Lakewood, NJ) in DMEM:F12 supplemented with 33 µM 

biotin, 17 µM calcium pantothenate, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 50 

U/mL nystatin  on a rotating mixer. The digested tissue was filtered using 200 µm nylon 

filter and subsequently centrifuged (180 x g, 20 minutes) to separate the SVF from mature 

adipocytes. Cells were further processed through progressive size filtration using 100, 50 and 

then 25 µM nylon filters. Filtrates were centrifuged (180 x g, 20 minutes) and the resulting 

pellet incubated for 5 minutes in red blood cell lysis buffer (155 mM NH4Cl, 5.7 mM 

K2HPO4, 0.1 mM EDTA; pH 7.3). Following red blood cell lysis, cells were plated in 

DMEM (5 mM glucose) supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml 

streptomycin and 50 U/ml nystatin (referred to henceforth as growth media) and grown until 

confluence. Cells were either passaged and expanded directly for experiments or 

cryopreserved for future use. 
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Nutrient Stress: pre-treatment of human preadipocytes  

Confluent preadipocytes were placed under nutrient stress conditions for 48 hours (5 

mM or 25 mM glucose with 0.6 nM insulin or 0.01 N HCl vehicle control, in DMEM 

supplemented with 100 U/ml penicillin, 0.1 mg/ml streptomycin and 1% calf serum). Insulin 

signaling experiments (Objective 1) and pro-inflammatory cytokine expression experiments 

(Objective 2) were performed immediately following the 48 hour nutrient stress. 

 

Acute stimulation of insulin signaling 

Preadipocytes were grown until confluence in 35 mm plates seeded at a density of 

3x104 cells/cm2.  Immediately following the 48 hour nutrient stress treatment, preadipocytes 

were rinsed with glucose adjusted DMEM, then incubated in assay buffer (5 mM or 25 mM 

glucose DMEM supplemented with 100 U/ml penicillin, 0.1 mg/ml streptomycin and 1% calf 

serum) with 100 nM insulin or 0.01 N HCl vehicle for 5 or 15 minutes. The medium was 

then removed, cells were rinsed with ice cold 1x phosphate-buffered saline (PBS), and 

proteins were solubilized in Laemmli buffer supplemented with 5% β-mercaptoethanol, 1 

mΜ sodium orthovanadate (Na3VO4), 5 mΜ pH 8 EGTA, 50 mΜ sodium fluoride (NaF), 

and 5 mΜ sodium pyrophosphate (NaPPi); referred to henceforth as Laemmli buffer with 

phosphatase inhibitors (Laemmli, 1970). 

 

Lowry assay 

For Laemmli-solubilized proteins, protein quantification was performed using a 

Lowry assay, with bovine serum albumin (BSA) as a standard. Samples were prepared in 
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triplicate, using 2-5 µl of lysate adjusted to a final volume of 200 µl with H2O. First, 20 µl of 

1.5 mg/ml deoxycholate (DOC) reagent was added to each diluted sample, vortexed and 

incubated (10 minutes, room temperature). Next, 20 µl of 72% v/v trichloroacetic acid (TCA) 

was added. Samples were vortexed and centrifuged (21 000 x g, 10 minutes). Supernatants 

were discarded and tubes were inverted for 45-60 minutes to allow the protein pellets to air 

dry. To the protein pellets, 25 µl of reagent A’ (mixture of BioRad reagents A and S, 

Hercules, CA, USA) was added and samples were vortexed and incubated (5 minutes, room 

temperature). Finally, 200 µl Reagent B was added, samples were vortexed and incubated 

(15 minutes, room temperature). Samples were transferred to a 96-well microplate and 

absorbance was read at 750 nm using a FLUOstar Galaxy plate reader (BMG Labtech, 

Ortenberg, Germany). 

 

Immunoprecipitation 

Preadipocytes were grown until confluence in 60 mm plates seeded at a density of 

3x104 cells/cm2. Following 48 hour nutrient stress, media was aspirated, cells were rinsed 

with ice cold PBS and then lysed in 500 µl ice cold cell lysis buffer (PBS, 1% NP-40, 200 

mM Na3VO4, 0.1 mg/ml PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 4 mg/ml 

benzamidine, 10 mM NaF, 5 mΜ NaPPi and 1 mM β-glycerophosphate) on ice for 15 

minutes. Lysates were transferred into pre-chilled tubes, vortexed and centrifuged (18 000 x 

g, 10 minutes; 4°C) to pellet nuclei and cell membranes. Supernatants were transferred into 

new tubes, putting aside 40 µl of each sample for quantification using the bicinchoninic acid 

(BCA) assay.  



27 

 

Two sets of tubes were prepared and incubated on a nutator for 60 minutes at 4°C. 

The first set consisted of 500 µl of ice cold cell lysis buffer, 40 µl of washed protein 

A/sepharose beads and 5 µl of mouse anti-phosphotyrosine antibody (pY20, 1 mg/ml, abcam, 

Cambridge, MA, USA). In the second set, the cell lysate supernatants were added to 40 µl of 

washed protein A/sepharose beads. Following the incubation, the first set of tubes was 

centrifuged (18 000 x g, 1 minute, 4°C) and the supernatants were aspirated.  The antibody-

linked bead pellets were washed with ice cold cell lysis buffer and incubated (overnight, 4°C) 

with ~0.16 mg of cleared protein supernatants derived from the second set (quantified via 

BCA assay). Immunoprecipitated proteins were washed using ice-cold lysis buffer and 

solubilized in 75 µl of Laemmli buffer containing phosphatase inhibitors. Solubilized 

proteins were vortexed, boiled for 5 minutes and stored at -20°C until further use. Prior to 

loading, samples were thawed, vortexed, and centrifuged (21 000 x g, 5 minutes) to pellet the 

beads. 

