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ABSTRACT 

 

Obesity is a major public health problem, and a leading risk factor for cardio-metabolic disorders, 

including insulin resistance, which underlies many obesity-related diseases.  Although most adults 

with obesity are insulin resistant, some are relatively insulin sensitive, with minimal obesity-

related disease risk-factors.  Mounting evidence suggests that differences in the regulation of fatty 

acid (FA) release from abdominal subcutaneous adipose tissue (aSAT), as well as alterations in 

the regulation muscle lipids may be important contributors to the variability in insulin sensitivity 

in this population.  Additionally, although some of the important health benefits of exercise, 

including enhanced insulin sensitivity, have been attributed to changes in muscle lipid metabolism, 

the effects of exercise muscle lipid regulation remain unclear.  The overall aims of this dissertation 

were to examine the integrated relationship between skeletal muscle insulin sensitivity with aSAT 

morphology and metabolism, as well as to assess the effects of exercise on muscle lipid regulation.  

In Project 1, we found that in a cohort of 66 adults with obesity, insulin-mediated suppression of 

FA rate of appearance in the circulation (FA Ra suppression) was the strongest predictor of insulin-

mediated glucose uptake (r=0.51, p<0.01).  Importantly, proteomics analysis revealed that fibrotic 

content in aSAT may be an important contributor in determining the FA release in response to 

insulin.  We also found those with low FA Ra suppression had a relatively high concentration of 

long-chain acylcarnitines (p=0.02) and triacylglycerol (p<0.01) in skeletal muscle, suggesting that 

persistent elevations in FA availability in those with low FA suppression in response to insulin 

may unfavorably impact muscle lipid profile.  Project 2 expanded on these findings from Project 

1 by demonstrating insulin resistance was accompanied by increased accumulation of large-sized 

lipid droplets (LD) in close proximity to the plasma membrane of the myocyte, which may 

contribute to insulin resistance.  In Project 2 we also found that our insulin resistant cohort 

exhibited blunted interaction between the insulin receptor and key regulatory proteins (cluster of 

differentiation factor 36 [CD36] and Fyn), which was accompanied by impaired insulin signaling 

downstream of the insulin receptor.  In Project 3, we examined the effect of 12 weeks of exercise 

training (comparing high-intensity interval training [HIIT] and moderate-intensity continuous 



 xii 

training [MICT]) on changes in the size and number of LDs in skeletal, as well as their distribution 

in either the intramyofibrillar (IMF) or subsarcolemmal (SS) regions of the myocyte.  Training 

(both HIIT and MICT) increased intramyocellular lipid content (p<0.01), and this expansion in 

muscle lipid content was attributed to an increased number of LD per µm2 (p<0.01) specifically 

within the IMF region of the myocyte.  Findings from Project 3 also suggest that selective LD 

degradation (“lipophagy”) may be upregulated the day after a session of exercise, but this response 

appeared to be transient because our measure of lipophagy was no longer elevated when measured 

4 days after a session of exercise.  Interestingly, despite the robust difference in exercise stimulus 

between MICT and HIIT, the effects of these exercise programs on intramyocellular LDs were 

remarkably similar.  Overall, findings from my dissertation sheds light on an important cross-talk 

between adipose tissue and skeletal muscle, by which FA release from adipose tissue can alter 

muscle lipid regulation, as well as impair insulin sensitivity, and exercise can modify how (and 

where) muscle lipids are stored.   
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Chapter I  

 

Statement of the Problem 

 

Obesity prevalence in the United States has been increasing at an alarming rate, with over 

40% of the population now considered obese (1-3). Obesity is a major modifiable risk factor for 

cardio-metabolic diseases, including coronary heart disease (4) and type 2 diabetes mellitus 

[T2DM] (5).  Obesity is caused by a multitude of factors largely attributed to lifestyle and genetic 

influences, contributing to annual direct medical costs of over $300 billion for treating obesity-

related diseases in the United States (6, 7), and over $2,500 per individual with obesity (8).  Insulin 

resistance (i.e., impaired response to a physiological dose of insulin) is very common in obesity, 

and is known to underlie many of the aforementioned obesity-related diseases (9, 10) as well as 

many other obesity-related health complications, such as, chronically elevated hepatic glucose 

production, excessive lipolytic rates from abdominal subcutaneous adipose tissue (aSAT), and 

impaired skeletal muscle glucose uptake (11-15).  Although the vast majority of obese adults are 

insulin resistant, there remain some obese adults who appear to be largely ‘protected’ from 

developing insulin resistance.  Epidemiological studies suggest that approximately 10-30% of 

obese adults may be classified as ‘metabolically healthy’, with lower cardiometabolic disease risk 

(16-20).  Therefore, along with advancing knowledge about factors underlying metabolic 

abnormalities in the large proportion of obese adults who are unhealthy, expanding our 

understanding about factors that help ‘protect’ those obese adults from developing insulin 

resistance will provide novel insight towards future therapies aimed to limit metabolic 

complications caused by excess weight gain. 

