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Obesity, Inflammation, Oxidative Stress, Adipocyte 

Metabolism & Insulin Resistance 
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Metabolic Syndrome and Obesity Linked Insulin Resistance 

Obesity is defined by the Center for Disease Control as an adult who has a BMI 

(Body Mass Index; calculated as weight in kilograms divided by height in meters 

squared) of 30 or higher. In recent years, the prevalence of obesity has risen in 

children and adolescents (ages 2-19) to 16.9% (1). The rise in the obesity 

epidemic has been linked to a general increase in caloric intake, coupled with a 

decrease in physical activity leading to weight gain.  

 

The increased adiposity associated with poor nutritional decisions and the 

influence of genetic factors can lead to the development of tissue specific insulin 

resistance, especially in liver, skeletal muscle and adipose tissue (2). Insulin 

action in peripheral tissues plays a crucial role in maintaining blood glucose 

levels. When these tissues fail to respond to the insulin stimulus, blood glucose 

levels rise to a hyperglycemic state. In response to hyperglycemia, pancreatic β-

cells produce and secrete more insulin. If β-cells fail to produce the amount of 

insulin required to control the glucose level at euglycemia, this can expose 

organs to toxic levels of glucose, called glucotoxicity. The elevations of glucose 

in many tissues, including the pancreas and liver, can alter function, decrease 

the ability to proliferate and even cause apoptosis (3). This link between 

glucotoxicity and apoptosis within the β-cell can lead to β-cell death and limits the 

amount of insulin produced. The timing of β-cell death also corresponds with the 

transition of insulin resistance to clinically diagnosed Type II Diabetes (T2D) (4). 
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Insulin resistant individuals are at a high risk of also developing coronary heart 

disease, hypertension and stroke. These diseases (hypertension, insulin 

resistance, stroke, heart disease) collectively are included in the definition of 

metabolic syndrome (5, 6). It is clear that weight loss, especially as a result of 

bariatric surgery, increases insulin sensitivity, but long-term lifestyle changes are 

challenging for obese insulin-resistant individuals (7, 8). Therefore, it is important 

to understand the molecular mechanisms behind insulin resistance and the 

development of T2D and this understanding could lead to new therapeutic 

approaches. 

 

Insulin action within insulin-responsive tissues, such as muscle, liver and 

adipose, varies slightly. Although there is variation, insulin generally promotes 

glucose uptake and inhibits lipolysis and gluconeogenesis (9). Insulin is produced 

and secreted by pancreatic β-cells in response to the elevated blood glucose 

levels associated with food intake. In liver, insulin does not signal to increase 

glucose uptake, but rather signals to inhibit gluconeogenesis and stimulate 

glycogen synthesis. Glycogen is a branched chain polymer used to store glucose 

for later use. In addition to glycogen synthesis, insulin signals in liver to initiate 

lipogenesis through the activation of the transcription factor sterol regulatory 

element binding protein -1c (SREBP-1c). Lastly, insulin signals for lipoprotein 

uptake through the low-density lipoprotein (LDL) receptor. The insulin resistant 
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state in hepatocytes results in the inability to clear LDL from the blood stream 

and fasting hyperglycemia due to failure to suppress glucose output (10). 

 

In contrast to the hepatocyte, one main role of insulin action in the adipocyte is to 

regulate glucose transporter type 4 (GLUT4) translocation allowing for increased 

glucose uptake. Furthermore, insulin action on the adipocyte is responsible for 

the inhibition of lipolysis, the process of liberating free fatty acids (FFAs) from the 

lipid droplet for use as energy in muscle, liver and brain during times of low 

glucose (11, 12). Lastly, failure of proper insulin signaling in the adipocyte can 

result in decreased lipogenesis through decreased activation of SREBP-1c (10). 

These insulin-stimulated pathways are critical not only for maintaining local tissue 

functions, but also affect whole body metabolism and the function of other 

tissues, such as muscle.  

 

Skeletal muscle is the primary tissue for insulin-stimulated glucose metabolism. 

This glucose has three main fates; glycolysis for energy production in times of 

energy demand, glycogen synthesis for storage, and lipogenesis (10, 13). In 

mice lacking the insulin receptor in skeletal muscle, the muscle displays severe 

insulin resistance. However, glucose tolerance is normal due to up-regulation of 

insulin-independent glucose uptake as a compensatory mechanism. 

Furthermore, glucose uptake in other tissues, such as fat, is increased three fold 
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(14). Proper glucose uptake and gluconeogenesis in skeletal muscle is crucial for 

maintenance of euglycemia and insulin sensitivity. 

 

The primary roles of insulin signaling are thecontrol of cellular growth and 

differentiation as well as metabolism. Furthermore, insulin signaling and insulin 

sensitivity are required for control of blood glucose levels in the normal range of 

4-7 mM (15). The maintenance of blood glucose levels requires insulin-

responsive tissues to take up glucose from the blood upon an insulin stimulus. 

When insulin binds to the α-subunit of the insulin receptor, the tyrosine kinase 

domains of the β subunit are brought together and undergo transphosphorylation. 

Upon phosphorylation the receptor tyrosine kinases phosphorylate downstream 

targets including insulin receptor substrate (IRS), of which there are four 

isoforms. Tyrosine phosphorylated IRS1 creates docking sites for multiple Src 

homology 2- containing (SH2) proteins including the p85 regulatory subunit of 

phosphoinositide 3-kinase (PI3K) (16). This activation of PI3K leads to the 

production of phosphatidylinositol(3,4,5)-triphosphate (PtdIns-(3,4,5)-P3) which 

induces the activation of protein serine kinase cascades by recruitment of 

phosphoinositide-dependent kinase 1 (PDK1) and its substrate kinases, protein 

kinase B (PKB, or AKT), and atypical protein kinase Cs (PKCs) via their 

pleckstrin homology (PH) domains (17).  
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AKT plays a crucial role in insulin signaling. PDK1 phosphorylates AKT on 

Thr308 which activates AKT allowing for phosphorylation of downstream targets 

such as glycogen synthase kinase 3 α/β (GSK3α/β), Akt substrate 160 kDa 

(AS160), Forkhead box O (FOXO) transcription factors, endothelial nitric oxide 

synthase (eNOS), phosphodiesterase 3b (PDE3b), tuberous sclerosis complex-2 

(TSC2) and mammalian target of rapamycin (mTOR) (17, 18). Phosphorylation of 

GSK3 is critical for control for glycogen synthesis by decreasing the inhibitory 

phosphorylation levels of glycogen synthase (19). Phosphorylation of AS160 

leads to the translocation of the glucose transporter GLUT4 to the plasma 

membrane (20). The phosphorylation of TSC2 on Ser939, Ser1130 and Thr1462 

by AKT acts as a negative regulator of TSC complex activity allowing for mTOR 

translocation to the plasma membrane and mTOR complex 1 formation 

(mTORC1) (21-24). AKT can also be phosphorylated by mTOR complex 2 

(mTORC2) on Ser473. Phosphorylation on Ser473 is required for full kinase 

activity of AKT and maximal FOXO phosphorylation (25-27). Failure for AKT to 

signal fully can result in decreased insulin signal transduction. 

 

mTOR represents a complex node of signaling critical for metabolism and 

metabolic shifts within various tissues. mTORC1 and mTORC2 are large 

complexes with mTORC1 having six and mTORC2 having seven protein 

members, respectively. The atypical serine/threonine protein kinase mTOR is 

shared between both complexes. Furthermore, both complexes contain 
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mammalian lethal with sec-13 protein 8 (mLST8), DEP domain-containing 

mTOR-interacting protein (Deptor) and the Tti1/Tel2 complex. mTORC1 specific 

proteins include regulatory-associated protein of mammalian target of rapamycin 

(Raptor) and proline-rich Akt substrate 40 kDa (PRAS40). mTORC2 includes 

rapamycin-insensitive companion of mTOR (Rictor), mammalian stress-activated 

map kinase-interacting protein 1 (mSin1) and protein observed with rictor 1 and 2 

(protor1/2) (28). These complexes play different roles but both are important for 

responding to environmental signals while maintaining metabolic homeostasis.  

 

Upon insulin stimulation, downstream of mTORC1 are a number of signaling 

cascades that control protein synthesis, autophagy and energy homeostasis. 

mTORC1 phosphorylates transcriptional regulators eukaryotic translation 

initiation factor 4E-binding protein 1 (4E-BP1) and S6 kinase 1 (S6K1), which 

promote protein synthesis. Furthermore, mTORC1 promotes growth by 

negatively regulating autophagy. mTORC1 directly phosphorylates and 

suppresses the unc-51-like kinase 1 (ULK1)/mammalian autophagy-related gene 

13 (Atg13)/focal adhesion kinase family-interacting protein of 200 kDa (FIP200) 

complex. Lastly, mTORC1 positively drives cellular metabolism by increasing 

hypoxia inducible factor 1α (HIF1α) expression and transcription, which is a 

positive regulator of many glycolytic genes and enzymes (28). The downstream 

targets of mTORC2 are distinct from mTORC1, in that AKT, Cullin 7 E3 ubquitin 

ligase complex subunit F-box protein (Fbw8), and serum/glucocorticoid regulated 
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kinase 1 (SGK1) are targets for phosphorylation (28-30). mTORC2 directly 

phosphorylates AKT on serine 473 as mentioned earlier, resulting in full 

activation of AKT signaling (31). Fbw8 is part of an E3 ubiquitin ligase complex, 

and when phosphorylated by mTORC2 on serine 86 leads to the degradation of 

IRS1 (30). SGK1 activity is completely dependent on mTORC2, and this activity 

is responsible for control of ion transport and cell growth, as well as 

phosphorylation of FOXO1 and FOXO3a transcription factors (32).  

 

mTOR as described above plays a critical role in normal metabolism, however in 

the lean to obese transition, mTOR signaling can be altered leading to disrupted 

signaling. In adipose tissue, mTOR plays a pivotal role in adipogenesis and 

central metabolism as mice with an adipose-specific loss of mTORC1 are lean, 

resistant to high-fat diet-induced obesity and have fewer adipocytes (33). 

Furthermore, loss of mTORC2 in adipose tissue results in normal fat distribution, 

but a defect in AKT phosphorylation leading to an increase in lipolysis and FFA in 

serum (34). Other studies in mice fed a high-fat diet have elevated levels of 

mTORC1 activity as seen by increased S6K1 phosphorylation resulting in the 

negative regulation of insulin signaling, thus perpetuating adipose tissue insulin 

resistance. One reason for this increased mTORC1 activity is due to the 

increased levels of circulating nutrients, such as the branched-chain amino acids 

and pro-inflammatory cytokines present locally in adipose tissue (35). The role 
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mTOR plays in signaling for adipogenesis and metabolic homeostasis is critical 

for proper adipocyte function. 

 

Perhaps the greatest role of the adipocyte is the storage and release of lipids. 

The adipocyte takes up glucose through the insulin-independent glucose 

transporter, GLUT1, and the insulin-dependent glucose transporter, GLUT4. 

Glycolysis is responsible for breaking down glucose into two pyruvate molecules 

and generating two ATP molecules in the process. The acetyl-CoA produced has 

two fates, fatty acid synthesis and glycerol-3-phosphate synthesis. Both of these 

molecules are critical for triglyceride synthesis (36). For fatty acid synthesis, the 

pyruvate generated through glycolysis enters the mitochondria and is converted 

by pyruvate dehydrogenase to acetyl-CoA, where it enters the TCA cycle and is 

converted to citrate. This citrate can then be transported back to the cytoplasm 

and converted back to acetyl-CoA. Subsequently, cytoplasmic acetyl-CoA can be 

carboxylated, by acetyl-CoA carboxylase, to malonyl-CoA and produce fatty acyl-

CoAs. Glycerol-3-phosphate acyltransferase (GPAT) adds the first fatty acyl-CoA 

to glycerol-3-phosphate. Following this addition, two more fatty acyl-CoAs are 

esterified into the glycerol-3-phosphate backbone, generating triglycerides (37). 

This process is referred to as de-novo lipogenesis and the triglycerides are then 

stored in the lipid droplet within adipocytes. It is important to note that a second 

source of acetyl-CoA comes from fatty acid uptake. Fatty acids can be liberated 

on the extracellular surface of the plasma membrane from lipoproteins by 
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lipoprotein lipase (LPL) and transported into the cell by fatty acid transport 

protein 1 (FATP1) and fatty acid translocase (CD36). Once inside the cell, these 

fatty acids are converted to acyl-CoAs by acyl-CoA synthase and then used for 

de-novo lipogenesis (36). Importantly, previous studies in adipocytes have shown 

that FATP1 is stimulated by insulin and that knockdown in adipocytes reduces 

intracellular TG (38). Lipogenesis plays a critical role in the lean-to-obese 

transition as storage of excess nutrients as fat is required for metabolic health 

and if nutrient uptake and lipogenesis is disrupted in the adipocyte, it can lead to 

development of major metabolic challenges in other tissues. 

 

Opposing lipogenesis in adipocytes is the process of lipolysis. This is the process 

by which fatty acids are released from the lipid droplet and secreted into 

circulation to be used by other tissues as energy. Lipolysis is a good measure of 

adipose tissue insulin sensitivity as it is a process inhibited by insulin. In this 

process, insulin signaling through IRS1 to PI3K activates PDE3b, leading to a 

decrease in cyclic AMP (cAMP) and negative regulation of protein kinase A 

(PKA) activity. PKA is responsible for phosphorylation of two major lipases, 

adipose triglyceride lipase (ATGL), the lipase responsible for the initial and rate 

limiting cleavage of triglyceride to diglycerides, and hormone-sensitive lipase 

(HSL), which is responsible for the cleavage of diglycerides to monoglycerides. 

Furthermore PKA is responsible for phosphorylation of perilipin, a protein that 

coats the outer membrane of the lipid droplet. When perilipin is phosphorylated, a 
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conformation change occurs allowing for access of lipases to the lipid droplet (39, 

40). During times of nutritional overload, tissues fail to respond to insulin 

properly, and in adipose tissue this can lead to unrepressed lipolysis and 

elevations in circulating free fatty acids that are a hallmark of metabolic disease. 

 

The role of adipose tissue in central metabolism, as discussed throughout this 

chapter, has led to the development of the adipocentric view of systemic insulin 

resistance (Figure 1). In this model, through overnutrition and/or genetics, 

adipose tissue undergoes hypertrophy. Furthermore, the resident immune cells, 

such as macrophages, can be polarized by the FFAs secreted by adipocytes to 

an inflammatory state. These immune cells secrete pro-inflammatory factors that 

act as recruitment factors for further infiltration of immune cells or act back upon 

the adipocyte signaling, causing changes in metabolism and adipokine secretion. 

Those adipokines that are secreted systemically, like leptin and adiponectin, play 

major roles in metabolic signaling in other tissues. This model sets forth the idea 

that systemic insulin resistance occurs because of local adipose tissue insulin 

resistance. This model is supported by multiple lines of evidence. Firstly, the 

adipose-specific GLUT4 knockout mouse shows profound insulin resistance, 

especially in the skeletal muscle and liver, and develops glucose intolerance and 

hyperinsulinaemia (41). All of these changes are hallmarks of metabolic disease 

and support the model that adipose tissue is the initiating factor in development 

of insulin resistance and T2D. A second line of evidence supporting this model   
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Figure 1: Adipocentric view of the development of obesity-linked insulin 

resistance. Accumulation of excess lipid in the adipocyte from over nutrition 

leads to inflammation in the adipose tissue, signaling for recruitment and 

polarization of macrophages to the inflammatory state. This propagates the 

inflammatory environment and contributes to local insulin resistance. Cytokines 

and lipids secreted from adipose tissue act in both a paracrine and autocrine 

manner to influence insulin sensitivity of other tissues, such as muscle and liver. 

 

Credit to Tony Hertzel for creation of this figure for use by the Bernlohr Lab.
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comes from the adipose-specific insulin receptor knockout mouse. These mice 

are protected from obesity-induced glucose intolerance and have reduced fat 

mass. Furthermore, these mice show a decrease in suppression of lipolysis and 

a decrease in triglyceride synthesis (42). Another piece of supporting evidence 

comes from the leptin-deficient mouse (ob/ob). Leptin is an adipokine,  

a circulating factor secreted from adipocytes, which acts via hypothalamic 

receptors to inhibit feeding (43). The ob/ob mouse has been highly studied since 

its discovery in 1949 and the primary characteristics of the mouse are 

hyperphagia, obesity, hyperinsulinaemia and hyperglycemia. These mice are 

highly insulin resistant and as such have been used as a model for obesity and 

T2D for many years (44). As leptin is solely derived from adipose tissue, this 

mouse model provides good evidence that adipocyte biology and signaling can 

drive the development of systemic insulin resistance. All of these models provide 

supporting evidence that proper signaling in adipose tissue is critical for whole 

body insulin sensitivity.   
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Inflammation and Oxidative Stress 

The first evidence of a link between obesity, inflammation and insulin resistance 

came from the Spiegelman lab in the early 1990s when they identified that tumor 

necrosis factor alpha (TNFα) was expressed in adipose tissue of obese mice, 

and promoted insulin resistance by serine phosphorylation of IRS1 (45). 

Furthermore, in 2003 two reports demonstrated obesity leads to the infiltration of 

macrophages into adipose tissue and that macrophages are primarily 

responsible for the inflammation observed (46, 47). It has since been observed 

that up to 45-60% of cells within adipose tissue of obese mice are macrophages, 

as identified by their surface marker F4/80, compared to adipose tissue of lean 

mice which 10-15% of cells are macrophages (48). Furthermore, the 

macrophages in lean animals have an alternatively activated (M2) phenotype.  

The M2 phenotype demonstrated by ARG1+CD206+CD301+ surface markers is 

less inflammatory as compared to adipose tissue macrophages from obese mice 

which display a classically activated, inflammatory (M1) phenotype as 

demonstrated by NOS2+TNF+ surface markers (49, 50).  

 

Classically activated macrophages contribute to the pathogenesis of obesity-

induced insulin resistance in a number of studies. Deletion of the CD11c, a 

transmembrane protein found on macrophages and dendritic cells,  in 

macrophages reduces adipose tissue inflammation and improves insulin action 

without changing weight gain (51). Furthermore, mice deficient of IKKβ (I κB 
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Kinase β) in myeloid cells (including macrophages) reduce the macrophage-

mediated inflammation in adipose tissue, which results in prolonged insulin 

sensitivity (52). IKKβ is critical for nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) signaling as it phosphorylates IκB. When IκB is 

phosphorylated it releases the NF-κB dimer of RelA and p50 allowing nuclear 

translocation and activation of transcription of inflammatory genes (53). Adipose 

tissue fatty acid homeostasis, a hallmark of obesity, triggers the activation of 

resident macrophages by saturated fatty acids binding to the pattern-recognition 

receptor Toll-like receptor 4 (TLR4) (54). TLR4 signaling results in the activation 

of NF-κB signaling leading to the production of pro-inflammatory cytokines such 

as tumor necrosis factor α (TNFα), monocyte chemoattractant protein 1 (MCP1) 

and interleukin-6 (IL-6) (55). These cytokines act upon adipocytes to initiate 

inflammatory signaling, as well as act in an autocrine manner perpetuating the 

inflammatory signal. Furthermore, cytokines like MCP1 are important for 

recruitment of monocytes and macrophages from circulation into the adipose 

tissue to further increase the level of inflammation (56). It is important to note that 

in normal inflammatory signaling, there is the induction of the innate immune 

system that corresponds with increased macrophage infiltration, followed by an 

induction of the adaptive immune response, and then resolution of inflammation. 

However in the obese state within adipose tissue, the inflammation does not 

resolve, resulting in a chronic-low grade inflammatory state (57).  

 



 

 16 

Alternatively activated (M2) macrophages are primarily found in lean adipose 

tissue, especially subcutaneous adipose tissue, and generally protect against the 

negative effects seen with diet-induced obesity (58). These macrophages play an 

important role in tissue homeostasis and wound repair. Cytokines like interleukin-

4 (IL-4) and interleukin-13 (IL-13) secreted from other immune cells, such as 

eosinophils, play an important role in activating M2 macrophages (48). Upon 

stimulation by IL-4 or IL-13, macrophages activate the IL-4 receptor, which in 

turn, activates the janus-activated kinase (JAK) and the signal transducer and 

activator of transcription (STAT) family of proteins (59, 60). IL-4 also stimulates 

macrophages to activate peroxisome proliferator-activated receptors (PPARs), 

specifically PPARδ, which are ligand-dependent transcription factors that act as 

fatty acid sensors and control expression of glucose and lipid metabolism genes 

(61). PPARδ and STAT6 working in parallel up regulate a number of genes 

critical for M2 polarization such as arginase 1 (Arg1), chitinase-like 3 (Ym1) and 

resistin like α (Fizz1) (62). Under lean conditions production of IL-13 promotes 

M2 activation and suppression of M1 polarization through the production of a 

second anti-inflammatory cytokine interleukin-10 (IL-10). However, in the case of 

obesity, inflammatory FFAs activate TLR4 signaling and decrease PPARγ 

signaling enough to derepress the inflammatory program of macrophages 

leading to the polarization and further recruitment of M1 macrophages (56). 
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Many studies have demonstrated a link between inflammation, with pro-

inflammatory cytokines like TNFα, to both oxidative stress and insulin resistance 

(45, 63-65). While these studies are convincing, there is still debate as to the 

exact mechanism behind how inflammation leads to oxidative stress. 

 

Oxidative stress is characterized as an imbalance between the production of 

reactive oxygen species (ROS) and the activity of the antioxidant defense system 

(66). The three main ROS within the cellular environment are superoxide anion 

(O2
•-), hydrogen peroxide (H2O2) and hydroxyl radical (•OH). ROS play important 

roles in normal signaling within the cell, but an imbalance in production or 

detoxification can lead to negative effects. These ROS, if not metabolized, are 

capable of non-enzymatically modifying proteins, DNA, RNA and lipids in their 

biological environment. This enables them to act as signaling molecules in 

various metabolic pathways (61, 67-69). 