 

Bicinchoninic acid assay 

For immunoprecipitation experiments, protein quantification was performed using 

BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA), using BSA as a standard. 

Samples were prepared in triplicates, adding 10 µl of sample to 250 µl of H2O and adjusting 

to a final volume of 500 µl using cell lysis buffer. Next, 500 µl of BCA reagent (mixture of 

50:48:2, v/v/v) was added to each diluted sample. Samples were vortexed and incubated at 

60°C for 1 hour. Samples were cooled to room temperature, transferred to cuvettes and 

absorbance was read at 562 nm using an Ultrospec 3100 pro-spectrophotometer (GE 

Healthcare Life Sciences; Baie d’Urfé, QC, CA). 
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Differentiation of human preadipocytes 

 For the adipogenesis experiments (Objective 3), preadipocytes were differentiated 

for 14 days immediately following the 48 hour nutrient stress, maintaining the initial 

respective glucose concentrations. The differentiation medium was changed every 3-4 days 

and consisted of: 5 mM or 25 mM glucose growth media supplemented with 0.25 mM 

IBMX, 100 µM indomethacin, 0.5 µM dexamethasone and 0.85 µM insulin. On day 14, TG 

was extracted (refer to Triglyceride extraction and quantification section) and protein was 

solubilized using of Laemmli buffer.  

 

Immunoblot analysis 

Equal amounts of solubilized protein (5-20 µg) or equal volumes of 

immunoprecipitated protein (50 µl) were separated using SDS-PAGE (200 V; 60-75 minutes) 

and transferred to nitrocellulose membranes (70 V; 85-105 minutes). Membranes were 

incubated in PBS with 3% BSA (immunoprecipitation experiments) or 5% skim milk for 60 

minutes to block non-specific binding.  Membranes were incubated overnight in the 

following antibodies directed against: PhosphoAkt Ser473 (1:1000; Cell Signaling 

Technology, Beverly, MA, USA), Akt (1:1000; Cell Signaling Technology, ), ERK 1/2 (0.25 

µg/ml or 0.125 µg/ml, Millipore, Billericia, MA, USA), IRS-1 (1:1000 or 1:500; Cell 

Signaling Technology), IR-β (1:1000 or 1:500; Cell Signaling Technology), PPARγ (1:1000; 

Cell Signaling Technology), FAS (1:1000; Cell Signaling Technology) and SREBP-1c 

(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). Next, membranes were incubated in 

the appropriate horseradish peroxidase-conjugated secondary antibody for 60 minutes and 
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immunoreactivity was determined using the Immobilon Western chemiluminescence HRP 

Substrate (Millipore, Billericia, MA, USA). Relative band intensities were quantified using 

the AlphaEaseFC software (Alpha Innotech, San Leandro, CA) and are expressed as 

integrated optical density (IOD) units. 

 

RNA extraction and DNAse treatment 

Preadipocytes were grown until confluence in 12-well plates seeded at a density of 

3x104 cells/cm2.  Immediately following 48 hour nutrient stress, the medium was aspirated 

and cells were lysed in 1 ml of Qiazol Reagent (Qiagen, Venlo, Limburg, Netherlands). Cell 

lysates were mixed by inversion for 5 minutes. Next, 200 µl of chloroform was added and the 

samples were mixed for 15 seconds, then left at rest for 2-3 minutes to allow for phase 

separation. Samples were centrifuged (12 000 x g, 15 min, 4°C) and the upper aqueous phase 

was added to 500 µl isopropanol and mixed by inversion for 5 seconds. These samples were 

incubated (10 minutes, room temperature), centrifuged (12 000 x g, 8 minutes, room 

temperature), and the RNA pellets were washed  in 1 ml of 75% ethanol (v/v), diluted with 

diethylpyrocarbonate (DEPC)-treated H2O (centrifuged 7 500 x g for 5 minutes at room 

temperature after re-suspension). A second centrifugation step was performed to ensure 

maximal removal of the supernatant, and the remaining RNA pellets were left to air- dry for 

3 minutes. Dried RNA pellets were re-suspended in 50 µl of DEPC H2O and incubated at 

65°C for 5 minutes.  

To remove any possible DNA contaminants, each sample was incubated (30 minutes, 

37°C) with 5 µl DNase buffer and 1 µl of 2 U/ml DNAse I (Life Technologies Inc., 

Burlington, ON, Canada). To inactivate DNAse activity, 5 µl of DNAse I inactivation 
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reagent (Life Technologies Inc., Burlington, ON, Canada) was added and samples were 

mixed by inversion for 2 minutes. Finally, samples were centrifuged (10 000 x g, 10 minutes, 

4°C) and the solubilized-RNA supernatants were stored in -80°C until further use. 

 

RNA quantification  

RNA samples were thawed on ice, and quantified using the Quant-it Ribogreen RNA 

assay kit (Life Technologies Inc., Burlington, ON, Canada). 16S/23S rRNA diluted with 

Tris-EDTA (TE) buffer (10 mM Tris pH 8, 1 mM EDTA) was used as a standard. Samples 

were diluted 100-fold with TE buffer. Samples were prepared in triplicate, using 1 µl of 

diluted sample adjusted to a final volume of 100 µl using TE buffer. Samples and standards 

were prepared directly in a black 96 well microplate. Next, 100 µl of ribogreen solution was 

added to each well, incubated 2.5 minutes, and fluorescence was measured (485 nm 

excitation, 520 nm emission) using a FLUOstar Galaxy plate reader.  