Adipose tissue, once considered a relatively benign tissue of energy storage, is now known 

to be a key factor regulating whole-body metabolism and metabolic health (21, 22).  Limitations 

in the capacity for aSAT to ‘expand’ and store lipid in a state of chronic nutrient excess (i.e., 

obesity), often results in an excessive release of fatty acid (FA) from aSAT into the systemic 
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circulation (23), which is an important factor underlying obesity-related insulin resistance (24-29). 

The high systemic FA availability and resultant uptake into metabolically impactful tissues such 

as skeletal muscle and liver can lead to a relatively large accumulation of fat in these tissues 

(ectopic lipid deposition), which is a key contributor to the development of insulin resistance (27, 

30-37).  Although chronically elevated FA mobilization rates into the circulation are very common 

in obesity, rates of lipolysis and/or FA release from aSAT can vary considerably among obese 

individuals (24, 26, 38).  Recent data from our lab demonstrated that obese participants who 

maintained relatively low basal rates of FA mobilization (i.e., had enhanced capacity to store and 

sequester FAs in aSAT) were ‘protected’ from insulin resistance, and maintained normal insulin-

mediated glucose uptake in skeletal muscle (26).  However, the factors responsible for these 

subjects’ enhanced ability to sequester more FAs in aSAT were not completely resolved (26).  The 

robust suppression of FA mobilization by insulin has also been found to be a strong predictor of 

sensitivity to insulin-mediated glucose uptake in skeletal muscle (24, 29, 39).  Additionally, aSAT 

structure and regulation of FA release and storage are important features underlying variability in 

the rates of lipolysis and FA mobilization from aSAT (40-44).  In my dissertation, I hypothesized 

differences in aSAT structure (e.g., fat cell size and fibrosis) can play a key role underlying the 

inter-individual variation in FA release into the circulation from adults with obesity – and thereby 

may be an important determinant in maintaining whole-body insulin sensitivity and metabolic 

health. In addition, differences in the release of bioactive hormones/peptides from aSAT [e.g., 

adiponectin, leptin] (45, 46), as well as circulating FA released from aSAT (47) may also 

contribute to the propensity for dysfunctional aSAT that can lead to whole-body insulin resistance.  

Skeletal muscle is the primary site of insulin-mediated glucose uptake (48), and excessive FA 

uptake into muscle (released from aSAT) can result in an overabundance of cytosolic lipid 

intermediates (e.g. diacylglycerol, ceramides, and acylcarnitines) known to diminish insulin action 

(49-52).  However, the impact by which high FA release from aSAT modifies skeletal muscle lipid 

composition and morphology (e.g., unsaturation and acyl-chain length) are still incomplete.   

The first project of my dissertation aimed to identify clinical and subclinical factors that 

may be ‘protecting’ some obese adults from developing insulin resistance.  Multivariate analysis 

(net elastic regression) determined a cluster of factors best ‘predicting’ insulin-mediated glucose 

uptake from a cohort of obese adults with generally homogenous body composition, but wide-

ranging insulin sensitivity.  Histological/morphological assessments (e.g., cell-size, 
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capillarization, fibrosis) on aSAT samples were performed, and untargeted proteomic analysis was 

completed from a sub-cohort of adults with High FA Ra suppression and Low FA Ra suppression 

(abbreviated HS and LS in Chapter III), to identify the proteomic differences that may be 

mediating aSAT dysfunction.  Lastly, untargeted skeletal muscle lipidomic analysis was completed 

to identify both specific lipid species, as well as lipid class morphology (unsaturation and acyl-

chain length) that may be modified by high rates of FA uptake into skeletal muscle, and also 

modify insulin-mediated glucose uptake in skeletal muscle.  Findings from this project provide 

novel information towards the effect of aSAT metabolic health mediating skeletal muscle lipid 

composition, and thus, insulin-mediated glucose uptake.  Identifying factors that may ‘protect’ the 

relatively few obese adults from developing insulin resistance will be important to better 

understand how to treat those who are insulin resistant (and metabolically ‘unhealthy’).  The 

specific aims for project 1 of my dissertation were: 1) to assess the relationship between key 

clinical/subclinical factors and insulin-mediated glucose uptake in a homogeneous cohort of 

adults with obesity. 2) Compare aSAT morphology and proteomic profile between adults with High 

aSAT insulin sensitivity vs. Low aSAT insulin sensitivity using untargeted proteomic analysis. 3) 

To identify the association between aSAT insulin sensitivity and insulin-mediated glucose uptake 

on; i) individual lipid species abundance, and ii) lipid morphology (i.e., acyl-chain length and 

unsaturation) in skeletal muscle. 