 

ROS are produced basally as a byproduct of normal metabolic processes from 

many sources. These sources include xanthine oxidase, nitric oxide synthase 

and NADPH oxidase (70). Furthermore, within the mitochondria there are eight 

known sources of ROS production, including pyruvate dehydrogenase and 2-

oxologlutarate dehydrogenase (71, 72). The largest source of mitochondria ROS 

come from the electron transport chain (ETC). Under physiological conditions 

electrons are passed between complexes in the ETC releasing a small amount of 
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energy that is used to pump hydrogen ions into the inter-mitochondrial 

membrane space. This electrochemical potential created across the inner 

mitochondrial membrane is then dissipated through the F0F1 ATP synthase, 

coupling its energy release to the formation of ATP. This process, termed 

oxidative phosphorylation (OxPhos) , which will be discussed more in the next 

section, has the potential to leak electrons from Complexes I, II and III, and due 

to the molecularly oxygen-rich environment, these leaked electrons can readily 

react with molecular oxygen to form O2
•- (Figure 2) (73). Superoxide anion is 

readily metabolized by superoxide dismutase (SOD). Mitochondrial SOD (SOD2, 

MnSOD) and cytoplasmic SOD (SOD1, Cu/Zn-SOD) catalyze the metabolism of 

O2
•- to H2O2 at a rate of ~109 M-1 s-1, which is ~104 faster than an uncatalyzed 

reaction (74, 75). This results in little free O2
•- available to react with other 

biomolecules in the local environment.  

 

H2O2 is the most stable and diffusible form of ROS produced in mammalian cells. 

It is required for many cellular functions, including differentiation of preadipocytes 

to adipocytes (76). Antioxidant enzymes such as catalase (CAT), peroxiredoxin 

(PRDX) and glutathione peroxidase (GPX) reduce H2O2 to O2 and H2O. 

Disruption of H2O2 metabolism can result in H2O2 accumulation, result in 

production of hydroxyl radical (•OH) through the metal-catalyzed Fenton reaction 

(77, 78). As •OH cannot be metabolized, •OH can only be removed via damaging 

reactions with DNA, proteins and lipids.   
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Figure 2: Mitochondrial Electron Transport Chain and ROS Production 

A schematic representation of the electron transport chain. A potential is 

generated across the inner-mitochondrial membrane (IMM) by pumping H+ 

through complexes I, III and IV. This potential is used to drive ATP synthesis 

through the F0F1 ATP Synthase. Electron leakage can occur from Complex I and 

III where they react with molecular oxygen to form superoxide anion. Further 

ROS generation can occur through metabolism of superoxide anion to hydrogen 

peroxide and Fenton chemistry to form hydroxyl radical. These species are 

circled in a dotted line. 
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Opposing the accumulation of ROS is the antioxidant response. The cell 

maintains basal levels of antioxidants and in response to elevated levels, the 

antioxidant response is initiated. This response is controlled through nuclear 

factor erythroid 2-related factor 2 (NRF2) and Kelch ECH associating protein 1 

(KEAP1). NRF2 is, under conditions of low ROS, a cytoplasmic protein that is 

complexed to KEAP1. The complex of NRF2 and KEAP1 leads to the 

ubiquitination of NRF2 and targets it to the ubiquitin proteasome. Upon 

elevations of ROS, three cysteine residues on KEAP1 are oxidized, Cys151, 

Cys273 and Cys288. This oxidation of KEAP1 releases NRF2, allowing for 

nuclear translocation. NRF2 is the critical transcription factor that binds to the 

antioxidant response element (ARE), initiating the transcription of many 

antioxidants including SOD, GPXs, PRDXs and glutathione-s-transferases 

(GSTs) (79, 80). Aberrant antioxidant response can lead to ROS accumulation, 

overwhelming metabolic capacity leading to production of species like •OH that 

cannot be metabolized. 

 

Damage to lipids via radical attack, termed lipid peroxidation, has been widely 

studied as a mechanism of radical-induced cellular damage. Polyunsaturated 

fatty acids (PUFAs) are particularly susceptible to lipid peroxidation. PUFA may 

be subject to multiple oxidation events followed by bond rearrangement and 

degradation to small, reactive, diffusible molecules. These small molecules 

include malondialdehyde (MDA), straight chain aldehydes and α,β-unsaturated 
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aldehydes such as 4-hydroxynonenal  (4-HNE), 4-oxononenal (4-ONE), acrolein 

and 4-hydroxyhexenal (4-HHE) (81). The formation of specific α,β-unsaturated 

aldehydes species is dependent on the composition of fatty acids esterified into 

membranes. 4-HNE and 4-ONE are products of ω-6 PUFA such as arachidonic 

acid (AA) (20:4; ω-6) or linoleic acid (18:2; ω-6) (Figure 3A) (81). In contrast to 4-

HHE, is a product of ω-3 PUFA such as docosahexaenoic acid (DHA) (22:6; ω-3) 

and α-linolenic acid (18:3; ω-3) (Figure 3B) (81). Tissues high in DHA and other 

ω-3 PUFA, such as brain, produce greater levels of 4-HHE compared to 4-

HNE/4-ONE (82-86). Adipose tissue, both subcutaneous as well as visceral, is 

high in ω-6 PUFA and thus produces greater levels of 4-HNE/4-ONE compared 

to 4-HHE (87-90). 

 

α,β-unsaturated aldehydes such as 4-HNE, 4-ONE, and 4-HHE, are metabolized 

and eliminated via a number of mechanisms including phase I metabolism, 

phase II metabolism, or chemical adduction to the side chains of histidine, lysine 

or cysteine. Phase I metabolism consists of a series of oxidation and reduction 

reactions that decrease the reactivity around the carbon 3 (C3) center of these 

aldehydes (91). For 4-HNE, aldehyde dehydrogenase (ALDH) results in the 

formation of trans-4-hydroxy-2-nonenoic acid, which can be further oxidized by β-

oxidation. Furthermore, aldo-keto reductase (AKR) can reduce the aldehyde in 4-

HNE to form 1,4,dihydroxynonene. Lastly, alkenal/one oxidoreductase (AO), can   
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Figure 3: Formation of 4-HNE and 4-HHE 

Mechanism of formation of A) 4-hydroxynonenal from arachidonic acid (AA) and 

B) 4-hydroxyhexenal from docosahexaenoic acid (DHA). 
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reduce the unsaturated 2,3 double bond which results in 4-hydroxynonanal (91). 

All three of these reactions reduce the likelihood of Michael addition of aldehydes 

to cysteine, histidine or lysine.  

 

Phase II metabolism results in the glutathionylation of these aldehydes at C3. 

The primary enzyme for glutathionylation of 4-HNE is glutathione-S-transferase A 

4 (GSTA4) (92, 93). GSTA4 is selective for 4-HNE with a catalytic activity of k > 3 

x 106  M-1 s-1 which is 10-fold higher than its activity towards 4-HHE (94). 

Glutathionylated molecules, such as glutathionylated-4-HNE (GS-HNE), are 

further metabolized by AKR or ALDH, which represents phase I metabolism. The 

glutathionylated metabolites of 4-HNE are then actively exported from the cell by 

RLIP76 or multidrug resistance protein 1 (MRP1) with subsequent urinary 

excretion (95). Disruption of metabolism of 4-HNE and other α,β-unsaturated 

aldehydes can result in accumulation and increased adduction to amino acid side 

chains on proteins to form Schiff bases or Michael adducts in a process called 

protein carbonylation.  

 

Protein carbonylation is a chemically non-reversible, covalent modification and 

the residues affected, histidine, lysine and cysteine, when modified can cause 

alterations in protein function. It is believed that Michael addition, the nucleophilic 

attack at the C3 carbon of the lipid by the side chain of the amino acid, 

represents ~80% of all carbonyl adducts with Schiff bases, whereas the addition 
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of the lipid to the primary amine of lysine, representing the other 20% (96). 

Protein carbonylation plays a role in many disease states including liver 

steatosis, obesity, and some neurodegenerative diseases (97-101).  

 

The role of adipose tissue carbonylation in obesity has been investigated in both 

murine and human models (67, 99). In rodent models, many proteins in both the 

cytoplasm and mitochondria are carbonylated (67, 98). Adipocyte fatty acid 

binding protein (AFABP) is carbonylated at Cys117 resulting in a decreased 

ability to bind fatty acids (98). Moreover, many proteins within the mitochondrial 

oxidative phosphorylation chain (OxPhos), tricarboxcylic acid (TCA) cycle and 

branched chain amino acid (BCAA) metabolism are carbonylated (67). 

Furthermore, in cases of obesity and inflammation within adipose tissue, Gsta4, 

Prdx3, Gpx3 and Aldh2 are transcriptionally down regulated which can lead to 

inability to metabolize ROS and lipid peroxidation products (87, 99, 102). Taken 

together, these data provide strong evidence for the role of carbonylation and 

oxidative stress in the development of obesity-induced insulin resistance. 

 

In addition to lipid peroxidation, ROS have the ability to directly alter the redox 

status of proteins. These alterations, play an important role in physiology as well 

as in disease states (103-106). H2O2 can oxidize a variety of targets within the 

cell, resulting in altered protein function and signaling. Specifically, H2O2 can 

oxidize cysteine- or methionine-containing proteins. It is estimated that 
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approximately 10% of all cysteine residues within the proteome are redox 

sensitive. Furthermore, the sulfur atom found on cysteine residues can exist in 

many states, including the thiolate anion (-S-), a free sulfhydryl (-SH), sulfenic 

acid (-SOH), sulfinic acid (-SO2H) and sulfonic acid (-SO3H) or a disulfide (-S-S-) 

(104). Although H2O2 is capable of oxidizing free sulfhydryls found on cysteine 

residues, this reaction is unfavorable under physiological conditions. However, 

H2O2 is much more reactive with the thiolate anion, but under physiological 

conditions the pKa of a solvent-exposed cysteine residue is about 8.3, and 

therefore exists in the protonated form (106). Some proteins are capable of 

shielding their cysteine residues in the thiolate form, which allows for targeted 

specificity for oxidation by H2O2 resulting in formation of sulfenic acid (104).  

 

Sulfenic acid is important in some physiological processes, particularly with 

regard to protein phosphatases (107). Nearly all tyrosine phosphatases contain 

conserved redox sensitive cysteine residues that become oxidized in the 

presence of low levels of hydrogen peroxide. This oxidation temporarily 

decreases the activity of the enzyme allowing for propagation of phosphorylation 

signaling cascades. In adipose tissue, binding of insulin to the insulin receptor 

initiates not only the insulin signaling cascade, but also the activation of NADPH 

oxidase (108). Upon activation, the NADPH oxidase releases superoxide anion 

into the extracellular compartment. SOD present on the outer membrane 

converts O2
•- to H2O2. Increases in extracellular hydrogen peroxide levels create 
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a favorable concentration gradient allowing for its diffusion back into the cell 

(104). Intracellular H2O2 is then capable of oxidizing cysteines on the tyrosine 

protein phosphatase PTEN (phosphatase and tensin homolog) to sulfenic acid on 

Cys124 rendering it inactive (109). Inactivation of PTEN under insulin-stimulating 

conditions is favorable to the cell because it amplifies the insulin signal by 

allowing for the phosphorylation cascade to occur in an uninhibited manner 

(110). Because the formation of sulfenic acids are reversible, PTEN does not 

remain permanently inactivated. Enzymes like thioredoxin are able to reduce 

these oxidized cysteines in a glutathione-dependent manner resulting in recycling 

the protein back to its active state (58, 108, 111, 112).  

 

Glutathione plays a central role in oxidative stress and oxidative damage. 

Glutathione (GSH), or γ-glutamylcysteinylglycine, is a tripeptide that serves many 

roles within the cell. γ-Glutamylcysteine ligase followed by glutathione synthetase 

catalyze the formation of glutathione from glutamate, cysteine and glycine. 

Glutathione plays a critical role in maintaining the proper redox balance within the 

cells as it can be used as a cofactor for enzymatic reductions and as a result 

glutathione can cycle between the oxidized GSSG state and the reduced GSH 

(113). N-acetylcysteine (NAC) is an antioxidant commonly used in experimental 

contexts and performs this role by replenishing the free GSH pools and 

scavenging aldehydes (114). Maintaining a normal pool of GSH is critical for 

normal cellular antioxidant function, and in the case of obesity, elevated levels of 
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ROS shift the balance in the GSH/GSSG ratio to the more oxidized state which is 

linked to impaired insulin action (115). Given the importance of GSH in the 

antioxidant response and its role in insulin action, increasing the levels of GSSG 

may be one way ROS directly affect insulin resistance in adipocytes. 

 

It is clear that inflammation and oxidative stress are linked within adipose tissue. 

Driven by obesity, adipose tissue maintains a chronic, low-grade, irresolvable 

inflammatory state that drives ROS levels past the natural antioxidant capacity 

leading to a state of oxidative stress and damage. This thesis aims to understand 

the molecular mechanisms that link these two states. 

  



 

 28 

Metabolism and Mitochondrial Dysfunction 

While the adipocyte has long been thought to primarily store energy, it has 

become clear that the metabolism that occurs within the adipocyte plays an 

important role in whole body physiology. Much of this metabolism occurs within 

the mitochondria. As the organelle that is critical for energy production within the 

cell, many studies have investigated the role mitochondria play in metabolic 

syndrome. As the mitochondria are responsible for a large amount of the ROS 

production and lipid peroxidation within the cell, mitochondrial biogenesis and 

dynamics are important to understand, as well as the mitochondrial metabolic 

pathways. 

 

Mitochondrial biogenesis is the process by which new mitochondria are formed. 

The mitochondria contain more than 1000 proteins but the mitochondrial DNA 

(mtDNA) only encodes 13 proteins, 22 tRNAs and 2 rRNAs. Many of the proteins 

of the mitochondria are encoded by the nuclear genome (116). A number of 

critical transcription factors and co-activators have been identified that are 

responsible for mitochondrial biogenesis, including nuclear respiratory factor 1 

and 2 (NRF-1, NRF-2), peroxisome proliferator-activated receptor γ (PPARγ), 

and PPARγ coactivator-1α (PGC1α) expression (117). NRF-1 controls the 

expression of a number of proteins that make up the OxPhos chain, as well as 

proteins responsible for mitochondrial protein import and heme biosynthesis. 

Furthermore NRF-1 controls the level of transcription factor A mitochondrial 
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(TFAM), which is a major regulator of mitochondrial DNA transcription and 

replication (118). PPARγ activation by rosiglitazone, a PPAR agonist, leads to 

increased expression of mitochondrial proteins and an increase in oxygen 

consumption in white adipose tissue (119). Perhaps the most important 

transcriptional regulator of mitochondrial biogenesis is PGC1α, which his 

sufficient to increase mitochondrial mass, OxPhos components, mitochondrial 

metabolic pathway proteins and proteins involved in mitochondrial fission and 

fusion (120-123). Production of mitochondrial proteins is one critical step in the 

mitochondrial biogenesis process. 

 

Mitochondria are a very dynamic organelle and while often pictured as a single 

organelle, they exist in a network that are undergoing constant fission and fusion 

(124). Mitochondrial fission is controlled by dynamin-related protein-1 (DRP-1) 

and fission protein 1 (FIS1). FIS1 is a single-pass transmembrane protein that is 

anchored in the outer mitochondrial membrane (OMM) by its C-terminal domain, 

and interacts with DRP-1, a cytosolic protein, when recruited to the mitochondria 

under conditions for mitochondrial fission. Mitochondrial fusion on the other hand 

is controlled by optic atrophy protein 1 (OPA1), and mitofusin (MFN1/2), a 

dynamin-related GTPase. OPA1 is localized to the inner-mitochondrial 

membrane (IMM) and participates in the tethering and fusing of the IMM, as well 

as, cristae remodeling. Furthermore, MFN1/2 interact with one another 

coordinating OMM fusion (125). Generally, a fragmented network of mitochondria 
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is present in times of low energy demand whereas hyperfused mitochondria are 

present during conditions of stress and starvation where energy demands are 

high. These processes work in concert to maintain functioning and healthy 

mitochondria.  

 

Disruptions of normal mitochondrial fission and fusion can lead to altered 

mitochondrial dynamics, resulting in changes in mitochondrial membrane 

potential, changes in mitochondrial metabolism and increased oxidative stress. 

One proposed role of mitochondrial fission is to eliminate damaged mitochondria 

from the network by removal via mitophagy. Mitophagy is defined as the 

autophagy of mitochondria and is critically regulated by Parkin, an E3 ubiquitin 

ligase and PTEN-induced putative kinase 1 (PINK1). Parkin is a cytoplasmically 

localized protein that translocates to the mitochondria upon reductions in 

membrane potential and ubiquitinates its target proteins. The adaptor protein p62 

can then bind both ubiquitinated mitochondrial proteins as well as LC3 on 

autophagosomes. This binding recruits the autophagosome membrane to the 

mitochondria for mitochondrial clearance via autophagy (126). Furthermore, 

PINK1, a serine/threonine kinase, is responsible for recruitment of Parkin to the 

depolarized mitochondrial membrane through phosphorylation of MFN2, which 

then acts as a mitochondrial receptor for Parkin (127). Failure of clearance of 

damaged or dysfunctional mitochondria can lead to a mitochondrial dysfunction 

phenotype. 
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Mitochondrial dysfunction is a hallmark of metabolic disease. There are many 

causes of mitochondrial dysfunction including oxidative damage, both direct 

oxidation and carbonylation, as well as accumulation of unfolded proteins within 

the mitochondria, which activates the mitochondrial unfolded protein response 

(mtUPR). For carbonylation, many proteins within the mitochondria have been 

identified as targets under conditions of elevated oxidative stress, including 

proteins in the OxPhos, tricarboxylic acid cycle (TCA) and branched chain amino 

acid (BCAA) metabolism pathways (67). Unlike carbonylation, cysteine oxidation 

has been less studied in its role in changing activity of proteins. Understanding of 

how oxidative modifications can alter the activity of these metabolic pathways is 

crucial for development of new treatments. 

 

One of the key metabolic pathways of the mitochondria is the TCA cycle, which is 

critical for energy storage and metabolism. The process starts with glucose 

uptake through the glucose transporter GLUT4 and through a series of enzymatic 

steps, referred to as glycolysis, glucose is broken down into pyruvate, generating 

2 ATP in the process. Pyruvate is then transported into the mitochondria by the 

mitochondrial pyruvate carrier where upon pyruvate dehydrogenase uses it to 

form acetyl-CoA. Acetyl-CoA feeds into the first step of the TCA cycle where 

oxaloacetate and acetyl-CoA combine to form citrate by citrate synthase. 

Aconitase then converts citrate to isocitrate. Isocitrate dehydrogenase oxidizes 
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isocitrate to α-ketoglutarate (αKG) in a NAD+ dependent reaction. Subsequently, 

α-ketoglutarate dehydrogenase decarboxylates αKG to form succinyl-CoA 

whereupon succinyl-CoA synthetase converts it to succinate producing ATP or 

GTP in the process. Succinate dehydrogenase, also known as Complex II of the 

electron transport chain, then converts succinate, in a FAD-dependent 

mechanism, to fumarate. Fumarase acts on fumarate to produce malate, and 

malate dehydrogenase converts malate to oxaloacetate, thus restarting the cycle. 

This cycle provides the electron acceptors and donors required for the electron 

transport chain, as well as production of some energy. As two acetyl-CoAs are 

produced from one glucose molecule, it requires two turns of the TCA cycle to 

fully metabolize glucose. After two turns, two GTP or ATPs, six NADH, two 

FADH2 and four CO2 molecules are produced (128). The TCA cycle is a key 

metabolic process that occur within the mitochondria. 

 

Oxidative phosphorylation, or mitochondrial respiration, is the primary source of 

ATP generation within a cell. As discussed earlier, the electron transport chain 

(ETC) is one of the largest sources of ROS within a cell, but the primary role of 

the ETC is to generate ATP. Electron transfer through the ETC is coupled to 

proton translocation from the matrix of the mitochondria into the inter-membrane 

space. This proton translocation generates an electrochemical gradient of 

protons, deriving the proton motive force. The proton motive force drives ATP 

synthesis through the FoF1-ATP synthase (Figure 2) (129, 130). The mechanism 
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behind the ATP generation lies in the five large complexes that make up the ETC 

(Figure 2). The two entry points for electrons within the ETC are in Complexes I 

and II. Complex I is an IMM spanning NADH-ubiquinone oxidoreductase which 

transfers electrons from mitochondrial NADH to ubiquinone (Q) to ubiquinol 

(QH2) within the IMM. During this process four protons are pumped from the 

matrix to the inter-membrane space of the mitochondria (129). Complex II on the 

other hand is embedded in the matrix side of the IMM and is the succinate-

quinone oxidoreductase, which uses succinate as a substrate and converts it to 

fumarate while transferring electrons from FADH2 to Q producing QH2 and FAD+ 

in the process (131). The electrons that have been passed to QH2 are then 

transferred to cytochrome c in Complex III, a CoenzymeQ:Cytochrome c 

oxidoreductase otherwise referred to as cytochrome bc1 complex. This electron 

transfer within Complex III relies on the four redox cofactors that make up some 

of its subunits, two b-type hemes, one c-type heme and one [2Fe-2S] cluster. 

These redox clusters allow for translocation of the electrons through the IMM to 

cytochrome c, which resides on the outer surface of the IMM as well as transfer 

of 4 protons across the IMM (132). Cytochrome c then passes electrons to the 

terminal enzyme of the electron transport chain, cytochrome c oxidase. Four 

electrons are used to reduce molecular oxygen to form water. This process 

occurs across the IMM and in the process transports four protons into the inter-

membrane space (133). The passing of electrons through the ETC creates the 

proton motive force necessary for ATP generation. Complex V, also known as 
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the F0F1 ATP synthase, uses this proton gradient created through electron 

transfer to run the ATPase function in reverse, thus creating ATP from ADP and 

inorganic Pi (134). This process generates the large majority of ATP required for 

cellular functions. 