 

Reverse transcription and quantitative PCR 

To denature RNA samples, a mixture containing 0.5-2 µg of RNA, 5 µl of 0.5 µg/µl 

random primers (adjusted to a final volume of 30 µl with nuclease-free double-distilled H2O) 

was heated at 85°C for 3 minutes then cooled on ice. Using 1x reverse transcription (RT) 

buffer (50 mM Tris, 75 mM KCl, 3 mM MgCl2 and 5 mM DTT), a RT mastermix (RT+; 

1.25 mM dNTPs, 1.4 U/µl RNase OUT, 12.5 U/µl MMLV-RT, in RT buffer) and a negative 

control (RT-; master mix without MMLV-RT) were prepared. To generate cDNA, 12 µl of 

denatured RNA/random primer samples were mixed with 8 µl of RT+ and RT- mixes, 
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respectively. RT+ and RT- mixes were incubated at 42°C for 60 minutes and the reaction 

was stopped by heating at 92°C for 10 minutes. The cDNA samples were stored in -20°C 

until use for qPCR. 

Thin wall glass capillary tubes (Roche, Laval, QC, Canada) were loaded with 2 µl of 

cDNA (RT+ or RT-), 10 µl of 2x SYBR Green Reagent (Qiagen, Venlo, LI, Netherlands). 2 

µl of 9 µM primers and 6 µl of nuclease-free double-distilled (dd) H2O. Endogenous controls 

were prepared with 1 µl Taqman 18S primers, 10 µl 2x Probe Reagent (Qiagen, Venlo, LI, 

Netherlands), 7 µl of nuclease-free ddH2O and 2 µl of the 1000x fold diluted cDNA sample. 

The primers used were as follows: human TNF-α forward primer: 

GCCCCCAGAGGGAAGAGTTCCC, reverse primer: CAGCTCCACGCCATTGGCCA; 

human MCP-1 forward primer: CAGCCAGATGCAATCAATGC, 

GTGGTCCATGGAATCCTGAA, reverse primer; human IL-1β forward primer: 

GATGAAGTGCTCCTTCCAGGACCT, TGCTGTGAGTCCCGGAGCGT, reverse primer; 

human IL-6 forward primer: TCCACAAGCGCCTTCGGTCC, 

TGTCTGTGTGGGGCGGCTACA, reverse primer. Capillaries were centrifuged (700 x g; 1 

minute) and placed into a Roche Light Cycler (Roche, Laval, QC, Canada). The PCR 

reaction conditions were as follows: 95°C for 15 minutes, 45 cycles of 95°C for 15 seconds, 

60°C for 30 seconds and 72°C for 30 seconds. Melting curve parameters were as follows: 1 

cycle of 95°C for 60 seconds (slope 20°C/sec), 60°C for 60 seconds (slope 20°C/sec), 95°C 

(slope 0.05°C/sec) and 40°C for 60 seconds (slope 20°C/sec). 
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Triglyceride extraction and quantification 

Day 14 adipocytes were rinsed with ice cold PBS and intracellular TG was 

solubilized by incubating cells in 1 ml isopropanol-heptane (mixture of 2:3, v/v) for 30 

minutes at room temperature. To ensure maximal TG extraction, this process was repeated a 

second time (500 µl for 15 minutes), transferring solubilized TG to their respective glass 

tubes after each extractions. The TG extracts were dried using a speed vacuum or with an N2 

stream and stored at -20°C until further use. Prior to quantification, TG extracts were re-

suspended in equal volumes of isopropanol. Briefly, samples were prepared in triplicate 

using either 10 µl of differentiated samples (adjusted with isopropanol to a final volume of 

60 µl) or 60 µl of undifferentiated controls, and Triolein was used as a standard. Each sample 

was dried for 120 minutes in a speed vacuum, then incubated in 250 µl of Infinity Reagent 

(Thermo Scientific) on a Nutator mixer (90 minutes, 37°C). Finally, samples were transferred 

to a 96-well microplate and absorbance was read at 540 nm with a FLUOstar Galaxy plate 

reader.  Measured TG levels were normalized to total protein content.  

 

Statistical analysis 

Data are represented means ± standard error. Statistical significance was evaluated by 

a two-way analysis of variance (ANOVA) and differences between means were assessed 

with Tukey’s post hoc test. P <0.05 was considered significant. 
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 RESULTS 

Chronic insulin and/or high glucose on insulin signaling  

To investigate the effects of chronic insulin and/or high glucose on human primary 

preadipocytes, confluent preadipocytes were pre-incubated in nutrient stress conditions for 

48 hours (5 mM or 25 mM glucose ± 0.6 nM insulin) and then acutely stimulated with 100 

nM insulin (or 0.01 N HCl vehicle) for  different times periods, as indicated. The acutely 

stimulated and basal (vehicle treated) responses of cells pre-incubated in 5 mM glucose 

(normal response) were compared to cells in 5 mM glucose + 0.6 nM insulin and  25 mM 

glucose ± 0.6 nM insulin conditions. 

 

Chronic insulin and/or high glucose on IR-β tyrosine phosphorylation  

I first investigated whether nutrient stress impaired signaling at the level of IR-β. 

Levels of IR-β Tyr phosphorylation were determined by immunoprecipitation of total cell 

lysates with anti-phospho-Tyr antibody and then immunoblotting for IR-β (Fig. 1A). 