Because skeletal muscle is responsible for ~85% insulin-stimulated glucose uptake (48), 

understanding specific signaling mechanisms underlying impaired insulin-mediated glucose 

uptake in skeletal muscle has very high clinical impact.  Signaling events initiated after insulin 

binds to its receptor at the skeletal muscle membrane are largely relayed by a series of intracellular 

phosphorylation/dephosphorylation events that ultimately trigger the translocation of the primary 

glucose transporter, GLUT4, from the cytosol to the  plasma membrane, thereby allowing more 

glucose uptake into the cell (53).  Importantly, signaling events regulating GLUT4 translocation 

include; 1) insulin-mediated tyrosine phosphorylation of the insulin receptor, 2) activation of 

downstream proteins [e.g., IRS-1, PI3K recruitment, protein kinase B (Akt), Akt Substrate of 160 

KDa (AS160/TBC1D4)], and 3) GLUT4 translocation to the plasma membrane.  In insulin 

resistant individuals, the phosphorylation/activation of some of these signaling proteins have been 

found to be diminished in response to insulin compared with those who are insulin sensitive (50, 

54-59).  Recently, in vitro findings from Samovski et al. demonstrated that the physical association 
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between the fatty acid transporter, CD36, the insulin receptor, and the src family kinase protein 

Fyn kinase, modified insulin receptor tyrosine phosphorylation and insulin signaling in cultured 

myotubes (60).  Importantly, in this study, exposure to high FA availability (specifically saturated 

FA) diminished Fyn recruitment to CD36, and diminished insulin receptor tyrosine 

phosphorylation, as well as phosphorylation downstream of the insulin receptor to Akt (60).  

Therefore, this physical and functional relationship between CD36 and the insulin receptor may 

represent an important, yet not well-appreciated mechanism underlying insulin resistance.  In 

Project 2 of my dissertation, the co-localization between CD36, Fyn kinase, and the insulin 

receptor was measured in skeletal muscle samples from obese adults with wide-ranging insulin 

sensitivity, and we assessed how this interaction may modify insulin-mediated phosphorylation of 

the insulin receptor, downstream phosphorylation to Akt, and its distal substrates (e.g. GSK, 

FOXO1, and AS160). 

Lipid accumulation into skeletal muscle accumulates as a consequence of greater FA 

availability and is associated with the development of insulin resistance (52, 61, 62), and impaired 

insulin signaling (63, 64).  Importantly, the localization of these intramyocellular lipids, and 

whether they are distributed towards the cell membrane or within the cytosol, are implicated to 

associate with insulin resistance (65, 66).  Additionally, the characteristics regarding how lipids 

are stored as intramyocellular lipid droplets (LD) are speculated to contribute to the development 

of insulin resistance, if these intramyocellular LDs are improperly stored (67). The mechanistic 

link between where these lipids are located - whether around the periphery (i.e., subsarcolemmal 

[SS] region) or towards the center of the muscle fiber (i.e., intramyofibrillar [IMF] region), are 

similarly proposed to modify key insulin signaling steps when inadequately stored within the cell 

(68-70).  In Project 2 of my dissertation, I compared intramyocellular LD characteristics with 

regards to their individual size, distribution (within the SS and IMF region), and abundance 

between type I and type II muscle fibers from sub-cohorts of adults with HIGH insulin sensitivity 

vs. LOW insulin sensitivity (abbreviated HIGH and LOW in chapter IV).  The overall aim of this 

portion of my dissertation was to identify mechanisms by which FA availability and 

intramyocellular LD storage modifies insulin-mediated phosphorylation/activation of specific 

metabolic pathways known to affect insulin-mediated glucose uptake. Findings from this study 

will improve our understanding regarding why some adults with obesity do not develop robust 

insulin resistance.  The specific aims for project 2 of my dissertation were: 1) Compare basal- 
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and insulin-mediated interaction between CD36 and Fyn kinase with insulin receptor β, and 

insulin-stimulated signaling events proximal and distal to Akt in skeletal muscle from a cohort of 

adults with HIGH vs. LOW insulin sensitivity.  2) Compare intramyocellular LD characteristics 

and distribution within skeletal muscle from a cohort of adults with HIGH vs. LOW insulin 

sensitivity. 