 

Branched-chain amino acid metabolism is a third important metabolic pathway 

that occurs within the mitochondria. The branched chain amino acids, leucine, 

isoleucine and valine, are elevated in cases of obesity, and the increased levels 

correlate better than BMI with development of T2D (135). While BCAA 

metabolism is a mitochondrial process that occurs in the mitochondrial matrix, 

the uptake of BCAAs from circulation occurs through two sets of plasma 

membrane transporters. Solute carrier family 1, member 5 (SLC1A5) is a 

transporter that transports the BCAAs as well as other amino acids such as 

glutamate and this transporter is highly expressed in adipocytes (136, 137). 

Working alongside SLC1A5 is the heterodimeric complex made up of solute 

carrier family 3, member 2 (SLC3A2) and solute carrier family 7, member 5 

(SLC7A5). This complex works as an exchanger, exchanging intracellular 

glutamine and asparagine for extracellular BCAAs (138, 139). The BCAAs, once 

inside the mitochondria, can be metabolized to acetyl-CoA and succinyl-CoA 

through a series of enzymatic reactions. Briefly, the BCAAs can be 

transaminated by branched-chain amino acid transaminase 2, mitochondrial 

(BCAT2) to form the branched-chain α-keto acids, then metabolized by the 
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branched-chain α-ketoacid dehydrogenase (BCKDH complex) followed by 4-6 

subsequent enzymatic steps to produce succinyl-CoA from valine, succinyl-CoA 

and acetyl-CoA from isoleucine and acetyl-CoA from leucine (140). Metabolism 

of BCAAs plays an important role in anapleurotically replenishing the TCA cycle. 

In the case of adipose tissue, the metabolites of acetyl-CoA and succinyl-CoA 

feed in to lipogenesis for storage of the energy for future use (140). As discussed 

earlier, through the TCA cycle, citrate is produced and can be transported into 

the cytoplasm and metabolized to acetyl-CoA. Further steps of lipogenesis result 

in generation of triglyceride, which are then stored within the lipid droplet. When 

metabolism of BCAAs is abnormal, it can be characterized as a type of 

mitochondrial dysfunction. 

 

While mitochondrial dysfunction has often been thought to refer specifically to 

dysregulated oxidative phosphorylation and ATP production, it can refer to any 

mitochondrial process that is altered. The TCA cycle, OxPhos and BCAA 

metabolism are critical for proper mitochondrial function and proper oxygen 

consumption, but when any of these pathways, or other mitochondrial pathways 

are dysregulated, it can be characterized as mitochondrial dysfunction.  

 

In many systems, mitochondrial dysfunction is linked with endoplasmic reticulum 

(ER) stress (141, 142). Furthermore, the inflammation described within white 

adipose tissue during obesity and T2D can induce ER stress (143, 144). ER 
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Stress, also known as the unfolded protein response (UPR), is induced when 

misfolded proteins accumulate. The ER stress response is then induced to 

restore normal ER function. The UPR is made up of three arms of signaling, 

activating transcription factor (ATF) 6, inositol-requiring enzyme 1 (IRE1) and 

double-stranded RNA-activated protein kinase (PKR)-like ER kinase (PERK). 

ATF6 is known to be cleaved by site-1 protease upon induction of ER stress. 

This cleavage results in translocation of the α fragment to the nucleus and 

initiates transcription of target genes, such as C/EBP homologous protein 

(CHOP) and x-box binding protein 1 (XBP1). Activation of IRE1 leads to the 

activation of the RNAse domain, and subsequent cleavage of XBP1 RNA to the 

spliced form (sXBP1). sXBP1 can then translocate to the nucleus and increase 

the transcription of protein chaperones and other proteins involved in protein 

folding. Upon induction of the UPR, PERK is able to homodimerize and 

autophosphorylates, leading to activation of the kinase domain. This activation 

allows for phosphorylation of eukaryotic initiation factor 2α (eIF2α) leading to a 

decrease in protein synthesis (145, 146). These three axes of ER stress in 

concert work to decrease protein synthesis and work to reduce the misfolded or 

unfolded proteins. It is clear that ER stress plays a role in the development of 

insulin resistance, especially within the adipocyte. However, the molecular 

mechanisms linking ER stress and mitochondrial dysfunction are still unknown. 
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During the development of obesity and T2D, the hypertrophy of adipocytes within 

white adipose tissue can induce mitochondrial dysfunction (147). Hypertrophy of 

adipocytes is casually linked with obesity through the excess of nutrients, and 

this hypertrophy increases adipose tissue inflammation as discussed earlier in 

this chapter. Furthermore, increased oxidative damage, including carbonylation, 

is known to play a role in the development of mitochondrial dysfunction (148). 

These factors all taken together link obesity, insulin resistance, oxidative stress 

and mitochondrial dysfunction.  
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Current Objectives 

This thesis sets forth to investigate the link between adipose tissue inflammation, 

mitochondrial function and obesity. These three topics are clearly linked but the 

molecular mechanisms behind them are still unclear. Oxidative stress is causally 

linked to insulin resistance in the adipocyte and down-regulation of GSTA4 along 

with increases in carbonylation affect mitochondrial function (66, 102). With these 

observations, it is possible that GSTA4 could be responsible for the increased 

oxidative stress observed, but that inflammation can drive this process as well. 

The question remains what exactly is inflammation doing to mitochondrial 

bioenergetics and metabolic pathways and how does this relate to the 

development of insulin resistance in the adipocyte? 

 

The central hypothesis of this research is that inflammation induces changes in 

mitochondrial dynamics and increases in oxidative stress that result in changes 

in central metabolic processes within the mitochondria. These changes within the 

mitochondria are associated with decreased metabolic capacity and decreased 

antioxidant response and contribute to oxidative modifications that directly 

modulate insulin signaling and lead to the development of insulin resistance 

within the adipocyte. 

 

The studies presented herein aim to answer the following questions: How does 

adipose tissue inflammation impact mitochondrial dynamics within the adipocyte? 
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How do obesity and inflammation affect specific mitochondrial metabolism 

pathways? And what is a direct mechanism for mitochondrial oxidative stress to 

induce insulin resistance within the adipocyte? Using a combination of 

techniques including metabolic, proteomic and genetic assays, this thesis sets 

forth to investigate the role of inflammation and oxidative stress in mitochondrial 

function and insulin resistance in the adipocyte. 
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CHAPTER TWO 
 
 
 

Proinflammatory cytokines differentially regulate 

adipocyte mitochondrial metabolism, oxidative stress, 

and dynamics  
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This chapter contains an original research article previously published. 

Reproduced with permission from American Journal of Physiology – 

Endocrinology and Metabolism, Copyright 2014. 

 

 

 

Joel Burrill performed experiments in Figure 5A, and confirmed results in Figure 

2C. 
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Summary 

Wendy S. Hahn, Jovan Kuzmicic, Joel S. Burrill, Margaret A. Donoghue,  

Rocio Foncea, Michael D. Jensen, Sergio Lavandero, Edgar A. Arriaga, 

David A. Bernlohr. Pro-inflammatory cytokines differentially regulate adipocyte 

mitochondrial metabolism, oxidative stress and dynamics −Macrophage 

infiltration of adipose tissue and the chronic low-grade production of inflammatory 

cytokines have been mechanistically linked to the development of insulin 

resistance, the forerunner of type 2 diabetes mellitus.  In this study we evaluated 

the chronic effects of TNFα, IL-6 and IL-1β on adipocyte mitochondrial 

metabolism and morphology using the 3T3-L1 model cell system.  TNFα 

treatment of cultured adipocytes led to significant changes in mitochondrial 

bioenergetics including increased proton leak, decreased ΔΨm, increased basal 

respiration and decreased ATP turnover.  In contrast, while IL-6 and IL-1β 

decreased maximal respiratory capacity, they had no effect on ΔΨm and varied 

effects on ATP turnover, proton leak and basal respiration.  Only TNFα treatment 

of 3T3-L1 cells led to an increase in oxidative stress (as measured by superoxide 

anion production and protein carbonylation) and C16 ceramide synthesis.  

Treatment of 3T3-L1 adipocytes with cytokines led to decreased mRNA 

expression of key transcription factors and control proteins implicated in 

mitochondrial biogenesis including PGC1α and eNOS as well as deceased 

expression of COXIV and Cyt C.  Whereas each cytokine led to effects on 

expression of mitochondrial markers, TNFα exclusively led to mitochondrial 
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fragmentation, decreased the total level of Opa1 while increasing Opa1 cleavage 

without affecting expression of levels of mitofusin 2, DRP1 or mitofilin.  In sum, 

these results indicate that inflammatory cytokines have unique and specialized 

effects on adipocyte metabolism but each leads to decreased mitochondrial 

function and a re-programming of fat cell biology.  
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Introduction 

THE ADIPOSE ORGAN is highly specialized in storage and release of energy in 

times of nutrient excess and deficit respectively (1, 2).  It also plays a vital role in 

communicating to the brain and other tissues as to the energy status of the entire 

organism, and hence can influence feeding behavior and energy utilization (3-5).  

Low-grade chronic inflammation of adipose tissue has been characterized as a 

hallmark of obesity and insulin resistance (6-8).  Current models of obesity-linked 

adipose inflammation include leukocyte infiltration, increased levels of pro-

inflammatory cytokines such as monocyte chemotactic protein-1 (MCP-1), tumor 

necrosis factor α (TNFα), interleukin 6 (IL-6) and interleukin 1β (IL-1β) and 

increased oxidative stress (8, 9).  The dysfunction of the adipose tissue that 

occurs in the metabolic syndrome includes increased lipolysis in a fed state (10, 

11) and alterations in adipokine secretion (12, 13), promoting the hypothesis that 

adipose inflammation underlies the metabolic syndrome and forms a platform for 

systemic dysfunction. 

 

In adipose tissue macrophage infiltration leads to the production of reactive 

oxygen species (ROS) and increased oxidative stress in visceral adipose depots 

(14-16).  Production of ROS (and related reactive nitrogen species) results in 

oxidative damage to phospholipids, proteins and DNA.  Pathways for ROS 

formation are numerous and include superoxide (O2
-.) production via activation of 

NADPH oxidase (NOX), the 5/12/15 lipoxygenase system, xanthine oxidase (XO) 
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and mitochondrial complex I and complex III (6, 17).  Hydrogen peroxide 

production occurs at numerous sites such as peroxisomal fatty acid oxidation, 

lysyl oxidase and several dihydrolipoamide dehydrogenase containing enzyme 

systems such as pyruvate dehydrogenase, α-ketoglutarate dehydrogenase and 

branch chain keto acid dehydrogenase (18, 19) as well as via mitochondrial and 

cytoplasmic superoxide dismutase (20).  As such, ROS generation occurs in 

multiple locations and can be regulated by a large number of metabolic, 

hormonal and genetic determinants.   

 

Although it is broadly appreciated that pro-inflammatory cytokines lead to 

adipocyte insulin resistance and mitochondrial dysfunction, the specific effects of 

such cytokines on mitochondrial dynamics have not been fully characterized.  

Mitochondria are highly dynamic and move along microtubules, fuse and 

fragment in response to stress stimuli and energy demands (21, 22).  Fission 

proteins dynamin related protein 1 (DRP-1), MiD49/50 and fission protein 1 

(FIS1) mediate biogenesis of new organelles as well as quality control and 

mitophagy through mitochondrial fragmentation (22).  Conversely, fusion of 

mitochondria is mediated by mitofusin1/2 (MFN1/2) and optic atrophy 1 (OPA1) 

localized on the outer and inner membranes, respectively.  Mitochondrial fusion 

is thought to be a mechanism for quality control where mitochondria can share 

DNA, proteins and metabolic substrates under conditions of stress or nutrient 

deprivation (23).   
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The current study was undertaken to characterize the role(s) of inflammatory 

cytokines on mitochondrial activity, morphology and dynamics with the goal of 

identifying molecular mechanisms that link inflammation and oxidative stress to 

cellular function.  As opposed to an in-vivo approach using high fat fed animals 

where multiple cytokines concurrently affect cellular function we undertook a 

more focused approach using specific cytokines and their chronic effect in the 

3T3-L1 adipocyte model cell system.  In this report we define the role(s) of 

individual cytokines on key parameters affecting adipocyte mitochondrial 

function—respiration, dynamics and morphology.  
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Experimental Procedures 

Reagents.  Mouse recombinant TNFα, IL-1β and IL-6 were purchased from R&D 

Systems (Minneapolis, MN).  Oligomycin, carbonylcyanide p-

triflouromethoxyphenylhydrazone (FCCP) and Antimycin A were purchased from 

Sigma (St. Louis, MO).  Trizol was purchased from Invitrogen (Grand Island, NY).  

EZ-link Biotin Hydrazide and IR-800 Streptavidin were purchased from Thermo 

Scientific (Rockford IL). Antibodies were purchased from the following 

companies; manganese superoxide dismutase (MnSOD), mitofillin and cleaved 

caspase 3 were from R&D Systems (Minneapolis, MN); MFN2 and OPA1 were 

from Abcam (Cambridge, MA); DRP1 was from BD Transduction Laboratories 

(San Jose, CA); FIS1 antibody was purchased from Alexis/ Enzo (Farmingdale, 

NY; Cytochrome c oxidase subunit IV (COXIV) antibody was from Cell Signaling 

Technology (Danvers, MA); Perilipin N-terminus antibody was from American 

Research Products (Belmont, MA) and β-actin was from Sigma (St. Louis, MO).  

Mitotracker green FM, TPP-HE (MitoSOX) and TMRM were purchased from 

Molecular Probes (Grand Island, NY).  

 

Cell culture.  3T3-L1 fibroblasts were grown to confluence in DMEM containing 

25 mM glucose, 1X Glutamax (Invitrogen, Carlsbad CA), supplemented with 

penicillin, streptomycin, and 10% calf serum.  At 2 days post confluence (day 0) 

cells were switched to differentiation media containing; DMEM with 25 mM 

glucose and 1X glutamax, 10% fetal bovine serum (FBS), 1 µg/mL insulin, 100 



 

 59 

ng/mL dexamethasone, 115 µg/mL isobutylmethylxanthine, and 5 µM 

troglitazone (Sigma, St. Louis MO) for 2 days.  After 2 days the dexamethasone, 

isobutylmethylxanthine and troglitazone are withdrawn. Beginning on day 4 the 

differentiated adipocytes are maintained in high glucose DMEM with 10% FBS.  

Differentiation was evaluated by the acquisition of the adipocyte morphology, 

expression of adipocyte marker proteins such as FABP4 and lipid accumulation.  

 

Cytokine treatment.  Each cytokine was reconstituted in 0.1% fatty acid-free BSA 

(Sigma, St. Louis MO) to a working concentration of 10 ng/ml.  Beginning on day 

6, 3T3-L1 adipocytes were treated with1 nM TNFα, IL-6, or IL-1β in DMEM 

containing 10% FBS for 96, 48, or 24 h. Media with cytokines was refreshed daily 

and assays were performed 8-11 days post differentiation.   

 

Cell respiratory control.  Cellular respiration and proton efflux was analyzed using 

the XF24 Analyzer and system software (Seahorse Bioscience, Billerica, MA).  

3T3-L1 fibroblasts were grown and differentiated as described above in XF24 V7 

culture dishes coated with 0.2% gelatin (Sigma, St. Louis MO).  Adipocytes were 

treated with or without (control) 1 nM of each cytokine for 24-96 h in complete 

media prior to the assay (24).  On day 10 post differentiation, cells were washed 

with and switched to serum-free modified, no bicarbonate, low phosphate DMEM 

(D5030) supplemented with 1X Glutamax (Invitrogen, Carlsbad, CA), 1 mM 

sodium pyruvate, 25 mM glucose, 0-1 nM cytokine and allowed to equilibrate for 
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1 h in non-CO2 37° C incubator.  After cartridge calibration, cells were placed in 

the XF24 analyzer where cellular oxygen consumption and extracellular 

acidification rate were measured 4 times under basal conditions, then 3 times 

after the addition of 2.5 µM oligomycin through port A, 3 times after 2.5 µM FCCP 

addition through port B, and twice after 4 µM antimycin A addition through port C.  

Measurement protocol for each condition was mix 2 min, wait 2 min and measure 

2 min. Time points (N=4) for each cytokine were assayed simultaneously.  

Oxygen consumption rate (OCR) (pmol/ min) and extracellular acidification rate 

(ECAR) (mpH/min) data obtained from the Seahorse XF24 Software were 

normalized to the untreated control (100%) for graphing purposes.   

 

2-Deoxyglucose uptake assay.  Cellular uptake of 2-deoxyglucose was assessed 

in 3T3-L1 adipocytes treated for 24 h with 1 nM of indicated cytokine in complete 

media beginning at day 9 of differentiation.  On day 10 cells were washed in PBS 

and incubated for 2 h in serum-free HEPES buffer (3.8 mM HEPES, 2 mM 

NaHCO3, 120 mM NaCl, 4.7 mM KCl, 1.2 mM pyruvate, 3.2 mM CaCl2, 0.5% 

fatty acid free BSA, pH 7.4) supplemented with 1 nM cytokine.  Uptake assay 

was initiated by adding 2-deoxyglucose to a final concentration of 100 µM at 

0.5µCi 3H-2-deoxyglucose /mL. Cells were incubated for 5 minutes at 37°C, 5% 

CO2.  Uptake was terminated by washing 3 times with ice cold PBS. Cells were 

lysed in 1% triton X-100 and lysate was subjected to scintillation counting.  
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Intracellular 3H-2-deoxyglucose was determined by linear regression of a 

standard curve of known concentrations. 

 

Non-esterified fatty acid efflux.  Fatty acid efflux from adipocytes treated with 

cytokines was assessed in similar nutrient conditions to those used in respiration 

studies.  Serum-free modified DMEM (Sigma, St. Louis MO D5030) 

supplemented with 1 mM Glutamax, 1mM sodium pyruvate, 25 mM glucose, 0-1 

nM cytokine with 2% fatty acid-free BSA was placed on washed cells after a 24 h 

cytokine treatment.  Assay media was collected after 1 h and replicate measures 

of free fatty acids were determined spectrophotometrically using the NEFA-C kit 

(Wako Chemicals, Richmond VA) according to manufacturer’s protocol. 

 

Cellular NAD+/NADH levels.  3T3-L1 adipocytes were grown in 6-well plates and 

treated with cytokine as described earlier.  Cells were washed twice in ice cold 

PBS, pelleted by centrifugation, all liquid was removed and resultant pellet was 

frozen on liquid nitrogen. Cell pellets were thawed and replicate samples were 

used to determine NAD+ or NADH levels using the EnzyChromTM NAD+/NADH 

Assay Kit (BioAssay Systems; Hayward CA) according to manufacture’s 

instructions.  Levels of nicotinamide adenine dinucleotide were normalized to 

protein content determined by Bicinchoninic Acid Assay (Sigma, St Louis MO). 
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Mitochondrial superoxide analysis.  Production of superoxide was measured in 

differentiated 3T3-L1 cells based on previously described procedures (25, 26).  

The media containing cytokines was removed and replaced with fresh media 

containing 10% FBS, 10 µM Triphenylphosphonium hydroethidine (TPP-HE) and 

100 nM rhodamine 123 (R123) for 60 min. at 37°C.  Cells were then washed with 

PBS, suspended in 15 µg/mL digitonin, and incubated on ice for 20 min. to 

remove residual cytoplasmic probe. The resultant cell pellet was lysed, treated 

with 2 mg/mL proteinase K for 45 min. followed by 400 U/mL DNase I for 30 min 

at 37 °C to digest the DNA present in the sample.  Samples were diluted 1:5 in 

run buffer (10 mM borate/1 mM CTAB, pH 9.3) and analyzed by micellar 

electrokinetic chromatography with laser-induced fluorescence detection (MEKC-

LIF) to measure OH-TPP-E+ and R123. 

  

Mitochondrial membrane potential (ΔΨm).  3T3-L1 adipocytes grown in 12-well 

plates were treated for 24 h with or without 1 nM cytokine (N = 4-7).  Live cells 

were stained by addition of 200 nM TMRM (Invitrogen, Carlsbad, CA) and 

incubated in complete media with or without cytokine for 30 min. at 37°C, 5% 

CO2. A depolarization control was included by adding 500 nM of FCCP 5 min. 

prior to TMRM staining. Cells were then washed 3 times in PBS and removed 

from culture dish by incubation with 1X phenol red-free trypsin in KRH for 5 min. 

at room temperature, followed by inactivation with 10% v/v FBS. Cells were then 

transferred to a FACS tube while passing through a 70 µm cell strainer.  Cell 
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samples were run on a Becton Dickinson cell analyzer with FACSDiva software 

(BD Biosciences San Jose, CA) using the following parameters; PE 220V, FSC 

500V, SSC 230V.  Counts were gated and mean PE fluorescence from 10,000 

cells was used to calculate average TMRM fluorescence/ sample. Data is 

reported as mean ± SEM and statistical significance determined using the 

student’s t test. 

 

Protein carbonylation.  Protein carbonyls were detected as described previously 

(26, 27).  Briefly, cells were washed and scraped into buffer containing 100 mM 

sodium acetate, 10 mM sodium chloride, 0.1 mM EDTA, pH 5.5, complete mini 

protease inhibitors (Roche), pepstatin, and phosphatase inhibitors (Sigma, St. 

Louis MO). Cells were lysed by sonication and lipid was separated by low speed 

centrifugation. After removing the lipid cake, lysates were supplemented with 1% 

SDS, mixed and centrifuged at 100K x g for 1 h. Protein concentration was 

determined by bicinchoninic acid (BCA) method and 25 µg total protein was 

incubated with 0.5 mM biotin hydrazide (Pierce, Rockford, IL) for 3 h at room 

temperature.  The reaction mixture was subjected to SDS-PAGE using a 5-20% 

acrylamide gel and proteins were transferred to PVDF- immobilon FL membrane 

(Millipore, Billerica, MA).  The membrane was blocked in Licor blocking buffer, 

incubated with IR-800 Streptavidin (Pierce) diluted 1:15,000 in PBS with 0.1% 

tween-20 for 1 h, washed thoroughly and carbonylated proteins were visualized 
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using LI-COR Odyssey infrared imager (LI-COR, Lincoln, NE) and quantified with 

the software provided by the manufacturer. 