In the normal response condition (5 mM glucose pre-incubation), basal levels of Tyr 

phosphorylated IR-β were minimal and increased significantly, following acute insulin 

stimulation (Fig. 1A). Similarly, acute stimulation in both the 5 mM glucose + 0.6 nM 

insulin and the 25 mM glucose conditions, yielded significantly increased levels of IR-β Tyr 

phosphorylation, when compared to their respective basal values. There was no significant 

insulin-stimulated increase of IR-β Tyr phosphorylation with the 25 mM glucose + 0.6 nM 

insulin condition. Comparing the stimulated responses relative to the normal 5 mM glucose  
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Figure 1. 25 mM glucose and 0.6 nM insulin for 48 hours decreases insulin-stimulated IR-

β tyrosine phosphorylation in human preadipocytes. Following pre-treatment, preadipocytes 

were stimulated with 100 nM insulin (or HCl vehicle) for 5 minutes. Cells were lysed and in 

(A), extracted protein was immunoprecipitated using anti-phosphotyrosine antibody.  

Immunoprecipitated proteins (A) and proteins from total cell lysates (B) were separated by 

SDS-PAGE and immunoblotted with anti- IR-β antibody. Data in (A) and (B) represent mean 

± SE from 5 and 3 independent experiments, respectively. Representative blots are shown in 

top panels for (A) and (B). Statistical analysis was by two-way ANOVA with Tukey’s post-

hoc tests. ** p < 0.01, *p < 0.05, versus basal or between indicated pairs. There were no 

statistical differences between treatment conditions in (B).  
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response, neither the 25 mM glucose nor the 5 mM glucose + 0.6 nM insulin pre-incubation 

conditions demonstrated an inhibition in Tyr phosphorylation of IR-β (Fig. 1A). In contrast, 

the effect of 25 mM glucose + 0.6 nM insulin pre-incubation resulted in a significant 76.7 % 

reduction, relative to the normal response (Fig. 1A). This inhibition was neither BMI nor age 

dependent. The reduction in the signaling response was not due to protein degradation, as 

shown by stable levels of IR-β expression in total cell lysates (Fig. 1B).  

 

Chronic insulin and/or high glucose on IRS-1 tyrosine phosphorylation  

We next investigated whether the nutrient stress-mediated impairment of IR-β Tyr 

phosphorylation would also impair IRS-1 Tyr phosphorylation.  

As expected, in the normal response basal levels of Tyr phosphorylated IRS-1 were 

minimal and increased significantly following acute insulin stimulation. There were no 

significant increases in IRS-1 Tyr phosphorylation with acute stimulation in the 25 mM 

glucose ± 0.6 nM insulin conditions, relative to their respective basal values (Fig. 2A).  

Comparing levels of acutely stimulated responses relative to the normal 5 mM 

glucose response (Fig. 2A), 5 mM glucose + 0.6 nM insulin, 25 mM glucose, and the 

combination condition, all displayed significant reductions of IRS-1 Tyr phosphorylation 

(reductions of 66.3 %, 65.9 %  and 81.4 %, respectively). Consistent with the IR-β findings, 

inhibition was neither BMI nor age dependent. Similarly, the reductions were not due to 

protein degradation, as shown by stable levels of IRS-1 expression in total cell lysates (Fig. 

2B).  
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Figure 2. 25 mM glucose and 0.6 nM insulin for 48 hours decreases insulin-stimulated 

IRS-1 tyrosine phosphorylation in human preadipocytes. Following pre-treatment, 

preadipocytes were stimulated with 100 nM insulin (or HCl vehicle) for 5 minutes. Cells 

were lysed and in (A), extracted protein was immunoprecipitated using anti-phosphotyrosine 

antibody.  Immunoprecipitated proteins (A) and proteins from total cell lysates (B) were 

separated by SDS-PAGE and immunoblotted with anti- IRS-1 antibody. Data in (A) and (B) 

represent mean ± SE from 4 and 3 independent experiments, respectively. Representative 

blots are shown in top panels for (A) and (B). Statistical analysis was by two-way ANOVA 

with Tukey’s post-hoc tests. ** p < 0.01, versus basal or between indicated pairs. There were 

no statistical differences between treatment conditions in (B).  
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Chronic insulin and/or high glucose on Ser473 Akt phosphorylation  

To investigate whether the insulin and high glucose stress-mediated impairment of 

IR-β and IRS-1 extended to phosphorylation of Akt, preadipocytes were acutely stimulated 

with 100 nM insulin for 5 minutes following the 48 hour nutrient stress, proteins were 

solubilized and lysates were immunoblotted for Akt and Ser473 phosphorylated Akt (pAkt).  

In all treatment conditions, following acute insulin stimulation, levels of Ser473 pAkt 

normalized to Akt (Ser473 pAkt /Akt) increased significantly relative to their respective basal 

values (Fig. 3). Comparing the acutely-stimulated responses, Ser473 pAkt /Akt levels were 

not significantly different across the 4 different conditions. 

With 15 minute acute stimulation, levels of Ser473 pAkt/Akt in the 5 mM glucose and 

25 mM glucose conditions were significantly increased relative to their respective basal 

values (Fig 4). Furthermore, these levels were not significantly increased after stimulation in 

either of the 0.6 nM insulin conditions. No significant differences between the acutely 

stimulated responses were found. 