Exercise is often prescribed as a first-line approach to treat obesity-related complications 

including insulin resistance (71-74). The insulin-sensitizing effects of exercise have been 

attributed in part to changes in skeletal muscle lipid metabolism, and changes in both the 

abundance and composition of specific muscle lipid species (75).  Exercise has been found to re-

distribute the intramyocellular lipid pool by ‘partitioning’ lipids to be esterified as inert 

triacylglycerol within LDs, and away from accumulating as lipid intermediates (e.g., 

diacylglycerol, ceramide, acylcarnitine) known to impair insulin signaling (75, 76).  Additionally, 

lipids localized to the muscle membrane are proposed to contribute to insulin resistance, as 

opposed to cytosolic lipid accumulation (65, 69, 77).  Therefore, understanding the effects of 

exercise on the size and distribution of LDs within the myocyte, as well as their relative abundance 

in different muscle fiber-types (type I vs type II) may offer insights to the protective effects of 

exercise on lipid-induced insulin resistance (69, 78-80).  This is important because 

intramyocellular LDs in the SS region (below the surface of the membrane) have been found to be 

associated with insulin resistance and/or T2DM (68-70, 77, 81).  Additionally, the intensity of 

exercise may also play an important role in the regulating the abundance and localization of 

intramyocellular LDs, especially between muscle fiber types, because high-intensity exercise 

recruits Type II muscle fibers to a greater extent than moderate-intensity exercise (82).  

Intramyocellular LD dynamics are complex, and are constantly cycling through processes 

between their biosynthesis in the endoplasmic reticulum (83) and their degradation by the 

lysosome (84, 85).  The effects of exercise on the regulation of LD turnover within the myocyte is 

largely unexplored.  Therefore, identifying the effects of exercise on LD synthesis and degradation 

may shed new light on the role for exercise to remodel and redistribute LDs to an insulin sensitizing 

phenotype. Project 3 of my dissertation identified the effects of exercise training (both high-

intensity interval training and more conventional, moderate-intensity continuous training) on 

intramyocellular LD density, LD size, distribution (SS versus IMF), and abundance between type 

I and type II muscle fibers.  Additionally, this project explored the effects of exercise on the LD 
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‘life cycle’ (i.e., LD turnover), by measuring LD co-localization with organelles associated with 

LD biogenesis (endoplasmic reticulum) and chaperone-mediated degradation (autophagasome).  

The specific aims for project 3 of my dissertation were: 1) Determine the effects of 12 weeks high-

intensity interval training (HIIT) and moderate-intensity continuous training (MICT) on total lipid 

content, LD distribution within the myocyte, and LD abundance between type I and type II skeletal 

muscle fibers in adults with obesity.  2) Determine the effects of 12-weeks HIIT and MICT on LD 

co-localization with the endoplasmic reticulum (index of LD biogenesis), and LD co-localization 

with the autophagasome (index of LD degradation/recycling) in skeletal muscle of adults with 

obesity. 

 

 

To summarize, the studies outlined in my dissertation proposal addressed the following aims: 

PROJECT 1 

Specific Aim 1: To assess the relationship between key clinical/subclinical factors and insulin-

mediated glucose uptake in a homogeneous cohort of adults with obesity. 

Specific Aim 2: Compare aSAT morphology and proteomic profile between adults with High 

aSAT insulin sensitivity versus Low aSAT insulin sensitivity using untargeted proteomic analysis.  

Specific Aim 3: To identify the association between aSAT insulin sensitivity and insulin-mediated 

glucose uptake on; i) individual lipid species abundance, and ii) lipid morphology (i.e., acyl-chain 

length and unsaturation) in skeletal muscle. 

 

PROJECT 2 

Specific Aim 1: Compare basal- and insulin-mediated interaction between CD36 and Fyn kinase 

with insulin receptor β, and insulin-stimulated signaling events proximal and distal to Akt in 

skeletal muscle from a cohort of adults with HIGH versus LOW insulin sensitivity.   

Specific Aim 2: Compare intramyocellular LD characteristics and distribution within skeletal 

muscle from a cohort of adults with HIGH versus LOW insulin sensitivity. 
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PROJECT 3  

Specific Aim 1: Determine the effects of 12 weeks high-intensity interval training (HIIT) and 

moderate-intensity continuous training (MICT) on total lipid content, LD distribution within the 

myocyte, and LD abundance between type I and type II skeletal muscle fibers in adults with 

obesity. 

Specific Aim 2: Determine the effects of 12-weeks HIIT and MICT on LD co-localization with 

the endoplasmic reticulum (index of LD biogenesis), and LD co-localization with the 

autophagasome (index of LD degradation/recycling) in skeletal muscle of adults with obesity. 