 

Sphingolipid analysis.  The cellular content of sphingolipids was measured using 

a UPLC/MS/MS approach as describe previously (28, 29).  Briefly, the cells were 

washed three times in ice cold PBS and centrifuged at 700 x g, the resultant 

pellet was flash frozen in liquid nitrogen. Cell pellets were thawed and 

homogenized in 100 µL PBS, pH 7.4. Homogenates were supplemented with 

internal standard solution consisting of 17C-sphingosine, 17C-S1P and 17C16-Cer 

(Avanti Polar Lipids) as well as extraction mixture (isopropanol: water: ethyl 

acetate, 30:10:60; vol:vol:vol). The mixture was vortexed, sonicated, and 

centrifuged for 10 min at 12,000 rpm at 4° C.  The supernatant was transferred to 

new tube and evaporated under nitrogen. The dried sample was reconstituted in 

100 µl of LC Solvent A (1 mM ammonium formate, 0.1% formic acid in methanol) 

for UPLC/MS/MS analysis on a Waters Acquity UPLC system (Milford, MA,USA) 

coupled with Thermo TSQ Quantum Ultra mass spectrometer (Waltham, MA, 

USA).   

 

Mitochondrial isolation.  3T3-L1 adipocytes were scraped on ice-cold isolation 

buffer (20 mM Tris-HCl, 220 mM mannitol, 70 mM sucrose, 1mM EDTA, 0.1 mM 

EGTA; pH 7.4) containing protease inhibitors (Invitrogen, Carlsbad, CA). Cells 

were lysed with 20 strokes of a glass/ teflon homogenizer, and the resulting 
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homogenate was centrifuged at 700 x g for 10 min at 4º C. The supernatant was 

transferred to a new tube and centrifuged at 10,000 x g for 20 min, and the 

cytosolic fraction was collected. The pellet was washed once with isolation buffer, 

centrifuged again at 10,000 × g for 10 min and re-suspended in fresh isolation 

buffer supplemented with 1 % Triton X-100 and 0.1 % SDS. This fraction 

represents a mitochondrial enriched extract. 

 

mRNA expression.  Expression of mRNAs was measured by quantitative RT-

PCR.  Total RNA was isolated was isolated using TRIzol reagent according to 

manufacturer’s protocol.  RNA was treated with DNase I and cDNA was 

synthesized using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).  

Amplification was monitored with iQ SYBRgreen Supermix and the MyiQ 

detection system (Bio-Rad, Hercules, CA). Table 1 contains the primer 

sequences used to amplify and detect target transcripts.  Relative expression 

was calculated using the 2^ -(delta, delta Ct) method.  Data is reported as mean 

± SEM and statistical significance determined using the student’s t test. 

 

Western blot.  Cells treated with cytokine as previously stated were washed 3 

times in ice-cold PBS, and lysed in buffer containing 50 mM NaCl, 1 mM EDTA, 1 

mM EGTA, 50 mM NaF, 1 mM NaP2O7, 1% triton-X100, 0.1% SDS , 1X 

Complete mini Protease Inhibitor (Roche),  1x Phophatase Inhibitor I and  1x 

Phophatase Inhibitor II (Sigma).   
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Equal amounts of protein were separated by SDS–PAGE, transferred to PDVF 

Immobilon-FL (Millipore, Billerica, MA) membrane and blocked with 50% Licor 

Blocking buffer in phosphate-buffered saline (PBS). Blocked membranes were 

incubated with indicated primary antibodies overnight, and re-blotted with anti-

rabbit or anti-mouse secondary antibodies conjugated to LI-COR IRDye for 1 h at 

room temperature.  The bands were detected using a LI-COR Odyssey infrared 

imager (LI-COR Biotechnologies) and quantified with the software provided by 

the manufacturer.  Protein content was normalized to an internal loading control 

such as β-actin or Mitofilin. 
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mRNA Accession # Forward (F) and Reverse (R) Primers 
Tfam NM_009360 F: CACTGGGAAACCACAGCATACAG 

R: GGACATCTGAGGAAAAGCCTTGC 
PGC1α * NM_008904 F: CACGAAAGGCTCAAGAGGGATG 

R: CACCAAAAACTTCAAAGCGGTCTC 
eNOS NM_008713 F: TGTCTGCGGCGATGTCACTATG 

R: CGAAAATGTCCTCGTGGTAGCG 
NRF1 NM_010938 F: TGGTCCAGAGAGTGCTTGTGAAG 

R: GGAGGCTGAGGAACGATTTCTTG 
TFIIE NM_026584 F: CAAGGCTTTAGGGGACCAGATAC 

R: CATCCATTGACTCCACAGTGACAC 
 

* All PGC-1α splice variants are recognized by this primer set. 

Table 1: Primers used for quantitative real-time PCR (qPCR). The forward (F) 

and reverse (R) primers for the mus musculus mRNAs quantified by qPCR are 

indicated. 
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Mitochondrial imaging.  Cells were grown and differentiated in a 6 well plate 

containing 25-mm round glass coverslips.  For mitochondrial staining, cells were 

incubated in 300 nM Mitotracker green in KRH buffer at 37º C for 30 min. The 

cells were washed and maintained in KRH supplemented with 1% BSA and 

observed under an Olympus Deltavision PersonalDV microscope using a 

100x/1.4 Oil objective at 25º C. The software SoftWoRx v.4.1.2 was used to 

acquire and de-convolve the images. 30 to 35 Z-stacks of 0.30 µm thickness 

were obtained per cell. The ImageJ plug-in VolumeJ was used to 

volume-reconstitute the Z-stacked images. Cell showing a fragmented pattern of 

mitochondria were manually counted and changes in mitochondrial number and 

mean volume were quantified using the ImageJ-3D Object counter plug-in for 

ImageJ. Each experiment was performed six times and 16–25 cells per condition 

were quantified. An increase in fragmentation pattern and in mitochondrial 

number, together with a decrease in mean mitochondrial volume were 

considered fission criteria (30).  

 

Statistical analysis. Data are means ± SE of the indicated sample size (n). 

Student’s t-test was performed for comparisons between two groups. Multiple 

groups were analyzed using one-way ANOVA followed by a protected Tukey’s 

test. Statistical significance was defined as P < 0.05. 
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Results 

Pro-inflammatory cytokines have distinct effects on adipocyte respiration profiles.  

Chronic treatment of 3T3-L1 adipocytes with each of the pro-inflammatory 

cytokines TNFα, IL-1β and IL-6 led to distinct changes in mitochondrial 

respiration.  Oxygen consumption in intact 3T3-L1 adipocytes was measured in a 

basal state and after cells were challenged with oligomycin to inhibit ATP 

synthase, FCCP to depolarize the inner mitochondrial membrane, and antimycin 

A to inhibit complex III and thus oxygen utilization by the electron transport chain.  

The concentration dependence of TNFα on mitochondrial respiration was 

evaluated (10 pM to 1 nM) and effects on basal respiration were detected only on 

the highest concentration (result not shown) and consequently 1 nM cytokine 

was adopted for all of the studies reported herein.  Fig. 1 profiles the respiration 

of cells that were treated for 24, 48 or 96 h with 1 nM of indicated cytokine as 

compared to untreated control.  

 

TNFα treatment led to an increase in basal respiration at 24 h that then declined 

at 48 and 96 h.  IL-1β did not change the basal respiration at 24 or 48 h 

treatment but did decrease respiration significantly at 96 h.  IL-6 treatment was 

accompanied by an increase in basal respiration only at the 96 h time point (Fig. 

1A).  Respiration measured after treatment with oligomycin reflects electron flow 

allowed by proton leak across the inner mitochondrial membrane, thus we  
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Fig 1.  Respiration profiling in chronic cytokine treatment of 3T3-L1 

adipocytes.  3T3-L1 adipocytes were treated with 1 nM of the indicated cytokine 

in complete media for 24-96 h beginning on day 6 of differentiation and 

parameters linked to respiration and other biological processes measured using 

the Seahorse XF24 Analyzer.  Values were used to calculate total oxygen 

consumption due to basal respiration (A), inner mitochondrial membrane proton 

leak (B), cellular ATP demand (C), as well as the maximum respiratory capacity 

(D).  ECAR was compared in cytokine treatments of varying duration under basal 

respiration conditions (E).  ΔΨm was determined in 3T3-L1 adipocytes treated for 

24 h with 1 nM cytokine (N=3) by TMRM staining and flow cytometry of 10,000 

cells (F).  All data are represented as mean ± SEM, statistical significance of ** P 

< 0.005, or * P < 0.05 was determined by student’s t-test compared to untreated 

0 h control. N = 5 unless noted.  
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calculated the proton leak and ATP turnover.  TNFα significantly increased the 

proton leak at 24 and 48 h, IL-1β caused a modest decrease in the proton leak a 

96 h, and IL-6 elevated the proton leak only at the latest 96 h time point (Fig. 1B).  

Respiration coupled to ATP synthesis (ATP turnover) was unchanged by any of 

the cytokines tested at 24 h.  However TNFα lowered ATP turnover at 48 and 96 

h, a decrease that was also observed after 96 h of IL-1β, and an increase was 

measured after 96 h of IL-6 treatment (Fig. 1C).  The addition of the proton 

ionophore FCCP collapses the ΔΨm and allows for the measurement of maximal 

oxygen consumption.  Fig. 1D shows that the respiratory capacity remains intact 

in TNFα treatment at 24 and 48 h, but declines after 96 h.  IL-1β and IL-6 

conversely decrease the maximum capacity at all time points measured.   

 

The extra cellular acidification rate (ECAR) is an indicator of lactate efflux and 

indirectly assess reliance of the cells on anaerobic glycolysis.  While the 

interleukins produced no measurable change in this parameter, TNFα increased 

ECAR by 1.7 fold at 24 h and then decreased the level by half at 96 h (Fig. 1E).  

Since basal lipolysis from 3T3-L1 adipocytes can be enhanced by pro-

inflammatory cytokines, we hypothesized that the increased ECAR could be due 

in part to efflux of free fatty acids.  We therefore measured the non-esterified free 

fatty acids (NEFAs) after 24 h of cytokine treatment.  Fig. 2A demonstrates that 

while TNFα increased NEFAs in the media as expected, IL-1β had a similar 

effect without the concomitant increase in ECAR (Fig. 1E).  Both TNFα and IL-1β  



 

 72 

 

 

 

 

Fig 2.  Lipid and glucose metabolism following cytokine treatment of 3T3-

L1 adipocytes.  Non-esterified fatty acid efflux (A), perilipin abundance (B), 

NAD+/ NADH (C) and 2-deoxyglucose uptake (D) were measured following 24 h 

treatment of adipocytes with 1 nM cytokine.  In panel B, Western blot quantitation 

of perilipin protein signal was normalized to β-actin protein signal (N = 6).  For all 

panels * P < 0.05, ** P < 0.01 compared to control. 
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treatment lead to a deline in perilipin protein level at 24 h (Fig. 2B). Conversely, 1 

nM IL-6 exhibited no effect on basal fatty acid efflux (Fig. 2A).  These data 

provide support the conclusion that the observed changes in ECAR are derived  

 

from lactate efflux rather that fatty acid efflux and that a loss of perilipin 

expression may contribute to the increased fatty acid efflux in the absence of 

lipolytic stimuli.  Treatment of adipocytes with TNFα or IL-1β for 24 h also led to a 

3.5 or 2 fold increase respectively in basal glucose transport as measured by 2-

deoxyglucose uptake (Fig. 2D).  Interestingly the IL-1β treatment increased 

glucose uptake and fatty acid efflux, without a change in ECAR.  The observed 

metabolic changes were also accompanied by a shift in the redox status.  Lower 

NAD+/NADH ratios were seen in TNFα and IL-1β treatment at all time points and 

at 96 h after treatment with IL-6 (Fig. 2C).   

 

To parallel the changes in cytokine-induced respiration to changes in the inner 

mitochondrial membrane potential (ΔΨm), we utilized TMRM staining coupled 

with flow cytometry analysis.  Fig. 1F reveals that 24 h treatment of 3T3-L1 

adipocytes with TNFα decreased TMRM staining intensity by 23% whereas 

treatment with IL-1β or IL-6 had no detectable influence on the  ΔΨm. These 

results are consistent with the proton leak detailed in Fig. 1B.  
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Fig 3.  Reactive oxygen species and protein carbonylation following 

cytokine treatment of 3T3-L1 adipocytes.  Day 6 3T3-L1 adipocytes were 

treated with the indicated cytokine for 24 h and mitochondrial superoxide 

formation (A) and protein carbonylation (B) evaluated. N=3.  Protein 

carbonylation blot of TNFα treatment for 24-96 h was probed simultaneously with 

anti MnSOD (C).  The break in panel (C) represents a translocation of lanes from 

the same image and exposure purely for illustration purposes only and does not 

alter the image information.    
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Mitochondrial oxidative stress and protein carbonylation is increased by TNFα, 

but not by IL-1β or IL-6. A previous report states that obesity-linked inflammation 

increases oxidative stress in adipose tissue (6).  To assess the effect of specific 

cytokines on ROS synthesis, superoxide production was evaluated by 

accumulation of oxidized TPP-HE (ΔΨm sensitive) normalized to R123 (ΔΨm  

sensitive as well) in the mitochondria.  While TNFα treatment led to a 2, 3 and 

3.5 fold increase in superoxide levels in the mitochondria at 24, 48, and 96 h 

respectively, no significant changes were detected in IL-1β or IL-6 treated cells 

(Fig. 3A).   

 

We hypothesized that the increased superoxide would lead to increased protein 

carbonylation similar to that observed in adipose from diet induced obese mice 

(31).  Using IR800 conjugated streptavidin to detect biotin hydrazide conjugated 

to protein carbonyls, IL-1β or IL-6 show negligible effects on protein 

carbonylation when compared to control cells (Fig. 3B).  In contrast, TNFα 

treatment increased the carbonylation of proteins at 24 h while at longer duration 

of treatment protein carbonylation was surprisingly decreased (Fig. 3, B and C).  

Further investigation revealed that the expression of the mitochondrial 

superoxide dismutase, SOD2, is increased by TNFα treatment at 24 h (Fig. 3C).  

This antioxidant response may, in part, explain the observation of a decrease in  
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Figure 4 Sphingolipid profiles following cytokine treatment.  3T3-L1 

adipocytes were treated with 1 nM of the indicated cytokine for 0-96 h.  At the 

indicated times cellular extracts were subject to UPLC/MS/MS and the levels of 

sphigolipids determined.  C16 ceramide (A), C24 ceramide (B), C18:1 ceramide 

(C), sphingosine-1 phosphate (S1P) (D), sphingosine (E) and sphinganine (F).  

Each bar represents the mean ± SEM, N = 3, * P < 0.05 by student’s t-test 

compared to 0 h control.   
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protein carbonyls found at later time points (Fig. 3C) despite an increase in 

superoxide (Fig. 3A).  

 

Sphingolipid profiles are selectively altered with cytokine treatment.  Compelling 

evidence suggests a central role for ceramides in the pathology of the metabolic 

syndrome (32, 33).  Moreover, adipocytes robustly produce ceramides in 

response to high levels of palmitate or in response to pro-inflammatory stress 

(29).  To address the effects of specific cytokines on sphingolipid synthesis, 

lipidomic analysis was carried out on 3T3-L1 cells treated with various cytokines.  

While the total cellular ceramide levels trended toward an increase with TNFα 

treatment, individual ceramide species showing significant increases include C16 

and C18:1 (Fig. 4, A and C).  C24-ceramide levels were not altered by TNFα or 

IL-1β but decreased in response to IL-6 treatment (Fig. 4B).  The level of 

sphingosine 1-phosphate (S1P), a mediator of inflammation and leukocyte 

trafficking (34) is transiently increased in adipocytes treated with IL-1β, but 

unchanged with IL-6 (Fig. 4D).  Sphinganine, the de novo synthetic precursor to 

ceramide, was increased by TNFα and IL-1β treatment, but not altered by IL-6 

(Fig. 4F).   

 

Mitochondrial content and biogenesis markers are altered with cytokine 

treatment.  Previous work by Curtis et al. has shown that TNFα treatment of 3T3- 

 



 

 79 

 

 

 

 

 

Figure 5.  Expression of factors linked to mitochondrial biogenesis and 

function in response to cytokine treatment.  3T3-L1 adipocytes were treated 

with 1 nM of the indicated cytokine for 24 h and the mRNA (A) and protein (B-C) 

expression of factors linked to mitochondrial biogenesis and function were 

evaluated.  Western blot analysis of adipocytes (B).  Quantitation of each protein 

was normalized to β-actin and graphed relative to control (C) (N=6). Q-PCR 

results were normalized to reference mRNA transcription factor II E (TFIIE).  T = 

TNFα, 1β = IL-1β and 6 = IL-6.  In panel A the graph of eNOS expression has a 

broken y axis so that the TNFα treatment group is visible. 
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L1 adipocytes led to decreased mRNA expression for glutathione S-transferase, 

a key antioxidant responsible for metabolism of much of the reactive aldehydes 

produced by cells (26).  To evaluate the effect of cytokines on expression of 

genes linked to the mitochondrial biogenesis program, quantitative RT-PCR 

(qPCR) (Table 1) was performed on mRNA isolated from 3T3-L1 adipocytes 

treated with pro-inflammatory cytokines for 24 h.  Interestingly, none of the 

cytokines (TNFα, IL-6 or IL-1β) tested significantly altered the expression level of 

the transcription factor A mitochondria (Tfam).  Expression of nuclear respiration  

factor 1 (NRF1) was selectively decreased by TNFα (Fig. 5A) and all three pro-

inflammatory cytokines significantly reduced the expression of master  

mitochondiral biogenesis regulators, perixosome proliferator-activated receptor 

gamma coactivator 1α (PGC1α) and endothelial nitric oxide synthase (eNOS) 

(Fig. 5A).  Consistent with altered mitochondrial biogenesis, TNFα treatment led 

to a significant decrease in protein levels of nuclear-encoded cytochrome c 

oxidase IV (COX IV) and cytochrome c (Cyt C).  However, the abundance of the 

inner membrane-associated protein mitofilin remained unchanged with cytokine 

treatment (Fig. 5B and 5C).  Interleukin 1β also decreased COXIV protein levels 

but this effect was only present at 48 h of treatment and returned to basal levels 

by 96 h.  Interleukin 6 treatment caused a similar transient decrease in total Cyt 

C levels at 48 h (Fig. 5B and 5C).  
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Figure 6.  Mitochondrial morphology in cytokine-treated 3T3-L1 adipocytes.  

Live cell images of Mitotracker green stained 3T3-L1 adipocytes after 24 h 

treatment with 1 nM cytokine (A).  Images of more than 15 cells were analyzed 

using ImageJ-3D software to determine average mitochondrial number (B) and 

average volume per mitochondrion (C) (N = 5-13).  Each of the cells sampled 

was scored for mitochondrial fragmentation and the percentage of cells exhibiting 

fission was calculated (D) N = 6-16 for each treatment.  * P < 0.05 compared to 

control. Western blot of whole cell extract detecting cleaved caspase 3 and β-

actin (E).  Densitometric analysis of cleaved caspase 3 Western blots, N=4-6 (F).  
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Mitochondrial content and network morphology is altered by TNFα.  To determine 

the effect of inflammatory cytokines on mitochondrial dynamics, we evaluated 

mitochondrial content and network morphology using fluorescence microscopy.  

As shown in Fig. 6, treatment of 3T3-L1 adipocytes with TNFα induced significant 

mitochondrial fragmentation as revealed by an increase in the number of 

mitochondria per cell and a decrease in mean volume per mitochondrion when 

compared to control cells.  The number of cells exhibiting fragmented 

mitochondrial morphology was also increased by TNFα treatment (Fig. 6D).  In 

contrast, IL-6 or IL-1β treatment had no significant effect on mitochondrial 

morphology or fragmentation.  Since apoptosis is accompanied by fission of 

mitochondria (22), we next investigated levels of apoptotic effector cleaved 

caspase 3 and found that TNFα alone induced the apoptotic program as 

revealed by caspase 3 cleavage (Fig. 6E).  The activation of caspase 3 and 

induction of apoptosis has been reported in adipose from both high fat fed mice 

and obese humans (35).  

 

 Since mitochondrial morphology is acutely controlled through the expression, 

processing and localization of several key regulatory proteins (36) we analyzed 

the effects of cytokine treatment on the expression of fusion proteins OPA1 and 

MFN2,  fission protein FIS1, as well as DRP1 levels and localization.  Treatment  
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Figure 7.  Expression of proteins linked to mitochondrial fission and fusion 

in response to cytokine treatment.  Extracts from 3T3-L1 adipocytes treated 

for 24 h with 1 nM cytokine in complete media were immunoblotted for OPA1 or 

β-actin (A).  Densitometric analysis of OPA1 expression from 3 independent 

experiments (B).  Protein levels of DRP1, MFN2, mitofilin, and β-actin in cytosolic 

and mitochondrial cellular fractions measured by Western blot (C) and protein 

abundance in the mitochondrial fraction normalized to mitofilin (D).  
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of 3T3-L1 with TNFα induced a significant reduction in the level of OPA1. Closer 

inspection reveals a greater disappearance of the short (S) than the long (L) 

isoform of OPA1 when compared to controls (Fig. 7, A and B).  No significant 

changes in OPA1 expression or processing were observed with IL-6 or IL-1β 

treatment.  In contrast, expression of the outer membrane fusion protein MFN2 

was not altered by any of the cytokine treatments analyzed (Fig. 7, C and D).  

We next investigated the expression of FIS1, a mitochondrial protein thought to 

direct the localization of cytosolic DRP-1 to the mitochondria. Once localized at 

the mitochondria, DRP-1 can form a ring around the organelle facilitating 

constriction and fission (22). Total cellular expression of FIS1 and DRP-1 were 

not changed with cytokine treatment (data not shown).  Likewise, the 

mitochondrial localization of DRP-1 did not significantly change with any of the 

cytokines analyzed (Fig. 7, C and D).  These results suggest the decrease in 

expression and/or an increase in processing of OPA1 as the primary effector of 

increased mitochondrial fragmentation seen in TNFα treated adipocytes (Fig. 6).   