 

Chronic insulin and/or high glucose on pro-inflammatory cytokine expression  

To investigate the effect of high glucose and chronic insulin on pro-inflammatory 

adipokine expression in preadipocytes, RNA was extracted immediately following the 48 

hour pre-incubation conditions described above. Next, IL-6, MCP-1, TNF-α, and IL-1β 

mRNA expression levels were quantified via real-time-qPCR (Fig. 5). Levels of these pro-

inflammatory adipokines were not significantly different across the 4 different conditions. 
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Figure 3. 25 mM glucose and 0.6 nM insulin for 48 hours does not change levels of 

insulin-stimulated serine-473 Akt phosphorylation at 5 minutes in human preadipocytes. 

Following pre-treatment preadipocytes were stimulated with 100 nM insulin (or HCl vehicle) 

for 5 minutes. After cell lysis, extracted protein was separated by SDS-PAGE and 

immunoblotted with anti-Akt or anti- phospho-serine 473 Akt (pAkt) antibody. 

Representative blots are shown in top panel, with ERK 1/2 shown as a loading control. Data 

represent pAkt (normalized to Akt) from 5 independent experiments (mean ± SE). Statistical 

analysis was by two-way ANOVA with Tukey’s post-hoc tests. ** p < 0.01, *p < 0.05, versus 

basal or between indicated pairs. 
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Figure 4. 25 mM glucose and 0.6 nM insulin for 48 hours does not change levels of 

insulin-stimulated serine-473 Akt phosphorylation at 15 minutes in human preadipocytes. 

Following pre-treatment preadipocytes were stimulated with 100 nM insulin (or HCl vehicle) 

for 15 minutes. After cell lysis, extracted protein was separated by SDS-PAGE and 

immunoblotted with anti-Akt or anti- phospho-serine 473 Akt (pAkt) antibody. 

Representative blots are shown in top panel, with ERK 1/2 shown as a loading control. Data 

represent pAkt (normalized to Akt) from 3 independent experiments (mean ± SE). Statistical 

analysis was by two-way ANOVA with Tukey’s post-hoc tests. *p < 0.05. (*) indicates 

significance versus basal. 
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Figure 5. 25 mM glucose and 0.6 nM insulin for 48 hours does not change levels of pro-

inflammatory markers in human preadipocytes. Following 48 hour nutrient stress, RNA 

was extracted using Qiazol reagent. The mRNA expression was determined  using qPCR 

with 18S as an endogenous control. IL-6 and MCP-1 represent data from 4 independent 

experiments, TNF-α and IL-1β represent data from 3 independent experiments (mean ± SE). 

Statistical analysis was by two-way ANOVA with Tukey’s post-hoc tests. There were no 

statistical differences between treatment conditions.  
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Effect of chronic insulin and/or high glucose on adipogenesis  

Following the 48 hour nutrient stress treatment, cells were differentiated in media 

containing either 5 mM or 25 mM glucose (Fig. 6 and Fig. 7). On day 14 of differentiation, 

triglycerides (TG) were extracted, and cellular protein was collected. Solubilized protein was 

immunoblotted for adipogenic markers: PPARγ, SREBP-1 and FAS. 

Despite the inhibition of acute insulin signaling at the level of IR-β and IRS-1, there 

was no effect on intracellular TG accumulation (Fig. 6B). Minimal TG accumulation was 

observed in the undifferentiated controls. Finally, levels of the adipogenic markers (PPARγ, 

SREBP-1 and FAS) also did not vary significantly between the various treatment conditions 

(Fig. 7).   
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Figure 6. 25 mM glucose and 0.6 nM insulin for 48 hours prior to differentiation does not 

change accumulation of triglyceride in human adipocytes. Preadipocytes were pre-treated 

for 48 hours (5 mM/25 mM glucose ± 0.6 nM insulin) prior to a 14 day of differentiation in 

adipogenic cocktail containing 5 mM/ 25 mM glucose. Prior to triglyceride (TG) extraction 

on day 14, photomicrographs of each treatment condition were taken and are as shown in 

(A).  TG were extracted from differentiated adipocytes and quantified in (B). Data in (B) 

represent TG (µg)/protein (mg) normalized to lane 1 (mean ± SE, from 3 independent 

experiments). Statistical analysis was by two-way ANOVA with Tukey’s post-hoc tests. 

There were no statistical differences between treatment conditions.  
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Figure 7. 25 mM glucose and 0.6 nM insulin for 48 hours prior to differentiation does not 

change levels of adipogenic markers in human adipocytes. Preadipocytes were pre-treated 

for 48 hours (5 mM/25 mM glucose ± 0.6 nM insulin) prior to a 14 day of differentiation in 

adipogenic cocktail containing 5 mM/ 25 mM glucose. At day 14, proteins were extracted 

from adipocytes, separated by SDS-PAGE and immunoblotted with anti- SREBP1, anti-Fatty 

Acid Synthase (FAS) and anti-Peroxisome Proliferator-Activated Receptor (PPAR)-γ 

antibody. Representative blots are in the top panel, with ERK 1/2 shown as a loading control.  

Data represent mean± SE from 3 independent experiments. Statistical analysis was by two-

way ANOVA with Tukey’s post-hoc tests. There were no statistical differences between 

treatment conditions.  
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DISCUSSION 

Studies using insulin and high glucose-based nutrient stress focus mainly on the 

adipocyte. Given the importance of insulin signaling in the adipocyte, findings from these 

mature cell studies still provide important points of comparison with the present study on 

preadipocytes.   

The preadipocyte is critical for healthy AT remodeling and function. However, there 

are few studies that describe the effects of high glucose-based nutrient stress on these cells, 

and even fewer using human preadipocytes. We therefore investigated whether chronic 

exposure to high glucose and/or 0.6 nM insulin would impair insulin signaling and 

differentiation of human preadipocytes.  