 

 

There is a growing prevalence of obesity, and obesity-related conditions such as T2DM. 

These clinical and translational approaches from my dissertation were able to: 1) identify factors 

in aSAT that may help ‘protect’ adults with obesity from excessive lipid accumulation in skeletal 

muscle, and developing insulin resistance, 2) explore novel signaling mechanisms that may be 

impairing insulin-mediated glucose uptake in skeletal muscle of insulin resistant adults, and 3) 

identify the effect of acute exercise and exercise training adaptations aimed to benefit 

intramyocellular LD storage and distribution.  Together, these integrative studies have improved 

our understanding about obesity-induced insulin resistance, and proposed a role for exercise to 

modify intramyocellular LD storage and regulation - in effort to identify how exercise limits lipid-

induced insulin resistance in humans.    
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Chapter II  

Review of Literature 

INTRODUCTION 

Obesity is a major health problem and has been increasing in prevalence, with more than 

40% of the United States now classified as obese (1).  Obesity is a major risk factor for 

cardiovascular disease (2, 3), type 2 diabetes mellitus [T2DM] (4), and several cancers (5-7). 

Alarmingly, its complications are also major predisposing factors for SARS-CoV-2 hospitalization 

and intensive care unit admissions (8, 9).  Due to the multitude of conditions by which obesity is 

a risk factor and its high prevalence in the United States, the annual direct costs for treating obesity-

related complications has surpassed $300 billion (10), and this expense equates to almost 8% of 

total United States healthcare expenditures (10, 11).  Lifestyle and weight loss interventions (i.e., 

increased physical activity and dietary interventions) have been found to be effective strategies for 

preventing T2DM  (12), and were even found more effective than current anti-diabetic medications 

at preventing T2DM onset (13).  Unfortunately, successful long-term weight loss maintenance is 

rather poor.  For example, it has been reported one in six adults from the National Health and 

Nutrition Examination Survey (NHANES; > 14,000 participants) were unable to maintain 10% 

weight loss one year after completing their respective programs (14).  With the increased 

prevalence of obesity and poor weight management outcomes in United States, further research is 

needed to identify specific mechanisms underlying; 1) the metabolic implications of obesity, 2) 

how metabolic health is improved following lifestyle interventions, and 3) beneficial effects of 

exercise in obese adults.  Importantly, mechanistic findings from these studies will be crucial 

towards developing treatments necessary to mitigate the negative metabolic health outcomes 

caused by obesity. 

Obesity is associated with a cluster of metabolic abnormalities, many of which are linked 

to insulin resistance.  Insulin resistance is characterized by a suppressed response to the glucose 

lowering, and anti-lipolytic effect of insulin [Figure II-1A] (15).  Consequently, in insulin resistant 

individuals, a greater amount of insulin is necessary to; 1) decrease lipolytic rate from adipose 
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tissue, 2) decrease hepatic glucose output from the liver, 3) increase protein synthesis, and 4) 

increase glucose uptake into skeletal muscle (Figure II-1B).  In fact, many obese insulin resistant 

individuals do not develop hyperglycemia due to a compensatory increase in insulin secretion from 

the pancreas (15, 16).  The pathology of insulin resistance cannot be isolated to one specific tissue 

or mechanism, but rather it is associated with a cluster of derangements.  Determining mechanisms 

of insulin resistance in metabolically active tissues such as adipose, skeletal muscle, and liver is 

tremendously important for the treatment and/or protection against metabolic dysregulation in 

obese adults. 

 

 

Figure II-1: Theoretical model for obesity-induced insulin resistance.   

A) A downward shift in the insulin dose-response curve is associated with obesity-induced insulin resistance (i.e., 

post-receptor insulin resistance), and B) Metabolic response to a physiological dose of insulin in insulin sensitive 

versus insulin resistant individuals.   

  

Although the majority of obese adults develop insulin resistance, not all obese adults 

develop insulin resistance or cardiometabolic disease risk associated with obesity.  In fact, there is 

a significant proportion (~10-30%) of obese adults classified as ‘metabolically healthy’, and 

maintain insulin sensitivity similar to lean and healthy adults, despite carrying excessive fat mass 

(17-23).  Therefore, emphasis aimed to identify clinical and subclinical factors within the 

aforementioned target tissues (specifically adipose tissue & skeletal muscle) that are protecting 
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obese adults from developing insulin resistance will be invaluable to identify the underlying 

progression of insulin resistance caused by obesity.  In SECTION I of my review of the literature, 