 

TNFα induced respiration precedes caspase 3 activation and mitochondrial 

fragmentation. To determine if the altered mitochondrial function and morphology 

measured after TNFα treatment was linked to apoptosis we evaluated oxygen 

consumption and morphological analyses relative to caspase 3 cleavage.  As 

shown in Fig. 8A, caspase 3 cleavage is evident as early as 2 h after TNFα 

treatment.  By comparison, basal respiration is significantly increased 50% after  
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Figure 8. Acute effects of TNFα on mitochondrial fragmentation.  Western 

blot of whole cell extract detecting cleaved caspase 3 after no treatment control 

or 1 nM TNFα for 1, 2, 4 and 6 h (A).  Basal respiration measured by XF24 

analyzer in adipocytes (Con) and after 1 nM TNFα for 1- 2 h. N=3-5, **P < 0.001 

(B).  Fluorescent microscopy and morphometric analysis of mitotracker green 

stained adipocytes treated or not (Control) for 2, 4, and 6 h with 1 nM TNFα (C). 

Cells were scored for mitochondrial number and mean mitochondrial volume as 

reported in Fig. 6 (D, ). N=3. 
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1 h of TNFα treatment (Fig. 8B).  However, mitochondrial morphology was not 

affected by TNFα until 6 h post treatment (Fig. 8C and 8D).  Taken together, 

these analyses reveal that TNFα first alters respiration, then activates the 

apoptotic pathway and eventually causes mitochondrial fragmentation (Figures 6 

and 8).  
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Discussion 

Visceral obesity is accompanied by infiltration of adipose depots with pro-

inflammatory macrophages and T cells leading to the working model that 

immune-cell factors drive the progression from insulin sensitivity to insulin 

resistance (8, 9, 16, 37).  In a variety of obese animal models, both nutritional 

and genetic, mitochondrial dysfunction has been correlated with inflammation 

and increased oxidative stress (6).  Numerous studies aim to unravel the disease 

progression of type II diabetes from the lean insulin-sensitive state to obese 

insulin-resistant, yet it is unclear if mitochondrial dysfunction in the adipocyte will 

lead to obesity and tissue inflammation or if the local inflammation is causing 

mitochondrial dysfunction within the adipocyte.  Although the initiating event 

remains unclear, previous studies in our laboratory show that each of the pro-

inflammatory cytokines analyzed here can dramatically reduce expression of a 

number of antioxidants in adipocytes (38) and by-products of oxidative stress can 

activate macrophage to release pro-inflammatory cytokines (39) perpetuating the 

oxidative stress and inflammation axis in adipose.  The present study was 

undertaken to determine the effects of three specific inflammatory cytokines that 

are found to be chronically elevated in obese adipose tissue on mitochondrial 

function in the adipocyte.  Focusing on the common cytokines implicated in 

adipose biology, TNFα, IL-1β and IL-6, we found that each cytokine leads to 

mitochondrial dysfunction, yet the mode of action and cellular outcome is unique 

for each. 
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Mitochondrial Respiration and Cellular Metabolism--In our studies TNFα 

treatment of 3T3-L1 adipocytes results in a number of dramatic cellular changes 

linking oxidative stress to altered mitochondrial metabolism and dynamics.  There 

are two known receptors for TNF α (TNFR1 and TNFR2) and both are expressed 

in adipose tissue.  While both membrane bound and soluble forms signal through 

TNFR1, only the membrane bound form is able to signal through TNFR2 (17).  

TNFα treatment of adipocytes led to a significant increase in C16 and C18:1 

ceramide synthesis as well as an increase in sphinganine (Fig. 4).  Ceramides, 

along with their derivatives, are known to interact with Bcl family members to 

induce mitochondrial outer membrane permeability.  Increased outer membrane 

permeability allows the release of c (Cyt C) into the cytoplasm which can in turn 

initiate the apoptosis pathway through caspase activation (40).  This process 

appears to occur selectively in TNFα treatment of adipocytes as demonstrated by 

increased ceramides (Fig. 4), the loss in Cyt C (Fig. 5B and 5C) and an increase 

in activated/cleaved caspase 3 (Fig. 6E and 6F) none of which were observed in 

interleukin treatments. These data suggest that TNFα exposure would lead to 

high levels of adipocyte apoptosis.  However there are reports of several control 

measures in place to limit cell death (41).  For example,TNFR2 is highly induced 

in adipose from genetic obesity models (42) (43), and since this receptor lacks 

the death domain, it may play a pro-survival role to combat apoptotic signaling 

that arises with the increased TNFα in obese adipose. 
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Accompanying the changes in ceramide levels, TNFα treatment leads to a shift in 

the cellular redox status shown by the decreased NAD+/ NADH ratio (Fig. 2C).  

Cellular respiration was increased at 24 h followed by a decrease by 96 h (Fig. 

1).  TNFα increased proton leak and diminished  ΔΨm while causing a significant 

decrease in ATP-coupled respiration at 48 and 96 h.  Although increased proton 

leak could be sufficient to decrease ΔΨm (24) we cannot rule out other effects 

such as increased permeability to explain ΔΨm loss.  These actions could be 

mediated by TNFα directly or by other intermediates such as ceramides.  

Interestingly, the synthetic ceramide analog C2-cermide was described to have 

similar effects on cardiomyocytes to that of TNFα in the adipocyte.  In the 

cardiomyocyte study, C2-ceramide stimulated Cyt c release from the 

mitochondria, was accompanied by ΔΨm and decreased ATP levels prior to cell 

death (44) TNFα treatment also increased basal glucose uptake (Fig. 2) and 

basal ECAR (Fig. 1).  All these data are consistent with TNFα-dependent 

uncoupling of oxygen consumption and ATP synthesis.  This uncoupling leads to 

a compensatory increase in aerobic glycolysis without complete oxidation, similar 

to the Warburg effect seen in cancer biology (45, 46).  Moreover, Chen et al (47) 

reported similar results in 3T3-L1 adipocytes treated with TNFα.  They found 

decreased intracellular ATP levels and decreased ΔΨm, further supporting our 

mitochondrial dysfunction data.  TNFα also resulted in a significant time 

dependent loss of perilipin (Fig. 2B) that was accompanied by increased fatty 
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acid release as measured by elevated NEFA efflux at 24 h (Fig. 2A).  In vivo, 

constitutive up regulation of lipolysis leads to increased circulating FFAs in the 

fed state, perhaps contributing to lipotoxicity in obese subjects (11). 

 

In contrast to the effects mediated by TNFα, IL1β had less metabolic impact on 

mitochondrial function.  IL1β signals to activate transcription through c-Jun, NF-

kB as well as increase cellular cAMP levels (48).  In this study IL-1β had little 

impact on basal respiration, ATP coupled respiration, and proton leak until the 

latest 96 h time point, where it decreased these parameters (Fig. 1).  IL-1β does 

cause mitochondria dysfunction by reducing the maximum respiratory capacity at 

all time points measured (Fig. 1D).  The source of the reduced respiratory 

capacity remains unknown, but it is not likely a reduction in mitochondrial mass 

since no differences were detected by microscopy or mitochondrial protein level.  

The pattern of mitochondrial dysfunction resulting from IL-1β exposure is distinct 

from that seen with TNFα treatment, highlighting the unique characteristics of 

each signaling pathway as the primary effectors of these alterations. Similar to 

TNFα treatment, IL-1β treated cells did exhibit lower NAD+/ NADH ratios as well 

as increased glucose uptake, but unlike TNFα showed no change in ECAR or 

ΔΨm (Fig. 1E-F and 2D).  After 24 h treatment with IL-1β, 3T3-L1 adipocytes did 

exhibit diminished levels of perilipin proteins (Fig. 2B) and increase basal fatty 

acid efflux (Fig. 2A), however the decrease in perilipin level was transient and 

was actually significantly increased by 96 h.   
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Of the cytokines analyzed in this study, IL-6 is divergent from the others in that it 

does not directly activate transcription factors NF-κB or c-jun (21, 47).  IL-6 is 

also controversial in what role it has as an inducer of obesity-linked insulin 

resistance.  While the expression is highly correlated to adiposity and up to 30% 

of circulating IL-6 is estimated to be adipose derived in healthy individuals, there 

are reports of IL-6 having anti-inflammatory roles as well (49, 50).  In this study, 

IL-6 treatment of adipocytes did result in mitochondrial dysfunction at all time 

points analyzed as indicated by the reduced mitochondrial respiratory capacity 

(Fig. 1D). However the cytokine had little effect on other respiratory parameters 

until the late 96 h time point, when IL-6 treated cells exhibited increased basal, 

proton leak-induced and coupled respiration (Fig. 1A-C).  The delayed response 

to IL-6 of basal respiration and proton leak point to a secondary effector, perhaps 

a target gene of JAK/ STAT pathway. Unlike TNFα or IL-1β, treatment with IL-6 is 

able to increase ATP turnover (Fig. 1C) suggesting an increased energy demand 

following exposure. IL-6 also reduced the NAD+/ NADH ratio, but again this was 

only observed after 96 h of treatment suggesting an indirect effector downstream 

of the IL-6 signal.  IL-6 did not alter adipocyte basal glucose transport, perilipin 

expression, or lipolysis (Fig. 2).  Our results suggest that exposure of adipocytes 

to 1nM (20 pg/ mL) IL-6 has very little direct effect on adipose metabolism. More 

focused studies are needed to determine if IL-6 signaling or a secondary 

mediator is responsible for changes in mitochondrial function after 96 h.  Other 
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studies have demonstrated that infusion with recombinant IL-6 stimulates 

lipolysis and fat oxidation selectively in the muscle without metabolic effects in 

the adipose tissue in humans (51). This work is in agreement with our findings. 

 

Oxidative Stress--TNFα treatment led to a biphasic change in the oxidative stress 

program.  At shorter times (24 h) TNFα increased superoxide anion levels and 

protein carbonylation while at longer time points there was an increase in 

mitochondrial superoxide, yet reduced protein carbonylation was observed (Fig. 

3).  Since elevated ΔΨm  and electron transport are reported to be a major source 

of superoxide production in the mitochondria (19, 52), it was surprising to detect 

a sharp rise in mitochondrial superoxide in conjunction with reduced ΔΨm  (Fig.s 

3A and 3F).  However, our data is consistent with the work of Chen et al. (47) 

who found evidence of decreased ΔΨm and increased cellular ROS levels using 

H2-DCFDA staining coupled with flow cytometer or microscopic analyses after 

chronic TNFα in 3T3-L1 adipocytes.  Moreover, one report concludes that 

dihydrolipoamide dehydrogenase, the E3 shared by alpha-ketoglutarate 

dehydrogenase and pyruvate dehydrogenase, is a source of ROS (superoxide 

and hydrogen peroxide) in the presence of substrate but absence of NAD+ (18).  

Since TNFα leads to a reduction in NAD+ levels (Fig. 2C), dihydrolipoamide 

dehydrogenase offers one possible source for the observed increase in 

mitochondrial superoxide (Fig. 3A).  NADPH oxidase is also known to be 

activated by TNFα treatment (53) and many report increased cellular ROS after 
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TNFα treatment of adipocytes (47, 54), our work demonstrates that there is also 

an increase in superoxide production within the mitochondria with this potent 

ROS inducer. 

 

IL-1β elicited no significant alteration of mitochondrial superoxide production or 

protein carbonylation (Fig. 3) indicating a state of normal oxidative homeostasis 

with this cytokine.  IL-1β did slightly increase C16 ceramide levels at 96 h, S1P at 

24 h and sphinganine at 48-96 h (Fig. 4).  However, these increased sphingolipid 

species were not accompanied by a loss in Cyt C or increase in caspase 3 

activation as was measured with TNFα (Fig. 5B).  In fact, IL-1β did not alter any 

of the mitochondrial protein levels measured, but did significantly reduce the 

expression of eNOS and PGC-1α mRNA (Fig. 5A).  Importantly, despite the 

decrease of eNOS and PGC-1α mRNA levels, we find no significant change in 

mitochondrial mass or morphology (54, 55).  These results caution the exclusive 

use of mRNA profiling as a means to interpret cellular metabolism. 

 

There was also no change observed in mitochondrial superoxide production or 

protein carbonylation (Fig. 3) after IL-6 treatment.  Analysis of sphingolipids after 

IL-6 treatment did present a varied pattern depending on the lipid species.  While 

sphinganine, S1P, and C16 all remained constant, C24 ceramide was 

significantly reduced after 24-96 h and C18:1 was elevated after 48 h of IL-6 

treatment (Fig. 4).  With regard to ceramide-mediated decrease in ΔΨm, there 
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was a transient loss of Cyt C seen at 48 h (Fig. 5C), but no change mitochondrial 

morphology or in caspase 3 activation (Fig. 6).   

 

Mitochondrial Dynamics--Inflammatory cytokine treatment had a major effect 

on both mitochondrial biogenesis and dynamics.  Mitochondria are very dynamic 

and through fusion and fission form vast networks and fragment or divide 

respectively.  In our studies, mRNA expression of mitochondrial biogenesis 

factors such as PGC-1α and NRF-1 were decreased with TNFα treatment as 

were the protein levels of some components of electron transport, Cyt C and 

COXIV (Fig. 5C).  However, mRNA expression of Tfam and the protein levels of 

mitofilin are stable after TNFα treatment (Fig. 5).  Despite relatively little change 

in mitofilin level, mitochondria were significantly more fragmented after TNFα 

treatment, most likely due to the lower levels of the inner membrane fusion 

protein OPA1, notably a loss of the short isoform (Fig. 7).  Recently, the protein 

OPA1, usually related to mitochondrial fusion, was described in the adipocyte as 

a regulator of hormone-stimulated lipolysis by acting as an A-kinase anchoring 

protein on the surface of the lipid droplets.  Interestingly, OPA1 was found to 

interact with perilipin promoting its stability as evidenced by perilipin down 

regulation upon OPA1 gene silencing (56).  The role for OPA1 in basal lipolysis 

was not evaluated in this paper, but it is tempting to speculate that a decrease in 

OPA1 could down regulate perilipin, thus altering lipid droplet protein coating and 

disrupting lipolysis regulation.  While this could provide a novel explanation for 
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our basal lipolysis increase with TNFα, it does not explain the increased fatty acid 

efflux and transient perilipin reduction in IL-β treated cells.  

Since mitochondrial morphology results from the equilibrium of the fusion and 

fission rates (21) either an increase in the rate of fission or a decrease in the rate 

of fusion can cause a fragmented mitochondrial appearance.  OPA1 is processed 

in response to a variety of stress conditions and loss of mtDNA, dissipation of 

ΔΨm, or a decrease of mitochondrial ATP levels all can initiate OPA1 processing 

by OMA1 (57), among other proteases.  Clearly treatment of 3T3-L1 adipocytes 

with TNFα creates conditions that are favorable for OPA1 cleavage, but the 

cause of the diminished short isoform remains undetermined. OPA1 processing 

is necessary for its function but an imbalance in the ratio of long to short isoforms 

can affect its function as mitochondrial fusion protein (58).  Thus, this imbalance 

in OPA1 isoforms could be sufficient to explain the fragmented mitochondria 

phenotype observed.  Although Chen et al. (47) reported increased levels of the 

fission protein DRP1 by TNFα treatment, we did not observed similar results.  

This discrepancy could be due to differences in the antibodies used for 

immunodetection of DRP1, or the dose (17 ng/mL vs 4 ng/mL) and duration (24 h 

vs 96 h) of treatment.  Since the distribution of DRP1 is more important than its 

level of expression when assessing its function as a fission protein (29) and we 

did not observe any signs of translocation of DRP1 to the mitochondria, we 

believe that OPA1 decrease is sufficient to explain the mitochondrial 

fragmentation observed in our conditions.  In contrast to TNFα, but consistent 
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with stable fission and fusion protein levels, we were not able to detect any 

impact of IL-1β or IL-6 on mitochondrial morphology or dynamics (Fig. 6).  

 

Overall, the results reported herein indicate that inflammatory cytokines have 

unique and distinct influences on mitochondrial respiration, oxidative stress and 

dynamics.  TNFα most dramatically alters 3T3-L1 adipocyte functions whereas 

IL-1β and IL-6 have more modest effects.  These results are consistent with 

findings using TNFα receptor null mice that exhibit attenuated obesity-linked 

metabolic dysfunction (59).  Moreover, since IL-6 can induce low levels of TNFα 

synthesis by 3T3-L1 adipocytes it is not unreasonable to consider that some of 

the chronic effects of interleukins are mediated by TNFα production and 

signaling.  As such, while each of the cytokines is considered pro-inflammatory, 

TNFα exhibits the most profound influences on mitochondrial function in the 3T3-

L1 adipocyte.  
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Summary 

Inflammation plays a critical role in the pathology of obesity-linked insulin 

resistance and is mechanistically linked to the effects of macrophage-derived 

cytokines on adipocyte energy metabolism, particularly that of the mitochondrial 

branched chain amino acid (BCAA) and tricarboxylic acid (TCA) pathways.  To 

address the role of inflammation on energy metabolism in adipocytes we utilized 

high fat fed C57Bl/6J mice and lean controls and measured down regulation of 

genes linked to BCAA and TCA cycle metabolism selectively in visceral but not in 

subcutaneous adipose tissue, brown fat, liver or muscle.  Using 3T3-L1 cells, 

TNFα and other pro-inflammatory cytokine treatments reduced the expression of 

genes linked to BCAA transport and oxidation.  Consistent with this, [14C]-leucine 

uptake and conversion to triglycerides was markedly attenuated in TNFα-treated 

adipocytes whereas conversion to protein was relatively unaffected.  Since 

inflammatory cytokines lead to induction of ER stress, we evaluated the effects of 

tunicamycin or thapsigargin treatment of 3T3-L1 cells and measured a similar 

down regulation in the BCAA/TCA cycle pathway.  Moreover, transgenic mice 

overexpressing XBP1s in adipocytes similarly down regulated genes of BCAA 

and TCA metabolism in vivo. These results indicate that inflammation and ER 

stress attenuate lipogenesis in visceral adipose depots by down regulating the 

BCAA/TCA metabolism pathway and are consistent with a model whereby the 

accumulation of serum BCAA in the obese insulin-resistant state is linked to 

adipose inflammation. 
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Introduction 

Obesity-linked type 2 diabetes (T2D) and its associated health complications are 

major health care concerns worldwide and at the molecular level are linked to 

increased abundance and activity of classically activated macrophages and other 

immune cells in adipose tissue (1-3).  Increased immune cells produce a chronic 

low-grade inflammatory state exemplified by elevated adipose TNFα, IL-6, IL-1β 

and IFNγ primarily in visceral, and to a lesser extent, subcutaneous depots (4).  

The positive inflammatory poise of adipose tissue leads to the down regulation of 

adipocyte genes linked to the anti-inflammatory response system and an 

increase in mitochondrial reactive oxygen species (ROS), increased ER stress 

and loss of electron transport activity (3, 5).  Although the exact molecular 

mechanisms that tie ROS to insulin resistance are complex, the ROS-dependent 

activation of the unfolded protein response and the NF-κB / JNK signaling 

pathways have been implicated by a variety of in situ and in vivo models (6-8). 

 

Recent work has identified adipose tissue and adipocytes as a major contributor 

to whole body branched chain amino acid catabolism (9).  The branched chain 

amino acids leucine, isoleucine and valine are transported into adipocytes and 

metabolized in the mitochondria to form the anapleurotic intermediates acetyl-

CoA and succinyl-CoA thereby enabling maximal pyruvate metabolism to citrate 

and subsequent lipogenesis (10).  Work by Herman et al (9) have shown that 

adipocytes readily metabolize BCAA to lipogenic precursors and that maximal 
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lipogenic rate requires replenishment of the BCAA pathway.  Recently, 

metabolomics studies of human obesity and metabolic dysfunction have revealed 

a connection between circulating BCAAs and insulin resistance and a variety of 

analyses have demonstrated that the accumulation of serum BCAA is a 

molecular biomarker of the insulin resistant state (11-17). Moreover, Bcat2 

knockout mice that are insulin resistant have elevated circulating BCAAs (18). In 

addition, elevated serum BCAA in the setting of a high fat diet may activate the 

mTOR-dependent serine phosphorylation of IRS-1 (19, 20).  While a variety of 

rodent and human studies have shown the branched chain keto-acid 

dehydrogenase (BCKD) complex plays a pivotal role in BCAA metabolism, there 

is much still unknown about adipose tissue regulation of the BCAA pathway and 

the role of depot-specific functions (17).  Herein we report a role of inflammation 

in controlling the BCAA/TCA metabolism pathway suggesting that accumulation 

of leucine, isoleucine and valine in the serum is at least in part, a result of 

decreased BCAA and TCA cycle metabolism selectively in inflamed visceral 

adipose tissue.   
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Research Design and Methods 

Animals: Male C57Bl/6J mice were placed on a normal chow (~4% fat by weight) 

or a high-fat (~35% fat by weight, Bio-Serv F3282, Frenchtown NJ) diet at 

weaning (21). At 12-15 weeks of age, mice were killed by cervical dislocation, 

and tissues were harvested, frozen in liquid nitrogen and stored at -80° C until 

further processing. The University of Minnesota Institutional Animal Care and 

Use Committee approved all experiments. The male TRE-Xbp1s and adipocyte-

specific adiponectinP-rtTA transgenic mice (referred to as FIXs mice) were 

generated by the transgenic core facility at UTSW and described in (22, 23).  

Mice were maintained on a 12-hour dark/12-hour light cycle from 6 a.m. to 6 p.m. 

and housed in groups of no more than 5 with unlimited access to water and chow 

(2916, Teklad, Indianapolis IN) or Dox-containing (600mg/kg) chow diets (Bio-

Serv, Frenchtown NJ) and induced with Dox for 48h. 