 

Chronic insulin and high glucose on insulin signaling 

The effects of chronic insulin and/or high glucose on IR-β and IRS-1 

My data demonstrate decreased insulin-stimulated IR-β Tyr phosphorylation in 

human preadipocytes chronically exposed to high glucose + 0.6 nM insulin.  Consistent with 

this, adipocytes from patients with T2D exhibit reduced IR Tyr kinase activity (Freidenberg 

et al., 1987).  Furthermore, chronic exposure of isolated rat adipocytes to high insulin (100 

nM) and hyperglycemia results in attenuation of insulin-stimulated IR-β Tyr phosphorylation 

(Tang et al., 2001). However, in contrast with my findings, other studies with 3T3-L1 

adipocytes and isolated rat adipocytes cultured in low dose insulin (5 nM and 8.6 nM, 

respectively) and high glucose report no effect on insulin-stimulated IR-β Tyr 
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phosphorylation (Lima et al., 1991; Ross et al., 2000).  Variations in insulin concentration 

may play a role in the attenuation of the IR-β response in the adipocyte, and these findings 

may diverge from my own owing to the fact that they used 3T3-L1 and rat adipocytes, versus 

the human preadipocytes I used.  

Rat-1 fibroblasts (established from F2408 rat embryos) are highly transfectable 3T3-

like cells, and were first described in 1976 (Prasad et al., 1976; Topp, 1981). Since then, 

several studies have examined the insulin-stimulated responses of Rat-1 fibroblasts 

overexpressing the human insulin receptor (Rat-1 HIRcBs) following exposure to high 

glucose. Exposure of Rat-1 HIRcBs to high glucose impairs IR-β insulin-stimulated Tyr 

phosphorylation (Berti et al., 1994; Maegawa et al., 1995; Pillay et al., 1996).  I found that 

high glucose alone had no effect on this response. However, I observed synergistic inhibition 

with high glucose + 0.6 nM insulin.  Individually, neither component alone significantly 

reduced insulin-stimulated Tyr phosphorylation of IR-β. Differences between human 

preadipocytes versus rat fibroblasts expressing high levels of human insulin receptor may 

account for this variation.  

Phosphorylation of Tyr960 within the NPXY motif of IR-β enables binding of the IRS-

1 N-terminal PTB domain, thus permitting the insulin signaling cascade to continue 

(Ramalingam et al., 2013; White et al., 1988). Therefore, I investigated whether the 

attenuation at the level of IR-β would affect insulin-stimulated Tyr phosphorylation of IRS-1. 

Levels of insulin-stimulated IRS-1 Tyr phosphorylation were decreased with 25 mM glucose 

and/or 0.6 nM insulin. Consistent with my findings, 3T3-L1 preadipocytes incubated 

overnight in 25 mM glucose display reduced insulin-stimulated IRS-1 Tyr phosphorylation 

(Gagnon and Sorisky, 1998). Similarly, Rat-1 HIRcBs exposed to high glucose exhibit 
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reduced insulin-stimulated IRS-1 Tyr phosphorylation (Berti et al., 1994; Maegawa et al., 

1995; Pillay et al., 1996). In contrast to these studies, mature 3T3-L1 adipocytes and isolated 

rat adipocytes exposed to low dose insulin and high glucose do not exhibit attenuated insulin-

stimulated IRS-1 Tyr phosphorylation (Lima et al., 1991; Ross et al., 2000). Differences in 

the data may be due to divergent responses between the mature and undifferentiated cells. 

My data demonstrate that the insulin-stimulated IRS-1 Tyr phosphorylation response 

is more sensitive to the high glucose and/or 0.6 nM insulin nutrient stress than is IR-β, as 

either high glucose or 0.6 nM insulin alone could attenuate the response. The insulin-

stimulated high glucose + 0.6 nM insulin condition demonstrated similar decreases in Tyr 

phosphorylation as with each component individually, suggesting an absence of synergy that 

was previously described with IR-β. The lack of synergistic effect at the level of IRS-1 Tyr 

phosphorylation might be because each condition alone was quite potent in causing inhibition 

of the response. Similar to my findings, Pillay et al reported that Rat-1 HIRcBs exposed to 

high glucose alone display greater inhibition of insulin-stimulated Tyr phosphorylation of 

IRS-1 when compared to IR-β (Pillay et al., 1996). The mechanism for this effect might 

involve increased Ser kinase activity directed against IRS-1 and/or increased Tyr 

dephosphorylation of IRS-1 by PTPs, compared to IR. 

Ser phosphorylation of IRS-1 can induce conformational changes that disrupt insulin 

signaling by preventing the interactions between the IRS-1 PTB and IR-β, and therefore lead 

to reduced IRS-1 tyrosine phosphorylation (Paz et al., 1997). PKC can phosphorylate IRS-1 

at Ser residues, and high glucose has been reported to induce its activity (Draznin, 2006; Idris 

et al., 2001). Disruption of IR-β/IRS-1 PTB interactions via Ser phosphorylation of IRS-1, 

might explain the reduction in insulin-stimulated IRS-1 Tyr phosphorylation despite the 
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absence of inhibition at the level of IR-β in the individual high glucose/0.6 nM insulin 

conditions. To this end, measuring the Ser phosphorylation status of IRS-1 in future 

experiments may elucidate specific mechanisms by which this protein is differentially 

inhibited when compared to IR-β. 