I will focus on insulin action with respect to glucose transport and fatty acid lipolysis/fatty acid 

metabolism in skeletal muscle and adipose tissue respectively.  Additionally, I will introduce the 

potential by which mass-spectrometry based proteomics characterizes insulin action and signal 

transduction on a global scale.  In SECTION II, I will review mechanisms by which obesity 

largely contributes to the development of insulin resistance. More specifically, I will review the 

impact excessive fatty acid mobilization rates from white adipose tissue on insulin-stimulated 

glucose uptake in skeletal muscle.  Additionally, I will also introduce a unique mechanism by 

which the well-known fatty acid translocase, CD36, may play a role in regulating insulin action in 

skeletal muscle at the insulin receptor, and how the interaction is perturbed by high fatty acid 

mobilization in obesity.  In SECTION III, I will review factors in adipose tissue that may help 

‘protect’ obese adults from developing insulin resistance.  More specifically, I will review 

hypothesized factors by which ‘metabolically healthy’ obese adults maintain low fatty acid 

mobilization rates from adipose tissue, and have limited ‘lipid overflow’ into non-adipose tissues 

such as skeletal muscle and liver (i.e., ectopic lipid deposition).  SECTION IV will review 

mechanisms by which exercise improves insulin sensitivity in obese adults.  Specifically focusing 

on fatty acid metabolism and storage after both acute exercise and chronic exercise training.  Our 

lab’s working model details that even a single exercise session promotes stimuli central towards 

reversing obesity-induced insulin resistance by promoting triglyceride synthesis in skeletal 

muscle, which ‘partitions’ lipids towards inert triglyceride storage and away from harmful lipid 

intermediates (24).  Additionally, I will review mechanisms by which exercise regulates the 

localization and structural organization of intramyocellular lipid droplets [LDs] (19), a key 

organelle associated with inert triglyceride storage in skeletal muscle. 

I - Mechanisms of Insulin Action in Skeletal Muscle and Adipose Tissue 

Insulin is a critical hormone regulating glucose and fatty acid dynamics, and central to 

controlling glucose uptake in skeletal muscle and fatty acid release from adipose tissue.  In skeletal 

muscle, insulin regulates glucose homeostasis by; 1) increasing glucose uptake by GLUT4 

exocytosis from the cytosol to the cell membrane, and 2) increasing glucose storage by activating 

glycogen synthase [Figure II-2] (25-27).  Importantly, glucose transport into the cell has been 
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found to be the rate limiting step for glucose disposal (28, 29), suggesting mechanisms regulating 

insulin-stimulated GLUT4 translocation to the membrane are important to alleviate impairments 

in glucose control associated with insulin resistance.  Insulin-stimulated glucose uptake is initiated 

through binding insulin to the insulin receptor (IR) - a tyrosine kinase protein located at the cell 

membrane.  Upon binding, a conformational change in the IR causes the two transmembrane β 

subunits to move together, causing intracellular tyrosine autophosphorylation (30).  Once the IR 

is phosphorylated, insulin receptor substrates (IRS-1 & IRS-2) are recruited to the IR, interacting 

at the phosphotyrosine binding domain (31, 32).  In skeletal muscle, IRS-1 is the primary insulin 

receptor substrate (33).  Tyrosine phosphorylation of IRS-1 then recruits phosphatidylinositol 3-

kinase (PI3K) to the cell membrane (34), where PI3K contains a regulatory p85 subunit and 

catalytic p110 subunit (32).  PI3K then catalyzes the reaction of phosphatidylinositol-3,4,5-

trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphosphate [PIP2] (35).  Then, PIP3 recruits 

phosphoinositide-dependent protein kinase-1 (PDK1), which phosphorylates Protein Kinase B 

(Akt), and Akt becomes phosphorylated by PDK1 at Thr 308 (32).  Additionally, Akt is 

phosphorylated at Ser473 by mTORC2 (36).  When Akt becomes activated, Akt substrate of 

160kDa (AS160/TBC1D4) is then phosphorylated at Thr642, releasing AS160 inhibition of Rab-

GTPase activity, and promoting GLUT4 release from GLUT4 storage vesicles into the cell 

membrane.  Rab8A, Rab10, and Rab13 are some examples of Rab GTPases influencing GLUT4 

translocation (37, 38).  In more simple terms, AS160 phosphorylation by Akt can be thought of as 

‘releasing the brakes’ on GLUT 4 translocation (39).  However, the signaling mechanisms 

described above are not the sole substrates of insulin action, and is important to note Akt is central 

to many metabolic functions, and activates several regulatory protein substrates (TSC2, PRAS40, 

GSK3 β, SREBP, TBC1D1, PDE3B, FOXO, and many more) (40).  Regulation of these Akt 

substrates will be discussed later in SECTION I. 
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Figure II-2: Insulin promotes glucose uptake by GLUT4 translocation. 