 

Chemical reagents: Recombinant mouse TNFα, IL-6, IL-1β and IFNγ were 

purchased from R&D Systems (Minneapolis, MN). Antibodies were obtained from 

commercial sources: β-actin (Sigma, St. Louis MO); Bcat2, Sdha, Bckdha, Atp5a 

(Abcam, Cambridge MA).  Isotopes of leucine were purchased from Perkin-Elmer 

(Waltham, MA).  Bay11-7085 was purchased from Cayman Chemical (Ann 

Arbor, MI). 
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Quantitative RT-PCR: Expression of mRNA was measured by quantitative RT-

PCR.  Briefly, total RNA was isolated from tissue or 3T3-L1 adipocytes using 

Trizol reagent (Invitrogen Corp., Grand Island NY) according to manufacturer’s 

protocol.  RNA was treated with DNase I and cDNA was synthesized using 

iScript cDNA synthesis kit (BioRad, Hercules CA).  Amplification was monitored 

with iQ SYBR Green Supermix and the MyiQ detection system (BioRad, 

Hercules CA). Data was analyzed using the -∆∆CT method and normalized to 

TFIIE expression. Supplemental table 1 contains the gene names, symbols, 

accession numbers and primer sequences used to amplify and detect target 

transcripts.   

 
Cell culture: 3T3-L1 fibroblasts were maintained and differentiated into 

adipocytes as described previously (24). Differentiation was induced by addition 

of DMEM containing 10% fetal bovine serum (FBS), 0.5 mM 

methylisobutylxanthine, 0.25 µM dexamethasone and 170 µM insulin.  The 

methylisobutylxanthine and dexamethasone were removed after two days and 

the insulin was removed after four days.  Differentiated 3T3-L1 cells were 

maintained in DMEM with 10% FBS and used in experiments six to twelve days 

after induction.  
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Supplemental Table 1 – Primers used for quantitative PCR to measure gene 

expression.   
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Leucine uptake and fractionation: Briefly, day 8 differentiated adipocytes were 

treated with 1nM TNFα for 24h, serum starved for 2 hours in DMEM and 

radioactive leucine added for 5-180 minutes.  Total cellular uptake was measured 

using [3H(3,4)]-leucine while incorporation into lipid and protein pools were 

measured using [14C(U)]-leucine.  Fractionation of incorporated 14C-leucine was 

accomplished using a hexane:isopropanol:water (3:2:1) extraction where lipids 

portioned into the organic phase while radioactive protein was collected into the 

precipitate.  

 
Metabolite extraction and analysis: Polar metabolites were extracted from cells or 

mouse serum using a chloroform:methanol extraction procedure.  Serum was 

added to a 1.5 mL centrifuge tube containing 500 µL chloroform, 250 µL 

methanol, and 150 µL 0.9% sodium chloride.  The mixture was vortexed and 

centrifuged at 13000g for 10 minutes.  The upper aqueous/methanol layer was 

removed to a new tube and the chloroform layer was washed with 1:1 0.9% 

sodium chloride:methanol.   3 mL of methanol was added to the aqueous phase 

to facilitate drying under nitrogen.  The dried samples were stored at -80°C until 

NMR analysis. Immediately prior to NMR analysis, the dried powder/film was 

resuspended in 100 µL 100 mM sodium phosphate in D2O, pH 7.4 containing 20 

µM trimethylsilyl propionic-2,2,3,3-d4 acid as calibration standard.   

 

NMR metabolite analysis: NMR experiments were performed at 25°C on a Bruker 

Avance III 700 MHz spectrometer with a 1.7mm CryoProbe.  One-dimensional 
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noesy spectra were acquired with 128 transients using 65,536 data points under 

fully relaxed conditions. Assignments were made using Chenomx 7.5 (Edmonton, 

Canada).  Spectra were exponentially line broadened by 1Hz, Fourier 

transformed, phase and baseline corrected. Spectra were calibrated to an 

internal 20µM Trimethylsilyl-tetradeuterosodium propionate (TSP) standard to 

establish metabolite concentrations and as a chemical shift reference.  

Metabolite assignments were made according to the chemical shifts and pattern 

of coupling constants using the Chenomx compound library (Chenomx, 

Edmonton, Canada). 

  

Immunoblot analysis: 3T3-L1 adipocytes treated with and without TNFα were 

homogenized using a glass-teflon homogizer in homogenization buffer (20 mM 

Tris-HCl, 220 mM Mannitol, 70 mM Sucrose, 1 mM EDTA, 0.1 mM EGTA pH 7.4) 

supplemented with protease inhibitors (Calbiochem, Darmstadt Germany).  For 

Bcat2 analysis, homogenates were centrifuged at 700g to remove nuclei, 

unbroken cells and the lipid cake and mitochondria recovered by further 

centrifugation at 12,000g. Equal amounts of protein were separated by SDS-

PAGE, transferred to PVDF immobilon-FL (Millipore, Billerica MA) membranes 

and blocked in Odyssey® Blocking Buffer (LI-COR Biosciences, Lincoln NE). 

Membranes were incubated with infrared-conjugated secondary antibodies and 

visualized using Odyssey® Infrared Imager (LI-COR Biosciences, Lincoln NE). 
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Statistical analysis: All values are expressed as mean ± SEM. Statistical 

significance was determined using the two-tailed Student t test assuming 

unequal variances, or where appropriate, a two-way ANOVA with Bonferroni post 

hoc analysis.  P values < 0.05 are considered significant (*) with an increased 

significance of p value < 0.01 indicated (**). 
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Results 

Obesity and inflammation down-regulate expression of genes linked to BCAA 

metabolism selectively in adipose tissue and cultured adipocytes.  Our laboratory 

has recently demonstrated that macrophage-derived inflammatory factors down 

regulate the expression of genes linked to antioxidant biology in adipocytes and 

lead to mitochondrial dysfunction (25).  Moreover, in mouse models, oxidative 

stress is strongly biased towards the visceral relative to the subcutaneous depot 

where inflammation is the greatest, antioxidant genes are down regulated, 

reactive aldehydes accumulate and protein carbonylation is increased (26). 

During the course of our studies we also evaluated the expression of genes 

linked to BCAA metabolism in adipose tissue of high fat fed C57Bl/6J mice and 

compared it to lean littermates.  Figure 1A shows schematic representation of the 

proteins involved in BCAA uptake and mitochondrial metabolism.  Figures 1B 

and 1C show that relative to lean controls the mRNA level of essentially every 

BCAA metabolism pathway protein was down regulated in epididymal adipose 

tissue of high fat fed mice but not in subcutaneous fat. To assess if down-

regulation of BCAA pathway gene expression was adipose specific, a panel of 

enzymes was profiled in brown fat, muscle and liver and expression was found to 

not be affected and in the case of liver, was increased (Figure 1D).  These 

results demonstrate pathway specific down regulation of the BCAA metabolism 

enzymes in visceral adipose tissue. 
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Figure 1 – Obesity down regulates the expression of genes of BCAA 

metabolism. A) Schematic diagram of cellular BCAA metabolism, B) Expression 

of BCAA metabolism genes in epididymal or C) inguinal white adipose tissue in 

C57Bl/6J mice maintained on a low fat (filled bars) or high fat (open bars) diet.  

D) Expression of BCAA metabolism genes in brown adipose tissue, liver and 

gastrocnemius skeletal muscle tissue.  Error bars represent standard error of the 

mean and * representing p<0.05 and n equals 6-12 per group. 
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Immune cell-derived inflammatory factors have been shown to down regulate 

many metabolic genes and in order to determine the cytokines on BCAA 

metabolism we treated 3T3-L1 adipocytes with TNFα and measured the mRNA 

levels of genes linked to BCAA metabolism.  Figure 2A shows that essentially the 

entire BCAA pathway is coordinately down regulation in response to TNFα.  In 

addition, markers of pre-adipocytes, branched chain amino-acid transaminase 1 

(Bcat1) and preadipocyte facor 1 (Pref1), were not increased by TNFα treatment 

indicating de-differentiation is not occurring (Figure 2A). We also observed a 

dose-dependent down regulation with varying concentrations of TNFα (Figure 

2B) and that other inflammatory factors (interleukin-6 (IL-6), interleukin 1β (IL-1β) 

and interferon γ (IFNγ) similarly down regulated BCAA gene expression (Figure 

2C). Furthermore, the expression of branched chain amino-acid transaminase 2 

(Bcat2), the enzyme responsible for the conversion of the BCAAs to their 

respective α-ketoacids, and the branched chain keto-acid dehydrogenase α 

subunit, were also reduced similarly at the protein level in response to TNFα 

(Figure 2D).  It is important to note that TNFα did not lead to de-differentiation of 

3T3-L1 adipocytes, cytokine addition did not increase the expression of Pref1 or 

Bcat1 (results not shown).  Since TNFα activates the canonical NF-κΒ pathway 

we evaluated if pharmacologic inhibition of the NF-κB pathway, by inhibiting IκBα 

phosphorylation with Bay11-7085, would affect expression of BCAA genes in 

response to TNFα.  Figure 2E shows that for Slc1a5, Bcat2 and Bckdha, 

treatment of day 8 3T3-L1 adipocytes with Bay11-7085 attenuated the TNFα-
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driven down regulation suggesting that NF-κΒ plays a role in the decreased 

expression of BCAA genes.  

 

Since BCAA metabolism serves as a source of anaplerotic replenishment for the 

TCA cycle, as leucine is metabolized to acetyl-CoA, isoleucine to acetyl-CoA and 

succinyl-CoA and valine to succinyl-CoA, we characterized the mRNA 

expression of enzymes linked to the TCA cycle enzymes in TNFα treated 3T3-L1 

adipocytes and similarly found nearly the entire pathway down-regulated in 

response to cytokine treatment (Figure 3A). Importantly, pyruvate carboxylase 

(Pcx), the primary source of anaplerotic oxaloacetate, was similarly down-

regulated.  Similarly, succinate dehydrogenase α-subunit (Sdha) protein levels 

were also decreased after TNFα treatment (Figure 2D).  Furthermore, we 

investigated the expression of the same panel of TCA enzymes in inguinal 

(Figure 3B) and epididymal (Figure 3C) white adipose tissue from chow and high 

fat fed mice and again found epididymal fat to have reduced levels of expression 

while subcutaneous fat remained largely unaffected, if not increased.  These 

results support the general consideration that inflammation drives the expansion 

of the subcutaneous depot while limiting the visceral depot through targeted 

regulation of the BCAA and TCA cycle pathways.  
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Figure 2 – Inflammatory factors down regulate the expression of genes of 

BCAA metabolism. A) Expression of BCAA metabolism genes in 3T3-L1 

adipocytes treated on day 8 post differentiation for 24 h with 1nM TNFα.  B) 

Expression of BCAA metabolism genes in 3T3-L1 adipocytes treated on day 8 

post differentiation for 24 h with varying concentrations of TNFα. C) Expression 

of BCAA metabolism genes in 3T3-L1 adipocytes treated on day 8 post 

differentiation for 24 h with 1nM of the indicated cytokine. D) Expression of 

Bcat2, Sdha, Bckdha, Atp5a and β-actin in 3T3-L1 adipocytes treated for 24h on 

day 8 post differentiation with 1nM TNFα.  E) Expression of BCAA metabolism 

genes in 3T3-L1s treated on day 8 post differentiation for 24h with 1nM TNFα 

and 10µM Bay11-7085 ($ represents p<0.05 compared to TNFα treatment).  ND 

represents not detectable, error bars represent standard error of the mean and * 

representing p<0.05 compared to control and n equals 6 per treatment group. 
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Transport of BCAAs and the metabolic effect of enzyme down-regulation.  To 

parallel the analysis of gene expression in the BCAA pathway with metabolic 

processes we evaluated BCAA transport.  Two systems facilitate BCAA uptake 

into adipocytes.  Slc1a5 mediates direct BCAA transport of leucine, isoleucine 

and valine whereas Slc3a2 and Slc7a5 form a heterodimeric plasma membrane 

complex exchanging internal glutamine and asparagine for external BCAA (27-

30).  As shown in Figure 4A, TNFα treatment of 3T3-L1 adipocytes down 

regulated the expression of Slc1a5 but did not affect the expression of either 

Slc3a2 or Slc7a5.  Furthermore, expression of Slc1a5 was selectively down 

regulated in the epididymal, but not subcutaneous depot of high fat fed mice 

(Figure 4B).  To parallel the down regulation of Slc1a5 with transport, we 

evaluated [3H]-leucine uptake in response to TNFα treatment using the 3T3-L1 

adipocyte system.  Figure 3C shows that influx was diminished ~50% in TNFα 

treated adipocytes.  To further investigate the fate of the internalized leucine, we 

extracted the metabolites and monitored the metabolism of [14-C]-leucine into 

protein and lipid.  Consistent with down regulation of the entire BCAA pathway, 

conversion of the leucine into triglyceride was markedly attenuated (Figure 4D) 

whereas conversion of internalized leucine into protein was largely unaffected 

(Figure 4E).  
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Figure 3 – Obesity and inflammation down regulate TCA cycle and 

anaplerotic reaction enzyme gene expression.  A) Expression of TCA cycle 

metabolism genes in 3T3-L1 adipocytes treated with or without 1nM TNFα for 

24h.  Expression of TCA cycle genes in B) inguinal white adipose tissue and C) 

epididymal white adipose tissue from low fat or high fat fed C57Bl/6J mice.   Error 

bars represent standard error of the mean and * representing p<0.05 and n 

equals 6-12 per group. 
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Intracellular metabolomics of TNFα treated 3T3-L1 adipocytes.  Since the 

metabolism of [14C]-leucine to lipid, but not protein, was markedly attenuated, we 

analyzed the steady-state level of intracellular metabolites as a mechanism 

towards understanding BCAA and TCA cycle metabolism.  As shown in Figure 

5A we measured an accumulation of intracellular BCAAs in TNFα treated 3T3-

L1s compared to controls.  Furthermore, intracellular glutamine and asparagine 

levels were reduced following TNFα treatment (Figure 5B), suggesting exchange 

of glutamine/asparagine for BCAAs through the Slc7a5/Slc3a2 transport system 

may be compensating for reduced transport through Slc1a5.  Furthermore a 

reduction asparagine synthetase, which is observed in adipose tissue of ob/ob 

mice, could explain the reduction in asparagine in TNFα treated 3T3-L1 cells 

(31).  In addition we evaluated organic acid intermediates and measured an 

increase of 2-oxoglutarate, a decrease in fumarate and pyruvate and increased 

lactate levels (Figure 5C) consistent with decreased activity of the TCA cycle.   
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Figure 4 – Leucine transport and metabolism in 3T3-L1 adipocytes.  A) 

Expression of leucine transport proteins in 3T3-L1 adipocytes treated for 24h with 

1nM TNFα.  B) Expression of leucine transport proteins in inguinal and 

epididymal white adipose tissue from mice maintained on chow (black bars) or 

high fat diet (white bars) for 12 weeks.  C) Total [3H]-leucine uptake in 3T3-L1 

adipocytes treated with 1nM TNFα.  D) [14C]-leucine fractioned into lipid or E) 

protein after 24h TNFα treatment. Error bars represent standard error of the 

mean and * representing p<0.05 and n equals 6 per group.  
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ER Stress and the BCAA pathway. Since inflammatory cytokines induce ER 

stress in vivo and TNFα treatment of 3T3-L1 adipocytes similarly induces the 

unfolded protein response and activation of Jnk (32, 33), we evaluated the effect 

of ER stress on the BCAA pathway.  Two experimental systems were utilized to 

probe the role of ER stress on the BCAA pathway.  Firstly, 3T3-L1 cells were 

treated with either tunicamycin or thapsigargin to induce accumulation of non-

glycosylated and therefore unfolded proteins or inhibit the calcium re-uptake 

pump SERCA, respectively.  As shown in Figure 6A, treatment with either 

tunicamycin or thapsigargin led to the down regulation of genes linked to the 

BCAA pathway.  This result suggested that increased ER stress, or the ER stress 

response pathway, affects gene expression of targets linked to mitochondrial 

BCAA metabolism.  Extending these observations, tunicamycin or thapsigargin 

also down regulated several key antioxidant genes including Prdx3 and Gsta4 as 

well as the key mitochondrial transcriptional co-activator PGC1α and 

mitochondrial biogenesis signal regulator eNOS (data not shown).  These results 

imply that ER stress reprograms mitochondrial systems broadly at the level of 

both mitochondrial biogenesis and metabolism.  However, both tunicamycin and 

thapsigargin treatment may lead to secondary effects unrelated to ER stress and 

as such we utilized a molecular genetic method specific to ER stress-the 

selective expression of spliced XBP1 in adipose tissue.   
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Figure 5 – Metabolomics analysis of 3T3-L1 cells.  3T3-L1 adipocytes were 

treated for 24h with 1nM TNFα and the intracellular levels of branched chain 

amino acids (A), amino acids (B) and organic acids (C) analyzed.  Error bars 

represent standard error of the mean and * representing p<0.05 and n equals 6 

per group. 
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Utilizing transgenic mice expressing Xbp1s inducibly driven by the adiponectin 

promoter (referred to as FIXs mice), we evaluated subcutaneous and visceral 

adipose tissue from low fat fed FIXs and wild type C57Bl/6J mice for the 

regulation of genes linked to the BCAA pathway.  Since adiponectin is expressed 

to high levels in subcutaneuous adipose tissue as well as visceral depot we 

assessed the expression of spliced and total Xbp1 in the two locales.  As shown 

in Figure 6B, Xbp1s was expressed in both depots but to highest levels in the 

subcutaneous site.  Possibly with high level of Xbp1s mRNA in the subcutaneous 

depot, the expression of genes linked to the BCAA pathway was markedly 

decreased in subcutaneous fat (Figure 6C) while only moderately decreased in 

the visceral depot (Figure 6D).  Similar to the results with tunicamycin and 

thapsigargin, the expression of key antioxidants Prdx3 and Gsta4 were markedly 

down regulated in subcutaneous fat from the FIXs mouse as were the 

mitochondrial biogenesis regulators eNOS and PGC1α (data not shown).  These 

results suggest that even under conditions of low fat feeding where ER stress is 

not developed that transgenic expression of Xbp1s drives the down regulation of 

the BCAA pathway.  These results suggest that ER stress can lead to BCAA 

pathway down regulation but does not demonstrate that ER stress is required for 

BCAA pathway control.   
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Figure 6 – ER stress down regulates BCAA metabolism genes.  A) 3T3-L1 

adipocytes were treated for 24h with 5µM tunicamycin, 1µM thapsigargin or 

DMSO and the expression of BCAA/TCA genes analyzed. B) Expression of 

spliced XBP1 in epididymal and subcutaneous fat of wild type and FIXs mice.  

Expression of BCAA/TCA metabolism genes in wild type and transgenic mice 

over expressing spliced XBP1 (FIXs) maintained on a chow diet in the C) inguinal 

or D) epididymal depot. Error bars represent standard error of the mean and * 

representing p<0.05 and n equals 4-8 per group. 
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Discussion 

The work described here profiles a previously unappreciated regulatory system 

controlling the branched chain amino acid metabolism pathway and a potential 

explanation for the observation of elevated circulating BCAAs in insulin 

resistance and type 2-diabetes. It has been previously shown that elevated 

circulating BCAAs are one of the best predictive biomarkers for development of 

type 2 diabetes but it has been unclear as to the mechanistic basis of this 

observation (9, 13, 14).   Previous work from Herman et al  (ref 9) has shown that 

reduced uptake of BCAA by adipose tissue may be sufficient to elevate 

circulating BCAA.  However, it is not likely that mitochondrial dysfunction per se 

leads to insulin resistance for in many cases, mitochondrial dysfunction is 

compensated for by increased glycolysis and substrate-level phosphorylation that 

in turn reduces the serum glucose level (34).   

 

To investigate the effect of inflammation on the BCAA pathway we first assessed 

the expression of BCAA metabolism enzymes in adipose tissue from lean and 

obese mice.   The expression of BCAA genes in the epididymal depots of mice 

maintained on a high fat diets were significantly down regulated relative to lean 

control mice whereas those in the inguinal depot were largely unaffected (Figures 

1B, 1C).  The subcutaneous depot exhibited a trend towards down regulation of 

BCAA genes but clearly not to the same extent as does visceral fat.  Similarly, 

3T3-L1 adipocytes treated with the pro-inflammatory cytokine, TNFα and 
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demonstrated a coordinate down-regulation of essentially the entire pathway 

(Figure 2A) and the down regulation was measured in resoponse to other 

inflammatory factors suggesting that inflammation broadly affects BCAA 

metabolism (Figure 2C).  This effect was largely abalated when 3T3-L1s were 

co-treated withTNFα and Bay11-7085 suggesting the observed down-regulation 

is at least in part dependent on the NF-κB pathway (Figure 2E).  Interestingly, 

IFNγ that is made by T cells also down regulated adipocyte BCAA metabolism 

genes indicating that cells other than inflammatory macrophages may play a role 

in affecting adipocyte lipid metabolism (Figure 2C).  Functional analysis of BCAA 

metabolism using [14C]-leucine incorporation into lipid pools corroborated the loss 

of BCAA metabolism with essentially no effect on amino acid incorporation into 

protein (Figures 4D, 4E).  [3H]-leucine uptake is reduced ~ 50% due to down 

regulation of Slc1a5 but even when the data are normalized to uptake, 

conversion of leucine to lipid is dramatically reduced (Figure 4C).  Moreover, 

since increased oxidative stress leads to potentiated carbonylation of BCAA 

pathway enzymes (34), the mechanism of decreased BCAA metabolism is likely 

a combination of both reduced expression and carbonylation of pathway 

enzymes.  Consistent with reduced BCAA uptake but essentially no BCAA 

metabolism, the intracellular pool of BCAA was increased in TNFα treated 

adipocytes.   
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The TNFα-mediated down regulation of mitochondrial metabolism was not 

restricted to the BCAA pathway.  Indeed, our metabolomic analysis of TNFα 

treated 3T3-L1 adipocytes also revealed changes in the TCA cycle intermediates 

(Figure 5C).  Moreover, the expression of several TCA cycle enzymes was down 

regulated at the mRNA level following TNFα treatment (Figure 3A) and each of 

the TCA cycle enzymes is carbonylated under conditions of increased oxidative 

stress (34).  The same pattern of TCA cycle enzymes being down regulated was 

evident in visceral adipose tissue.  It should also be stressed that the key 

enzyme controlling mitochondrial oxaloacetate, pyruvate carboxylase, is 

significantly down regulated in epididymal fat and TNFα treated adipocytes.  