Several studies report increased PTP activity in Rat-1 fibroblasts and 3T3-L1 

preadipocytes exposed to high glucose (Gagnon and Sorisky, 1998; Shimizu et al., 2002). In 

3T3-L1 preadipocytes, high glucose-induced attenuation of IRS-1 Tyr phosphorylation 

coincides with increased expression of leukocyte antigen-related (LAR) PTP (Gagnon and 

Sorisky, 1998). IRS-1 may be preferentially targeted by PTPs in the individual high 

glucose/0.6 nM insulin conditions in the present study. More work will be needed to 

determine if this is the case.   

My data demonstrate that the reductions of IR-β and IRS-1 Tyr phosphorylation were 

not due to protein degradation, as shown by stable protein levels in total cell lysates. The 

proteasomal degradation of IRS-1 has been previously described in 3T3-L1 adipocytes 

treated with high glucose and high insulin (20 nM), however, this does not occur with 0.6 nM 

insulin (Robinson and Buse, 2008).  

 

The effects of chronic insulin and/or high glucose on Akt  

Little is known regarding the effects of high glucose based stress on Akt in the human 

preadipocyte. Using isolated human SC preadipocytes, Moreno-Navarrete found a significant 

inhibition of insulin-stimulated Ser473 Akt phosphorylation in cells pre-incubated 48 hours 

with 100 mM glucose, however, this concentration of glucose is unusually high (Moreno-

Navarrete et al., 2013). Alternatively, in mature 3T3-L1 adipocytes, inhibition of insulin-
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stimulated Ser473 Akt phosphorylation occurs following a 24 hour exposure to high glucose 

and 0.6 nM insulin (Robinson et al., 2014).  I observed no significant changes in Ser473 Akt 

phosphorylation following 48 hour exposure of human preadipocytes to high glucose and/or 

0.6 nM insulin, with 5 minutes of acute insulin stimulation. It should be noted that a ~22% 

inhibition of Akt phosphorylation was observed in the high glucose + 0.6 nM insulin 

condition at the 5 minute stimulation time point, however, possibly due to variations between 

patient responses, this inhibition was not statistically significant. 

Previous 3T3-L1 adipocyte studies using the 25 mM glucose and/or 0.6 nM insulin 

conditions measured Akt phosphorylation following 15 minutes of acute insulin stimulation 

(Nelson et al., 2000; Robinson and Buse, 2008; Robinson et al., 2014). To explore the 

possibility that a longer stimulation may be required for the detection of Akt inhibition, and 

to directly compare findings to 3T3-L1 adipocyte studies, I extended the acute insulin 

stimulation time to 15 minutes. However, even with the 15 minute acute stimulation, I still 

observed no inhibition of insulin-stimulated Ser473 Akt phosphorylation following chronic 

exposure to high glucose and/or 0.6 nM insulin.  

Akt is activated by two phosphorylation events; an initial phosphorylation at Thr308 

by PDK1 that partially activates Akt, and a second phosphorylation at Ser473 by 

PI3K/mTORC2 that fully activates it (Tsuchiya et al., 2013). In 3T3-L1 adipocytes, insulin-

stimulated Thr308 and Ser473 Akt phosphorylation are attenuated in parallel with chronic 

exposure to high glucose and/or 0.6 nM insulin (Nelson et al., 2002). Future studies will be 

needed to address whether Thr308 and Ser473 phosphorylation of Akt in human preadipocytes 

are affected to a similar extent or not. 
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My findings regarding Akt phosphorylation are unexpected given the inhibition at the 

level of IR-β/IRS-1 signaling. The absence of inhibition of insulin-stimulated Akt 

phosphorylation may be due to a sample size limitation. Increasing the sample size may 

correct for the variations between patient responses and perhaps reveal a BMI and/or age-

dependent effect. Alternatively, this lack of inhibition may be due to the time points chosen 

for acute stimulation, a possibility that could be addressed with time-course studies.  

 

Chronic insulin and/or high glucose on inflammation 

 Levels of pro-inflammatory adipokines are elevated in the AT of obese patients and 

those with T2D (Esser et al., 2014). Alternatively, treatment of 3T3-L1 adipocytes with high 

glucose promotes inflammatory adipokine expression (Koenen et al., 2011; Pan et al., 2014). 

Pro-inflammatory adipokines interfere with insulin signaling through several mechanisms, 

including the Ser phosphorylation of IRS-1 and the attenuation of IR-β/IRS-1 Tyr 

phosphorylation (Shah et al., 2008). To investigate whether the decreases in IR-β or IRS-1 

Tyr phosphorylation correlate with inflammation, I measured the expression of pro-

inflammatory markers. I found that chronic high glucose and/or 0.6 nM insulin did not 

increase pro-inflammatory adipokine mRNA expression as assessed by levels of IL-6, MCP-

1, TNF-α and, IL-1β. In the high glucose conditions, levels of all four pro-inflammatory 

markers trended towards an increase, thus, the absence of significant differences may be due 

to a sample size limitation. It remains to be determined if there are differences in the amount 

of secreted adipokines. 
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Chronic insulin and/or high glucose on adipogenesis 

Differentiation in high glucose generates hypertrophic and inflamed, insulin-resistant 

3T3-L1 adipocytes (Han et al., 2007; Lin et al., 2005). Nevertheless, differentiation and 

maintenance in cell culture most commonly occurs using 25 mM glucose medium conditions 

(Tanis et al., 2015). I investigated the extent to which high glucose-based stress prior to 

and/or during differentiation might influence adipogenesis in the human preadipocyte model. 