One major pathway by which insulin controls metabolism is to regulate glucose uptake. Insulin signaling can be 

separated into proximal segments that are activated from the insulin receptor, insulin receptor substrate (IRS), 

phosphoinositide 3-kinase (PI3K) and Akt. The distal segments to Akt related to GLUT4 translocation includes 

phosphorylation of Akt substrate of 160 KDa (AS160) to inhibit the Rab GTPase influence of AS160 on GLUT4 

storage vesicles, promoting GLUT4 translocation. 
 

Insulin acts on adipocytes to suppress fatty acid release into the circulation (lipolysis), and 

promotes lipid and glucose uptake (Figure II-3).  Lipolysis is the release (i.e., hydrolysis) of fatty 

acids stored as triacylglycerol (TAG), thus, promoting TAG storage.  Therefore, insulin limits fatty 

acid release into the circulation when present in high abundance (i.e., positive energy balance).  

Lipolysis is largely activated by β-adrenergic signaling, in which catecholamine binding to β-

adrenergic receptor activates G-protein coupled receptors to activate adenylyl cyclase, and then 

adenylyl cyclase activates cyclic AMP (cAMP), which subsequently activates protein kinase A 

(PKA).  Activated PKA then phosphorylates hormone sensitive lipase  (HSL) at Ser563, Ser659, 

Ser660 (41).  The most commonly described phosphorylation site from PKA is on HSL at Ser660.  

Phosphorylated HSL then translocates from the cytosol to the LD membrane, where HSL 

hydrolyses diacylglycerol [DAG] to monoacyclglycerol.  PKA also activate proteins responsible 

for the initial step of TAG hydrolysis, by phosphorylating PLIN to recruit comparative gene 

identification-58 (CGI58 [ABHD5]) and activate adipose triglyceride lipase (ATGL) at Ser406 (42).  

ATGL is responsible for TAG hydrolysis to DAG (43), and is negatively regulated by G(0)/G(S) 

switch 2 [G0S2] (44).  Insulin-stimulated lipolysis suppression involves the reversal of β-



 19 

adrenergic stimulation, preventing PKA activation by cAMP (45, 46).  Insulin largely suppresses 

lipolysis through phosphodiesterase 3B (PDE3B), which degrades cAMP and limits PKA 

phosphorylation on both HSL and PLIN (47).  The mechanism by which insulin activates PDE3B 

at Ser273 have proposed to be through Akt (48), while others have suggested Akt is not required 

for insulin-stimulated lipolysis suppression (49).   

Insulin-stimulated glucose uptake in adipose tissue is only a minor proportion of whole-

body glucose uptake [<5%] (50).  Insulin-stimulated glucose entry into adipose tissue is regulated 

by GLUT4 translocation, and glucose is largely converted to fatty acids through lipogenesis, which 

is activated by carbohydrate response elements, and regulated by acetyl-CoA carboxylase (51).  

Therefore, glucose is largely stored as TAG in the adipocyte as opposed to glycogen in skeletal 

muscle, but the contribution of glucose to de novo lipogenesis is still minimal in human adipose 

tissue.  Although adipose tissue and skeletal muscle provide key roles in glucose and fatty acid 

regulation, it is important to note that insulin action is not exclusive to these two tissues, and other 

notable tissues include; 1) liver regulation of glucose output (52, 53), 2) brain regulation of food 

intake and neural regulation of adipose tissue lipolysis (54, 55), and 3) vascular regulation of 

insulin delivery (56).  Therefore, our current understanding of the pathogenesis of insulin 

resistance (and selective insulin resistance) in all metabolic tissues are still very limited.  A full 

elucidation of insulin-signaling mechanisms from multiple tissues will be required, each with their 

own unique metabolic function and insulin action.  

 

Figure II-3: Insulin regulation of lipolysis in adipose tissue 

Insulin is a potent inhibitor of lipolysis in adipose tissue. Insulin signaling is propagated through proximal 

components to activate Phosphodiesterase 3B (PDE3B), which inhibits adenylyl cyclase activation of cyclic AMP 

(cAMP), and further inhibiting protein kinase A (PKA) activation.  Thus, limiting HSL influence on lipolysis. 
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Mechanisms of Insulin Action and Regulation beyond Akt. 

Protein phosphorylation is central to signal transduction and cellular function, and the most 

widely profiled posttranslational modification (PTM) signaled by insulin (57, 58).  