Since pyruvate carboxylase is a key lipogenic enzyme mediating metabolism of 

glucose-derived pyruvate, the results are also consistent with decreased flux of 

glucose into triglyceride in response to inflammation.   However, TCA cycle 

enzyme gene expression is increased in subcutaneous adipose tissue (Figure 

3B) implying that inflammation biases nutrient uptake and metabolism away from 

the visceral depot and towards the subcutaneous depot due to attenuation of de 

novo lipogenesis.   

 

In many systems mitochondrial dysfunction is correlated with an increase in 

endoplasmic reticulum (ER) stress (35, 36).  To determine if ER stress could 

influence mitochondrial dysfunction, specifically BCAA metabolism, via regulation 

of the BCAA metabolism pathway we used both pharmacologic and molecular 
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genetic methods to induce ER stress.  Figure 6 shows that pharmacologic 

activation of ER stress either via inducing the unfolded protein response 

(tunicamycin) or by inhibition of calcium reuptake (thapsagargin) resulted in down 

regulation of BCAA metabolism genes in the 3T3-L1 cell culture system.  

Extending this analysis in vivo, adipose specific overexpression of spliced XBP1 

(FIXs) resulted in down regulation of BCAA genes largely in subcutaneous 

adipose depots where XBP1s is expressed at the mRNA level to the greatest 

extent (Figure 6B).  Interestingly, such mice also exhibit increased plasma 

leucine levels (Deng and Scherer, in preparation), suggesting that ER stress is 

sufficient to cause adipose mitochondrial dysfunction as well as decreased BCAA 

metabolism.  

 

In sum, our results suggest that inflammation regulates BCAA metabolism and 

lipogenesis in visceral adipose tissue.  Furthermore, the results presented 

suggest that within the context of adult fad pad expansion, inflammation limits 

visceral adipose tissue while allowing for continued expansion of the 

subcutaneous depot via depot specific regulation of mitochondrial metabolism.  
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Summary 

Oxidative stress has been implicated in the development of obesity-induced 

insulin resistance and is correlated with down-regulated expression of 

Peroxiredoxin-3 (Prdx3), a primary mitochondrial antioxidant responsible for 

converting mitochondrial hydrogen peroxide to water and oxygen. Silencing of 

Prdx3 (Prdx3KD) in 3T3-L1 adipocytes provides mechanistic insight into the role 

of adipose mitochondrial oxidative stress and insulin resistance. Prdx3KD cells 

showed a two-fold increase in H2O2, decreased insulin signaling, reduced insulin-

stimulated glucose transport, attenuated phosphorylation of the mTORC2 

substrate S473AKT, as well as increased protein side chain oxidation. The 

decrease in glucose uptake can be rescued by pre-treatment with N-acetyl-

cysteine (NAC). These changes in insulin sensitivity occur independently from 

ER stress as revealed by no detectable changes in BIP, phospho-eIF2α or 

phospho-JNK protein. Cysteine oxidation analysis indicates that rictor is highly 

oxidized in Prdx3KD cells and co-immunoprecipitation analysis reveal decreased 

association with mTOR implying reduced activation of the mTORC2. NAC 

treatment of Prdx3KD adipocytes rescued rictor-mTOR complex formation. 

Taken together, these data suggest a novel mechanism whereby increased 

mitochondrial oxidative stress leads to cysteine oxidation of rictor and decreased 

association with mTOR, effectively inhibiting signaling capabilities of mTORC2, 

thus driving insulin resistance. 
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Introduction 

It is well accepted that within obese, insulin resistant, adipose tissue exists a low-

grade, chronic inflammation (1-4). Release of pro-inflammatory cytokines such as 

Tumor necrosis factor alpha (TNFα) from resident macrophages acting on 

adipocytes is known to be a major driver of adipose tissue insulin resistance (5). 

Although cytokines are able to activate several pathways within the cell, the 

induction of mitochondrial dysfunction is a hallmark feature of adipocyte cytokine 

treatment (5-7).  

 

Importantly, mitochondrial dysfunction has been linked to insulin resistance in 

adipose tissue as well as liver and muscle (8-13). Classic markers of 

mitochondrial dysfunction include decreased oxidative phosphorylation capacity 

as wells as increased oxidative stress (10). Although the term oxidative stress 

encompasses many forms of reactive oxidants, the production and signaling 

mechanisms of reactive oxygen species (ROS) are the best characterized. 

Additionally, while cells are capable of producing ROS at many sites, 

mitochondria are thought to be a major contributor (14).  

 

During the process of oxidative phosphorylation electrons are passed between 

complexes of the electron transport chain with the final electron acceptor being 

molecular oxygen, resulting in the formation of water. Under basal conditions a 
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small fraction of electrons, if mishandled, can react with molecular oxygen to 

form superoxide anion.  

 

Within the mitochondria, superoxide anion is quickly metabolized to hydrogen 

peroxide (H2O2) by superoxide dismutase 2 (SOD2). Hydrogen peroxide, a 

relatively stable molecule, if not metabolized to water and molecular oxygen by 

antioxidants, is able to diffuse out of the mitochondria where it can modify redox 

sensitive proteins outside of its immediate environment (2, 15, 16). Hydrogen 

peroxide, even at low levels can modify sulfur atoms of methionine and cysteine 

containing proteins (2). Because cysteine residues are typically found within the 

active site of proteins, their oxidation often renders proteins inactive (17, 18).  

 

Results from our lab suggest that in visceral adipose tissue of obese, insulin 

resistant mice, oxidative stress results from a selective down regulation of 

several key mitochondrial antioxidant enzymes responsible for metabolizing H2O2 

(19). One antioxidant that is consistently down-regulated in vivo is peroxiredoxin-

3 (Prdx3) (19). The peroxiredoxin family of enzymes is made up of six isoforms 

and is one of the most ancient and abundant families of antioxidants in existence 

(20). Peroxiredoxins are capable of reducing peroxynitrite, lipid peroxides as well 

as H2O2 through the oxidation of specific cysteine residues found on each 

isoform (21, 22). PRDX3 is unique in that it is the only antioxidant found to 

localize solely to the mitochondria (23). Whole body knockout of Prdx3 in mice 
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results in increased white adipose tissue accumulation, increased oxidative 

stress, adipokine disregulation and whole body insulin resistance (24). 

Furthermore, transgenic mice over expressing Prdx3 are protected from high fat 

diet induced insulin resistance highlighting the critical role oxidative stress plays 

in preserving insulin sensitivity (24). Moreover, in the adipose tissue of obese, 

insulin resistant humans, Prdx3 is known to be transcriptionally down-regulated 

(26). Although it is clear that Prdx3 plays an important role in maintaining 

metabolic homeostasis, the underlying pathways driving insulin resistance within 

adipose tissue have not been well investigated. Moreover, while inflammation 

induced oxidative stress can result in insulin resistance, it is not known if 

mitochondrial oxidative stress alone is sufficient to induce insulin resistance in 

adipocytes.  

 

By knocking down Prdx3 in 3T3-L1 cells we have generated an adipocyte model 

where mitochondrial dysfunction results in insulin resistance independent of 

inflammation and endoplasmic reticulum stress. Instead, the major driver 

appears to be oxidation and disassociation of the mammalian target of rapamycin 

complex 2 (mTORC2) leading to decreased phosphorylation of S473-AKT, 

decreased glucose uptake and insulin resistance. Importantly, insulin sensitivity 

as well as mTORC2 formation can be restored with pretreatment of NAC, a 

potent antioxidant, pointing to oxidative stress as the major trigger for insulin 

resistance in this model.  
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Methods 

Differentiation of 3T3-L1 adipocytes and insulin stimulation 

3T3-L1 fibroblasts were grown to confluence and differentiated using the 

standard dexamethasone, methylisobutylxanthine, and insulin protocol. 

Differentiation was assessed by triglyceride accumulation and the expression of 

adipocyte marker proteins such as the adipocyte fatty acid-binding protein and 

the peroxisome proliferator-activated receptor gamma. Cells were harvested 

between days 8-10 for assaying. Insulin stimulated cells were serum starved in 

KRH buffer containing 5% BSA for 2 hours on Day 8 post differentiation. Cells 

were stimulated with 100nM insulin was added and incubated for 30 minutes at 

37°C. All wells were harvested in hypotonic buffer containing 0.1% SDS. 

Samples were spun at 100,000g for 1 hour and supernatant collected for protein 

determination.  

 

Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from 3T3-L1 cells and tissue using TRIzol reagent 

according to the manufacturer's protocol (Invitrogen, Grand Island, NY, USA). 

Real-time amplification was performed using a Bio-Rad CFX96 machine using iQ 

SYBR Green Supermix and the recommended thermocycler parameters (Bio-

Rad, Hercules, CA, USA). Gene expression assays were performed for 

glutathione peroxidase 4 (Gpx4), peroxiredoxin 3 (Prdx3), manganese super- 

oxide dismutase (SOD2), Glutathione-S-Transferase 4 (GSTA4). Relative gene 
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expression comparisons were carried out using the –ΔΔCT method and 

normalized to transcription factor 2E (TFIIE) as an endogenous control. 

 

H2O2 measurements  

On day 8 of differentiation 3T3-L1 cells were harvested, sonicated and spun at 

10,000g for 10 minutes in 150ul of 0.25M sodium phosphate buffer containing 

0.1%Triton-X. Supernatant was removed and assay was performed as 

recommended by the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit 

(Invitrogen, Grand Island, NY, USA). 

 

Cellualar and mitochondrial respiration 

Cellular respiration and proton efflux were analyzed using the XF24 Analyzer and 

system software (Seahorse Bioscience, Billerica, MA). 3T3-L1 fibroblasts were 

grown and differentiated in XF24 V7 culture dishes coated with 0.2% gelatin 

(Sigma). On day 8 of differentiation, cells were washed with and switched to 

serum-free modified, no-bicarbonate, low-phosphate DMEM (D5030) 

supplemented with 1× glutamax (Invitrogen), 1 mM sodium pyruvate, 25 mM 

glucose, and 0–1 nM cytokine and allowed to equilibrate for 1 h in a non-CO2 

37°C incubator. After cartridge calibration, cells were placed in the XF24 

analyzer, where cellular oxygen consumption and extracellular acidification rate 

were measured four times under basal conditions and then three times after the 

addition of 2 µM oligomycin through port A, three times after 0.4 µM FCCP 
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addition through port B, and twice after 2 µM antimycin A addition through port C. 

Measurement protocol for each condition was as follows: mix for 2 min, wait for 2 

min, and measure for 2 min. Oxygen consumption rate (pmol/min) and 

extracellular acidification rate (ECAR; mpH/min) data obtained from the 

Seahorse XF24 Software were normalized to the eGFP control cell line. 

 

2-Deoxyglucose uptake assay. 

Cellular uptake of 2-deoxyglucose was assessed in 3T3-L1 adipocytes under 

basal conditions. On day 8, cells were washed in PBS and incubated for 2 h in 

serum-free KRH buffer (10 mM HEPES, 10uM NaCl, 1.2 mM KH2PO4, 1.2mM 

MgSO4, 2mM Sodium Pyruvate, 4.7 mM KCl, 2.2 mM CaCl2, and 0.5% fatty acid 

free BSA, pH 7.4). Cells were then stimulated with 100nM insulin and incubated 

at 37°C and 5% CO2 for 15 minutes. Uptake assay was initiated by adding 2-

deoxyglucose to a final concentration of 100 µM at 0.5 µCi 2-

[3H]deoxyglucose/ml. Cells were incubated for 5 min at 37°C and 5% CO2. 

Uptake was terminated by washing three times with ice-cold PBS. Cells were 

lysed in 1% Triton X-100, and lysate was subjected to scintillation counting. 

Intracellular 2-[3H]deoxyglucose was determined by linear regression of a 

standard curve of known concentrations. 

 

Hemocytometer 
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On day 8 of differentiation cells were trypsinized in 0.5ml Trypsin. Once lifted 1ml 

of complete medium was added to each well. 200uL were transferred to a new 

tube containing 500uL of PBS and 300uL of 0.4% Tyrpan blue. 20uL of this 

sample were then loaded into a hemocytometer and counted. All quadrants were 

counted 2 times for each sample.  

 

Generation of peroxidredoxin 3-silenced adipocytes.  

The 3T3-L1 fibroblasts were transduced with lentivirus carrying short hairpin RNA 

(shRNA) as described previously. The shRNA clone directed toward Prdx3 

(TRCN0000120672) and eGFP control mRNA were purchased from the 

University of Minnesota Genomic Center. The full hairpin sequence used for the 

Prdx3 shRNA: 

CCGGCCACAGGCTTTGTAATTCTAACTCGAGTTAGAATTACAAAGCCTGTGG

TTTTTG.  

 

Aldehyde measurement 

As described previously, cells were homogenized in 50mM sodium acetate buffer 

containing 5mM amino-oxyacetic acid with 250µM BHT and 500µM DTPA at pH 

5.0, spiked with deuterated internal standards and incubated for 1h on ice. 

Samples were vortexed, centrifuged, run over Strata-X-AW columns before 

analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on 
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an AB/Sciex API 4000Qtrap mass spectrometer. Stable-isotope dilution was 

used for quantitation of aldehydes (19).  

 

Glutathione measurements 

Cells were grown in six-well plates as described previously. Cells were washed 

twice in ice-cold PBS, scraped, sonicated and centrifuged prior to the assay. The 

supernatant was collected, deprotonated and assayed for oxidized and total 

glutathione by the Glutathione Assay Kit according to manufacturer’s instructions 

(Cayman Chemical, Ann Arbor, MI). The glutathione levels were normalized to 

protein content determined by bicinchoninic acid assay (Sigma Aldrich, St. Louis, 

MO). 

 

Biotin-switch method for detecting oxidized cysteines 

Mitochondria were isolated from cells by differential centrifugation as described 

previously (25). Oxidized cysteines were labeled using a modified protocol from 

what was described previously (26). Briefly, proteins were precipitated with 20% 

TCA, resuspended, free thiols blocked with n-ethylmaleimide (Sigma Aldrich, St. 

Louis, MO), reduced with sodium arsenite, labeled with biotin-maleimide (Sigma 

Aldrich, St. Louis, MO), separated by SDS-PAGE and detected using IR-

conjugated streptavidin (Li-Cor Biosciences, Lincoln, NE). 
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Results 

Obesity induced insulin resistance results in decreased mitochondrial antioxidant 

transcript levels. Studies in our lab have shown that adipose tissue from multiple 

mouse models of obesity induced insulin resistance show a selective 

transcriptional down regulation of the mitochondrial antioxidants. Mitochondrial 

antioxidants Glutathione S-transferase alpha 4 (Gsta4), Prdx3, Glutathione 

peroxidase 4 (Gpx4) and Aldehyde dehydrogenase 2 (Aldh2) were all down 

regulated in visceral adipose tissue of both high fat fed C57Bl/6J mice as well as 

ob/ob mice (Fig. 1A and 1B). On the other hand, cytoplasmic isoforms of these 

antioxidants showed little to no change in expression levels (data not shown). 

Additionally, treatment of 3T3-L1 adipocytes with either dexamethasone (DEX) or 

TNFα, two commonly used methods to induce insulin resistance in adipocytes, 

revealed a similar transcriptional down-regulation.  

 

DEX treatment resulted in significant down regulation of Sod2, Gpx4 and Gsta4 

(Fig. 1C) while TNFα induced down-regulation of Prdx3, Gpx4, Aldh2 and Gsta4 

as well as an increase in Sod2 (Fig. 1D). Together the animal and cellular data 

suggest that under insulin resistant conditions the mitochondria may be 

generating a significant pool of reactive oxygen species (ROS) due to depletion 

of antioxidant capacity. Furthermore, the increased expression of Sod2 coupled 

to decreased expression of Prdx3, Gpx4, Aldh2 and Gsta4 suggests that H2O2 

could be the ROS accumulating in highest concentration. Hypothesizing that   



 

 151 

 

 

 

 

 

Figure 1 – Obesity and inflammation down-regulate the expression of 

mitochondrial antioxidants. Expression of mitochondrial antioxidants in A) 

epididymal white adipose tissue from 12 week mice fed a high fat diet for 8 

weeks, B) epididymal white adipose tissue from ob/ob mice, 3T3-L1s treated with 

C) dexamethasone or D) TNFα 
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mitochondrially derived ROS could drive insulin resistance independent of 

inflammation, we developed a knockdown cell line of Prdx3, the primary 

mitochondrial antioxidant responsible for metabolizing upwards of 90% of 

mitochondrially derived H2O2.  

 

Prdx3KD cells differentiate normally, show an increases in cell number with 

decreased diameter. Prdx3 silenced 3T3-L1 adipocytes show a significant 

decrease in both transcript and protein levels of Prdx3 compared to their controls 

(Fig. 2A). Additionally, Prdx3KD differentiate normally showing similar protein 

levels of both peroxisome proliferator-activated receptor gamma (PPAR-γ) and 

adipocyte fatty acid binding protein (AFABP) between cell lines (Fig. 2B). Oil-red-

O staining of intracellular lipids show similar accumulation of triglyceride within 

the adipocytes (Fig. 2C). It is known that adipocyte differentiation and cell 

division is modulated by increases in oxidative stress. Interestingly, Prdx3KD 

cells showed an increase in cell number as well as a decrease in adipocyte 

diameter on day 8 of differentiation. Using two independent methods to quantify 

cell number, a hemocytometer and a cellometer, both confirm an increase in cell 

number in Prdx3KD cells compared to control (Fig. 2D). Moreover, cell diameter 

measurements taken by the cellometer reveal a decrease in cell size in the 

Prdx3KD cells (Fig. 2E).  

  



 

 153 

 

Figure 2 – Prdx3 KD 3T3-L1 characterization. Expression of Prdx3 at a A) 

mRNA and B) protein level post knockdown with shRNA. B) Adipocyte 

differentiation controls on day 8 post differentiation. C) Morphology of Prdx3 KD 

cells on day 8 post differentiation. D) Lipid accumulation measured by Olio Red 

O staining. E) Cell number and F) size of differentiated Prdx3 KD 3T3-L1 cells 
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Prdx3KD adipocytes display increased oxidative stress. Prdx3 is the primary and 

most potent antioxidant responsible for metabolizing H2O2 within the 

mitochondria. Therefore, as expected, silencing Prdx3 in 3T3-L1 adipocytes 

results in increased H2O2 levels detected using Amplex Red (Fig. 3A). 

Differentiated Prdx3KD adipocytes display an approximately two-fold increase in 

H2O2 concentration present in whole cell lysate compared to control cells. 

 

Importantly, knockdown of Prdx3 did not change the antioxidant expression of 

Sod2, Gpx4 or Gsta4 (Fig. 3B). Additionally, Prdx3KD cells also displayed an 

increase in oxidized glutathione, a common marker of oxidative stress (Fig. 3C). 

Because H2O2 was increased we hypothesized that other downstream reactive 

species would be increased as well. It has been well established in our lab that 

H2O2 in the presence of ferrous iron can react to form the hydroxyl radical. 

Oxidation of lipids by the hydroxyl radical can ultimately form a family of reactive 

α,β-unsaturated aldehydes capable of covalently modifying proteins through a 

process termed protein carbonylation. Indeed, Prdx3KD cells showed an 

increase in free aldehyde levels compared to control. Using mass spectrometry 

we detected increased free levels of the highly reactive aldehyde, 4-hydroxy-

hexnal (4-HHE) in Prdx3KD cells (Fig. 3D). Although free 4-HHE levels were 

significantly elevated in the Prdx3KD cells, free levels of 4-hydroxy-nonenal (4-

HNE) were not changing nor could we detect changes in protein carbonylation 

using an antibody against 4-HNE (Fig. 3E).  
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Figure 3 – Oxidative stress in Prdx3 KD adipocytes. A) H2O2 levels in Prdx3 

KD adipocytes. B) Expression of mitochondrial antioxidants in Prdx3 KD 

adipocytes. C) Ratio of oxidized and reduced glutathione levels in Prdx3 KD 

adipocytes. D) Free α,β-unsaturated aldehyde levels and E) carbonylated 

proteins in Prdx3 KD adipocytes  
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Prdx3KD results in mitochondrial dysfunction. It is now well accepted that 

oxidative stress is a precipitating factor contributing to mitochondrial dysfunction. 

Prdx3 cells exhibit many common defining features of mitochondrial dysfunction. 

Mitochondrial respiration was assessed in intact, differentiated adipocytes using 

Seahorse and XF Analyzer. Real time measurements of OCR revealed 

deficiencies in both maximal respiration and coupled respiration in intact 

Prdx3KD cells compared to control (Fig. 4A and 4B).  

 

In addition to decreases in coupled and maximal respiration, Prdx3KD cells 

display an increase in membrane potential as measured using the membrane 

potential dependent dye tetramethylrodamine methyl ester (TMRM). 

Accumulation of TMRM in the mitochondria is associated with decreased 

mitochondrial function and respiration (Fig. 4C). Prdx3KD cells also display an 

approximately seven-fold increase in lactate secretion into the media compared 

to control cells. GLUT1 up-regulation is another typical characteristic of cell 

exposure to oxidative stress. Consistent with this, Prdx3KD cells show a modest 

increase in intracellular GLUT1 protein expression compared to control cells (Fig. 

4E).  

 

Silencing of Prdx3 results in insulin resistance that can be rescued with NAC. 

Loss of Prdx3 in 3T3-L1 adipocytes resulted in decreased propagation of the 

insulin signaling cascade. Western blotting analysis revealed deficiencies in the   
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Figure 4 – Mitochondrial function and morphology in Prdx3 KD adipocytes. 