I found no differences in intracellular TG accumulation nor did I find differences in levels of 

adipogenic markers (i.e. PPARγ, FAS, and SREBP-1) between the treatment conditions. 

Consistent with my findings, Collins et al report that human SC preadipocytes differentiated 

in 5 mM versus 17.5 mM glucose do not display significant differences in TG accumulation 

at day 14 (Collins et al., 2011).  

It should be noted that I used hyperinsulinemic conditions to induce adipogenesis 

(850 nM insulin). Given that our observed attenuation of preadipocyte IR-β/IRS-1 Tyr 

phosphorylation was measured using 100 nM insulin for 5 minutes, exposure to 850 nM 

insulin over the 14 days of differentiation may reverse or compensate for any early signaling 

defects. To this end, future experiments could measure the induction of adipogenic markers 

at different time points throughout differentiation (especially at early time points), enabling a 

comparison of the differentiation dynamics between the treatment conditions. The 

differentiation protocol could be modified to use lower concentrations of insulin to see if that 

would make the adipogenic process more susceptible to inhibition. 
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Proposed Model 

The IR/IRS-1 axis is crucial for Akt activation and the induction of adipogenesis. 

Here I report that high glucose + 0.6 nM insulin attenuates acute insulin-stimulated Tyr 

phosphorylation of both the IR and IRS-1, without having a negative impact on Ser473 pAkt 

levels or pro-inflammatory adipokine expression in the preadipocyte. Similar levels of TG 

accumulation and adipogenic markers between the different adipogenic treatments is 

consistent with the absence of inhibition at the level of Akt.  

Rat-1 HIRcBs exposed to high glucose exhibit decreased IR-β and IRS-1 Tyr 

phosphorylation due to increased PTP-1B activity (Maegawa et al., 1995). Overexpression of 

PTP-1B in Rat-1 HIRcBs results in the attenuation of insulin-stimulated IR-β and IRS-1 Tyr 

phosphorylation, with only minimal impairment to insulin-stimulated Akt activation 

(Shimizu et al., 2002). Similarly, overexpression of PTP-1B in 3T3-L1 adipocytes also 

inhibits insulin-stimulated IR-β and IRS-1 Tyr phosphorylation, with only modest 

impairment to insulin-stimulated Akt activation (Shimizu et al., 2002; Venable et al., 2000). 

These studies suggest a mechanism by which chronic exposure of human preadipocytes to 

high glucose and/or 0.6 nM insulin may activate PTP-1B, and impair insulin-stimulated IR-β 

and IRS-1 Tyr phosphorylation without affecting Akt activation;  this is a hypothesis that 

could be addressed in future experiments.  

Divergent effects between IR-β/IRS-1 and Akt phosphorylation are also seen in 

primary cultured rat adipocytes exposed to 15 mM glucose + high insulin. They exhibit 

marked reductions in IRS-1 content, without changes in maximal insulin stimulated Ser473 

Akt phosphorylation (Buren et al., 2003).  
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It is possible that, despite marked decreases in insulin-stimulated Tyr phosphorylation 

I observed, the attenuated IR-β/IRS-1 signals still reach a minimal threshold required for 

downstream Ser473 Akt phosphorylation to persist in human preadipocytes (Fig. 8). 
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Figure 8. Proposed model of attenuation of insulin signaling in the human preadipocyte 

caused by chronic high glucose and/or 0.6 nM insulin. Chronic exposure to nutrient stress 

results in a reduction of insulin-stimulated tyrosine phosphorylation at the level of IR-β and 

IRS-1, without affecting insulin-stimulated Ser473 Akt phosphorylation or adipogenesis. IRS-

1 is more sensitive to this nutrient stress than IR-β, and possible mechanisms behind the 

attenuation of IR-β/IRS-1 may involve the induction of serine kinases and/or protein tyrosine 

phosphatases (see text for details). Changes in colour from green to red, and decreases in the 

phosphotyrosine symbol size, indicate inhibition.   
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CONCLUSION 

This thesis focuses on the effect of chronic insulin and high glucose-based nutrient 

stress on human primary preadipocytes and their insulin-stimulated responses.  Chronic 

exposure of preadipocytes to 25 mM glucose and 0.6 nM insulin for 48 hours inhibits insulin-

stimulated IR-β and IRS-1 Tyr phosphorylation. IRS-1 Tyr phosphorylation was more 

sensitive to this stress compared that of IR-β, since either 25 mM glucose or 0.6 nM insulin 

alone attenuated insulin-stimulated Tyr phosphorylation. Furthermore, 25 mM glucose or 0.6 

nM individually, generated a similar inhibitory effect on IRS-1 Tyr phosphorylation as the 

combination of the two. In contrast, insulin-stimulated Ser473 phosphorylation of Akt was not 

inhibited by chronic exposure to 25 mM glucose and/or 0.6 nM insulin. Similarly, the 

expression of pro-inflammatory adipokines was unchanged by these conditions. Finally, 

despite the inhibition of acute insulin signaling at the level of IR-β and IRS-1, nutrient stress 

prior to and/or during differentiation did not alter TG accumulation or adipogenic protein 

expression.  

The adipogenic potential and size of the preadipocyte pool in vivo determines whether 

hypertrophic versus hyperplastic expansion occurs. Extrapolated to an in vivo setting, my 

findings suggest that chronic 0.6 nM insulin and high glucose-based stress may not impair 

the role of the preadipocyte in AT remodeling. My studies add further information about the 

preadipocyte and its role in AT remodeling and dysfunction under conditions of nutrient 

stress. 
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