A, B) Mitochondrial respiration of control and Prdx3 KD adipocytes as measured 

by a Seahorse XF24 Analyzer. C) GLUT1 protein expression and D) lactate 

production in Prdx3 KD adipocytes. E) Mitochondrial membrane potential, F) 

mitochondrial morphology and G) structure in Prdx3 KD and control adipocytes.  
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phosphorylation of S473-AKT (Fig 5A and 5C) as well as increased basal and 

stimulated phosphorylation of S307-IRS1 (Fig5A and 5B). Prdx3KD cells 

exhibited a significant decrease in total protein levels of IRS1 under basal and 

stimulated conditions (Fig 5B). Previous work has shown that phosphorylation of 

S307-IRS1 can occur as a result of increases in oxidative stress (27). 

Additionally, because S307-IRS1 targets it for degradation, decreases in total 

protein levels of IRS1 is expected (27). No significant changes in basal or 

stimulated T308-AKT phosphorylation were observed. Furthermore, visceral 

WAT from mice fed a high-fat diet displayed decreased phosphorylation on both 

S473-AKT and T308-AKT in the basal and insulin stimulated conditions (Fig 5D). 

 

Additionally, insulin stimulated glucose uptake in Prdx3KD cells was also 

impaired. Prdx3KD cells show impairments in glucose uptake following insulin 

stimulation (Fig 5F). No changes in basal glucose uptake were seen between cell 

lines although increases in both Glut1 expression and protein were seen in 

Prdx3KD cells (Fig 4C). Excitingly, twenty-four hour pretreatment with NAC, a 

commonly used antioxidant capable of metabolizing oxidants as well as 

replenishing glutathione pools, showed complete rescue of the glucose uptake in 

Prdx3KD cells (Fig 5F).  

  



 

 159 

 

 

Figure 5 – Decreased insulin signaling in Prdx3 KD adipocytes A) Insulin 

signaling as measured by IRS and AKT phosphorylation and B) quantitation of 

western blots in Prdx3 KD and control adipocytes. D) Insulin signaling in 

epididymal adipose tissue from mice fed a chow or high fat diet with and without 

insulin stimulation and E) quantitation. F) Insulin stimulated glucose uptake in 

Prdx3 KD and control adipocytes.  
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Insulin resistance is not a result of endoplasmic reticulum stress (ER-stress) or 

the mitochondrial unfolded protein response (mito-UPR). It is well established 

that mitochondrial dysfunction and ER-stress are two major drivers of insulin  

resistance in many cell types. Interestingly, although Prdx3KD cells are insulin 

resistant and display mitochondrial dysfunction, they are occurring independent  

of ER-stress activation. No changes in the canonical ER-stress markers binding 

immunoglobulin protein (BIP), phospho-eukaryotic translation factor 2A (eIF2α), 

phospho-c-Jun N-terminal kinase (JNK) or adiponectin secretion were noted in 

KD cells lines compared to control (Fig 6A). Moreover, Prdx3KD cells show no 

transcriptional activation of activating transcription factor 6 (ATF6), Activating 

transcription factor 4 (ATF4) and spliced X-box protein 1 (sXBP1), common 

downstream markers of ER-stress (Fig 6B). 

 

Additionally, although Prdx3KD cells exhibit mitochondrial dysfunction it is not 

sufficient to induce the mitochondrial unfolded protein response (mito-UPR). Two 

markers of the mito-UPR, CLP protease (CLPP) and LON protease (LONP) 

showed no difference in protein levels in KD cells compared to control (Fig 6C 

and 6D). Together these data suggest that the insulin resistance induced by 

Prdx3KD is not a result of activation of either ER-stress or the mito-UPR.  

 

Insulin resistance is driven by decreased mTORC2 formation and activity. 

Prdx3KD cells show no difference in T308-AKT phosphorylation between cells   
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Figure 6 – Prdx3 KD adipocytes do not exhibit ER stress or mtUPR. A) 

Protein and B) mRNA expression of markers of ER stress in Prdx3 KD and 

control adipocytes. C) Western blot and D) quantification of protein markers of 

mtUPR in Prdx3 KD and control adipocytes. 
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lines, however Prdx3KD cells do show decreases phosphorylation at S473 

similar to what is seen in obese, insulin resistant mice. mTORC2 is responsible 

for phosphyrlating AKT at S473. Therefore decreased S473-AKT suggests  

impaired mTORC2 activity. Previous work perfomed in liver suggests that 

mTORC2 stability and complex formation may be sensitive to hydrogen peroxide.  

Co-immunoprecipitation assays revealed decreased association between two 

major components of the mTORC2, Rictor and mTOR in both Prdx3KD cells (Fig 

7A) as well as in high-fat fed animals (Fig 7C) compared to their respective 

control. Importantly we found that twenty-four hour pretreatment with NAC was 

able to rescue complex formation in the Prdx3KD cell lines (Fig 7B) suggesting 

that increases in ROS was driving insulin resistance by destabilizing mTORC2 

formation. 

 

Oxidation of Rictor results in dissociation of mTORC2. Because Prdx3KD cells 

exhibit increased oxidative stress, we hypothesized that protein oxidation could 

be one mechanism by which insulin resistance was being induced. Two 

independent methods to evaluate cysteine oxidation, biotin-switch and dimedone 

labeling were both used to identify cysteine residues on proteins that have been 

oxidized to sulfenic acids. Both methods were capable of identifying increases in 

protein oxidation within the Prdx3KD cell line. Western blotting with an antibody 

against oxidized proteins labeled with biotin (biotin-switch) revealed an increase 

in oxidized proteins within the mitochondria in Prdx3KD cells (Fig 7D).   
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Figure 7 – Prdx3 KD induces protein oxidation and mTORC2 disruption. A) 

Co-immunoprecipitation of mTOR and Rictor in Prdx3 KD and control adipocytes 

basally or B) with NAC treatment and C) from mice fed a chow or high-fat diet. D) 

Mitochondrial cysteine oxidation as measured by biotin-switch in Prdx3 KD and 

control adipocytes. E) Rictor oxidation in Prdx3 KD and control adipocytes.  
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Furthermore, detection of oxidized proteins labeled with dimedone in whole cell 

lysates also confirm an increase in protein oxidation as well in the Prdx3KD cells 

(data not shown).  

 

Because we hypothesize that oxidation of mTORC2 is responsible for the 

decrease in complex formation we investigated the oxidation status of rictor, a 

major subunit, and one thought to be critical in complex formation in mTORC2. 

Immunoprecipitation of dimidone labeled rictor revealed increased oxidation of 

rictor in Prdx3KD cells compared to control (Fig 7E). Together these data support 

the hypothesis that oxidation of rictor results in dissociation and activity of 

mTORC2 ultimately leading to insulin resistance in Prdx3KD cells.  
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Discussion 

The aim of this work was to evaluate the role of oxidative stress and its 

contribution to insulin resistance in within adipocytes. Previously, and more 

comprehensively here, it has been shown that obesity induced insulin resistance 

results in a mitochondrial specific antioxidant down-regulation (19). More 

specifically, both high-fat fed mice as well as ob/ob mice, two well-characterized 

models of obesity induced insulin resistance show a mitochondrial specific, 

antioxidant, transcriptional down-regulation. Additionally, treatment with either 

TNFα or DEX, two different cell culture models of insulin resistance in 3T3-L1 

adipocytes, mimicked similar down-regulation in mitochondrial antioxidants 

(Figure 1). One antioxidant that is consistently downregulated in multiple models 

of insulin resistance in adipocytes is Prdx3 (19). Whole body knockout of Prdx3 

results in insulin resistance characterized by decreased glucose tolerance and 

insulin sensitivity (30). On the other hand, transgenic mice overexpressing Prdx3 

are protected from high-fat diet induced decreases in glucose tolerance and 

insulin sensitivity (24). Importantly, these data not only point to the mitochondria 

as an important generator of ROS, but also highlight the importance of Prdx3 and 

its contribution to whole body insulin sensitivity 

 

Because oxidative stress is a hallmark feature of obese, insulin resistant adipose 

tissue, we were interested in identifying important metabolic pathways that are 

regulated by oxidative stress, independent of inflammation, within the adipocyte 
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itself. Knockdown of Prdx3 in adipocytes provides a tool to mechanistically study 

the effects of mitochondrially generated oxidative stress on adipocyte insulin 

sensitivity. Importantly our results show that silencing Prdx3 in adipocytes results 

in increased oxidative stress and insulin resistance mediated by decreased 

mTORC2 activity and subsequent decreases in S473-AKT phosphorylation.  

 

Differentiated 3T3-L1 adipocytes from Prdx3KD cells have a two-fold increase in 

intracellular H2O2 level (Fig 3A). Additionally, Prdx3KD cells exhibit increased 

oxidized-to-reduced glutathione levels and increased levels of the basal glucose 

transporter, GLUT1 (Fig 4C). GLUT1 up-regulation is a hallmark characteristic of 

exposure to oxidative stress (28, 29). It is known that H2O2 is capable of 

activating transcription factors that function to up-regulate the transcription of 

stress sensitive genes like GLUT1 (29). Moreover, Prdx3KD cells exhibit 

deficiencies in mitochondrial function. Whole cell measurements of oxygen 

consumption revealed deficits in maximal respiration and ATP turnover, two 

common features of mitochondrial dysfunction (Fig 4A). Together these data 

provide evidence that Prdx3KD is sufficient to induce oxidative stress and 

mitochondrial dysfunction within adipocytes that is similar to what is seen in other 

obesity induced, insulin resistant models. 

 

In addition to mitochondrial dysfunction knockdown of Prdx3 also leads to 

decreased insulin stimulated glucose uptake as well as impairments in the insulin 
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signaling cascade (Figure 5). Interestingly, because mitochondrial dysfunction, 

ER-stress and insulin resistance occur simultaneously in many models of insulin 

resistance, we hypothesized that Prdx3KD would result in activation of ER-stress 

as well (30-32). However, we were unable to detect any activation of the 

canonical ER-stress markers at a transcript or protein level (Figure 6). In 

addition, we do not see increased cleavage of caspase-3, a commonly used 

marker of apoptosis (data not shown) nor changes in adiopnectin secretion, a 

maker of both ER-fitness as well as adipocyte function. Together these data 

suggest that the ER is functioning properly, is not accumulating misfolded 

proteins and therefore is not eliciting an unfolded protein response. These data 

also point away from ER-stress and towards aberrations in alternative pathways 

that could be explain the deficiencies in insulin stimulated glucose uptake seen in 

the Prdx3KD cells.  

 

Insulin signaling within muscle, adipose and liver has been studied for decades. 

It is well known that following insulin stimulation, AKT becomes phosphorylated 

at two distinct sites S473 and T308 (33, 34). PDK1, the kinase responsible for 

phosphorylating AKT at the T308 site has been extensively studied (35, 36). 

However, the kinase responsible for phosphorylation at S473 was only recently 

identified (34). In their landmark paper, Sarbassov et al. identified mTORC2 as 

the complex responsible for phosphorylating AKT at S473.  
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mTORC2 is a large, cytoplasmic protein complex made up of mTOR, rictor and 

SIN1 (37). mTOR belongs to a family of protein kinases termed 

Phosphatidylinositol-3-kinase-related kinases (PIKK) which function by 

phosphorylating proteins on serine and threonine residues (38). Additionally, 

rictor and SIN1 both play important roles in maintaining mTORC2 stability and 

activity (39-41). Although whole body knockouts of rictor, SIN1 or mTOR are 

embryonic lethal, adipose specific deletion, as well as muscle specific deletion, of 

rictor is characterized by insulin resistance, hyper-insulinemia, decreased S473-

AKT phosphorylation, GLUT4 translocation and glucose uptake (39, 40, 42-46). 

Together these data point to rictor as a major regulator of mTORC2 activity and 

ultimately insulin sensitivity itself. Because phosphorylation at S473-AKT, a site 

required for full activation of AKT and glucose uptake, is decreased in the 

Prdx3KD cells we hypothesized that mTORC2 activity within these cells was 

decreased. 

 

Complex formation of mTORC2 plays an important role in maintaining the kinase 

activity required to phosphorylate S473-AKT. Previous experiments suggest that 

deletion of either rictor or SIN1 results in decreased mTORC2 activity as a result 

of decreased complex association (41, 47). Co-immunoprecipitaiton experiments 

in Prdx3KD cells revealed decreased association between mTOR and rictor 

suggesting impaired complex formation (Fig 7A). Importantly, mTORC2 formation 

can be rescued following a twenty-four hour pretreatment with NAC. NAC is an 
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antioxidant that is known to decrease oxidative stress by directly metabolizing 

reactive oxygen species as well as replenishing glutathione levels. Moreover, in 

Prdx3KD cells NAC is also able to rescue the deficit seen in insulin stimulated 

glucose uptake (Fig 7B). Rescue of both mTORC2 formation and insulin 

stimulated glucose uptake in the Prdx3KD cells provides evidence in support of 

the hypothesis that oxidative stress is driving insulin resistance, at least in part, 

through decreased mTORC2 formation.  

 

Importantly work from Wang et al. reveal similar results showing that hepatic 

Sirt1 deficiency in mice resulted in increased oxidative stress, insulin resistance 

and decreased association of mTORC2 within the liver (48). This paper was the 

first to suggest that increases in ROS production could result in disruption of 

mTORC2, inhibiting is ability to phosphorylate AKT, thus driving insulin 

resistance (48). Once mechanism by which ROS could lead to disruption of 

mTORC2 formation is through cysteine oxidation.  

 

Within proteins, cysteine residues make up approximately 2% of amino acid 

residues (49). Although underrepresented, cysteine residues are many times 

found within active sites of proteins and their oxidation can render proteins 

inactive (50). Additionally, it is estimated that 10% of cysteine residues are redox 

sensitive (2).  
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Two different methods for detecting cysteine sulfenic acids, biotin-switch and 

dimedone labeling, revealed increases in protein oxidation within whole cell 

lysates as well as isolated mitochondria in Prdx3KD cells compared to control 

(Fig 7D). Both dimedone labeling as well as the biotin-switch method are used to 

identify cysteine residues on proteins that have been oxidized to sulfenic acids 

(51-53). Although we can detect changes in protein oxidation by western blot, 

these methods do not allow for assessment of what specific proteins are being 

oxidized. Because rictor is known to modulate complex formation of mTORC2 we 

investigated the possibility that rictor oxidation could be destabilizing mTORC2, 

decreasing complex formation and is ability to phosphorylate AKT at S473.  

 

Compared to mTOR and SIN1, rictor, with 37 cysteines, contains the highest 

percentage of cysteine residues, 2.1% compared to 1.4% and 1.7% respectively. 

Interestingly, amino-acid alignment of rictor between humans and mice revealed 

that all 37 cysteines are conserved, suggesting evolutionary importance. In 2002, 

TOR2 components, were identified in budding yeast (54). The TORC2 found in 

yeast contains proteins, Tor, the mTOR orthologue, Avo1, the SIN1 ortholouge, 

as well as Avo3, the rictor ortholouge (54). Sequence analysis within conserved 

domains of rictor revealed one conserved cysteine residue, C728, between yeast 

and humans. Although interesting, further experimentation is needed to 

speculate on the importance of this conserved residue. In the future it will be 

interesting to determine the cysteine residues on rictor that are oxidized in the 
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Prdx3KD cells. Additionally, future site directed mutagenesis experiments could 

potentially reveal important cysteine residues required for either protein-protein 

interaction or catalytic function of mTORC2.  

 

In summary, our results highlight the importance of Prdx3 in regulating the 

oxidative stress environment in adipocytes. These data together support a 

mechanism where increased H2O2 levels can drive insulin resistance through 

destabilization of mTORC2 ultimately resulting in decreased glucose uptake. 

Furthermore, our studies have identified rictor, a critical component of mTORC2, 

as one protein that becomes selectively oxidized in the Prdx3KD cells. Although 

it is unclear at this point, which residues are being oxidized, this observation 

provides insight into potentially novel molecular mechanism contributing to insulin 

action.  
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The rise in the obesity epidemic over the last 50 years is responsible for the 

massive increase in obesity-related healthcare expenditures that account for 

more than $114 billion annually in the United States (1). This represents costs 

only associated with obesity, not obesity-linked diseases that make up the 

metabolic syndrome. This rise in obesity is due to the average caloric intake 

being increased by 20% with no equivalent rise in energy expenditure (2, 3). This 

results in significant health risks such as cardiovascular disease, hepatic 

steatosis and type 2 diabetes. Weight loss provides improvements to metabolic 

health, however many people struggle with maintaining healthy body weights. 

For these people, one possible option is pharmacologic treatment. In order for 

effective therapies to be developed, a mechanistic understanding of the 

pathways behind metabolic syndrome is critical. 

 

Whole body insulin sensitivity relies on coordination among metabolic tissues, 

such as β-cells, adipose tissue, liver and muscle. The adipocentric model sets 

forth the idea that adipose tissue biology is central in the development of obesity-

linked diabetes. This dissertation has investigated the role of inflammation and 

oxidative stress in mitochondrial dynamics, metabolism and insulin signaling. The 

foundations of this work came from the studies on GSTA4 and its role in obesity-

linked inflammation and mitochondrial function (4, 5). My research goals were 

two-fold; to identify how inflammation affects metabolism and mitochondrial 

function and to identify how mitochondrial ROS lead to the development of insulin 
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resistance. The hypothesis was that inflammation induced mitochondrial 

dysfunction resulting in increased oxidative stress and that this oxidative stress 

resulted in decreased metabolic function and insulin signaling. 

 

The high-fat fed mouse has been ideal to study the adipocentric model of the 

development of insulin resistance as the visceral fat displays many signs of 

oxidative stress and is highly inflamed. However, this provides challenges in 

studying the mechanism behind insulin resistance as there are many 

compounding signaling pathways all active at once. In order to dissect this 

model, various 3T3-L1 adipocyte cell models can be used. 

 

TNFα is a pro-inflammatory cytokine within adipose tissue that has been studied 

for many years. The cytokines IL-6 and IL-1β, have been studied much less (6). 

As outlined in chapter two, TNFα and the interleukins, IL-6 and IL-1β, have 

distinct effects on the adipocyte and the mitochondria. TNFα induces ROS 

formation and carbonylation whereas IL-6 and IL-1β do not (Chapter 2, Fig 3). 

Furthermore, TNFα uniquely led to mitochondrial fragmentation (Chapter 2, Fig 

6). Interestingly, the pro-inflammatory cytokines all led to a decrease in 

expression of the genes involved in mitochondrial biogenesis (Chapter 2, Fig 5A) 

and Gsta4 (Burrill data – unpublished). Changes to mitochondrial function, like 

what was seen with TNFα, perpetuate free radical production.  
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Obesity decreases the expression of the mitochondrial antioxidants (7). The data 

presented in Chapter 4, Fig 1 take this a step further and show that TNFα is 

capable of recapitulating the effect seen in obesity. In order to fully understand 

the role of oxidative stress in the adipocyte, ROS generation had to be decoupled 

from inflammation. The Prdx3 KD model is ideal for this type of study as it has 

increased levels of ROS and oxidative damage (Chapter 4, Fig 3 and 7D). 

mTORC2 is responsible for phosphorylation of Ser473 of AKT (8). The reduction 

of insulin signaling seen with obesity and oxidative stress tie directly to mTORC2 

activity as phosphorylation levels of Ser473 on AKT are decreased (Chapter 4, 

Fig 5). This decrease in mTORC2 activity can be attributed to decreased 

complex formation through the oxidation of Rictor (Chapter 4, Fig 7). This 

provides a mechanism by which oxidative stress, independent of inflammation, 

can lead to the development of local adipose insulin resistance. 

 

The role of inflammation obesity in controlling metabolism has been less well 

characterized for pathways outside of oxidative phosphorylation, such as BCAA 

metabolism. Circulating BCAAs are the best predictive biomarker of development 

of T2D, even preceding whole body insulin resistance (9). Adipose tissue has 

recently been identified as a major contributor to BCAA metabolism (10). 

Furthermore, the BCAA metabolism pathway is highly carbonylated in models of 

oxidative stress (5). The data presented in Chapter 3 show the role of 

inflammation in inhibiting BCAA metabolism in the adipocyte. This suggests that 
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during the development of obesity, BCAA uptake and metabolism in visceral 

adipose tissue is decreased due to the infiltration of macrophages. This reduction 

in uptake and metabolism could be responsible for the increase in circulating 

BCAAs observed with obesity and insulin resistance. 

 

There are several interesting directions in which future work could proceed. Much 

has been studied about the role of carbonylation in the development of 

mitochondrial dysfunction, however direct protein oxidation has not been as 

highly characterized. As identified in Chapter 4, Rictor is oxidized leading to 

disrupted mTORC2 formation and decreased signaling. However, the site of 

oxidation is still unknown. To investigate this further, mass spectrometry can be 

used to identify the specific cysteine residues that are modified. Once the site of 

modification is identified, specific cysteine mutants can be made and re-

expressed into 3T3-L1 cells to analyze its role in controlling mTORC2 function. 

 

Additionally, there is a clear rise in protein oxidation with increases in oxidative 

stress (Chapter 4, Fig 7). The role of this modification has not been extensively 

studied. Using a labeling approach with sulfenic acid reactive probes, 

immunoprecipitation is possible for enrichment of those proteins and/or peptides 

that are oxidized. Subsequent mass spectrometry should allow for potential 

identification of redox sensitive proteins that play a role in central metabolic 
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processes. This identification could provide new targets for investigation for how 

oxidative stress induces insulin resistance. 

 

BCAA metabolism is a critical mitochondrial metabolism pathway that provides a 

distinct biomarker of visceral adipose tissue dysfunction when altered in a whole-

body context. This work investigated the role of inflammation in controlling BCAA 

uptake and metabolism in the adipocyte. However, further studies on the role of 

carbonylation in controlling this metabolic process could identify mechanisms of 

how inflammation and oxidative stress directly modulate metabolic pathways.  

 

The culmination of this work portrays inflammation as a modulator of metabolism 

and oxidative stress as a cause of insulin resistance. The increased ROS 

production observed with TNFα is responsible for the increased oxidative 

damage observed with obesity. The increased oxidative stress leads to 

decreased mTORC2 formation and reduced S473 phosphorylation on AKT, and 

decreased insulin sensitivity. These studies for the first time have shown how 

inflammation causes insulin resistance through an oxidative stress-dependent 

mechanism.  
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