Phosphorylation involves the transfer of γ-phosphate from ATP, and is regulated by 

kinase/phosphatase influence onto serine, threonine, and tyrosine residues of substrate proteins 

(57).  For many metabolic studies, the measurement of phosphorylation-dependent signaling 

events have involved targeted approaches with antibodies of known phosphorylation sites and 

functions (e.g., immunoblotting methods).  By using targeted approaches, these studies have 

advanced our understanding in cell signaling tremendously, and have successfully identified 

defects in key insulin-stimulated signaling events in skeletal muscle associated with insulin 

resistance/T2DM such as; 1) lower PI3K activation (59, 60), 2) lower Akt activation (61), and 3) 

lower GLUT4 abundance at the plasma membrane (62).  Although Akt is central to many cellular 

metabolic processes and insulin-mediated Akt activation is attenuated in the insulin resistant state, 

it has been found to regulate over 100 substrates from a variety of other functions such as 

protein/lipid kinases, transcription factors, regulators of small G proteins and vesicle trafficking, 

metabolic enzymes, E3 ubiquitin ligases, and cell cycle regulation (40).  Additionally, Humphrey 

et al., found over 50% of the insulin-regulated phosphoproteome is signaled through Akt in 

adipocytes (63), suggesting potential to define influential Akt substrates and signaling networks 

underlying impaired glucose uptake beyond the canonical PI3K-Akt pathways.  

Mass-spectrometry (MS) based phosphoproteomic studies in metabolism have developed 

the coverage to introduce large scale and highly interconnected signaling networks in response to 

stimuli far from a traditional ‘linear’ view of signal transduction (64-66).  MS-based 

phosphoproteomics have the potential to profile and analytically define systems-wide 

interpretations of conditions or response to a stimuli that are used to identify; 1) pathway 

enrichment, 2) novel regulatory kinases (67), and 3) protein-protein interaction networks (68), 

which may be underlying insulin resistance.  Therefore, performing these large-scale analyses 

under various biological conditions will broaden our understanding of signaling throughout the 

proteome via phosphorylation, and reveal the scale and convergence of multiple signaling 

pathways (e.g., Akt and mTOR pathway convergence) occurring in response to stimuli and/or 

underlying disease (69).  Since phosphorylation is a major regulator of insulin action in all tissues, 

and alterations in signaling activity are likely underlying impaired insulin action in the respective 
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tissue.  A global investigation using MS-based phosphoproteomics to determine signaling 

impairments are highly desirable and will fill a paucity of systems-wide data underlying insulin 

resistance in vivo.   

Although MS-based phosphoproteomics provide a ‘systems-wide’ analysis of protein 

activity, a major challenge lies in defining how key signaling kinase/phosphatase activity onto a 

substrate regulates the cellular fate in the cell.  Key regulatory kinases have complex behavior, and 

are typically phosphorylated at multiple sites to ‘fine-tune’ signal transduction.  At the simplest 

form of signal transduction, the regulation of protein activity by a single phosphorylation site can 

be interpreted as the sum of kinase and phosphatase activity to regulate phosphorylation, and thus, 

substrate activity (Figure II-4A).  However, the activation/deactivation of specific proteins is not 

simple, and is influenced by several factors such as nutrient availability, cytokines, hormones, 

growth factors, and neural inputs to regulate information sent through the cell to control cellular 

function (69, 70).  In order to regulate signal transduction, multiple sites can be controlled 

simultaneously on the same protein.  For example, Humphrey et al., demonstrated 5,011 proteins 

were phosphorylated at 23,589 phosphorylation sites when insulin-stimulated in 3T3-L1 

adipocytes (63).  This study is one example suggesting several sites of phosphorylation along the 

thousands of phosphorylated proteins are regulating their function, many of which are still 

unknown (63, 69).  If protein function were indeed regulated at multiple sites, it would seem ideal 

to analyze several sites along the target protein to prevent dependence of a single site as the sole 

regulator of cellular fate of the cell.  For this reason, the concept of ‘multiple-site phosphorylation’ 

has been introduced to address these complexities.  One example of multiple-site phosphorylation 

is ‘priming’, in which phosphorylation of one site increases (or decreases) its affinity for other 

sites to become phosphorylated (Figure II-4B).  This example of priming allows the protein to 

work in a hierarchical manner, in which phosphorylation of one regulatory site initiates a 

conformational change in the target protein to increase phosphorylation from other kinases at 

different sites within the protein to control its end-effect (71).  In the context of glucose control 

and insulin action, a classic example of priming is the regulation of glycogen synthase by glycogen 

synthase kinase 3β (GSK3β), in which the priming phosphorylation of glycogen synthase by casein 

kinase II at Ser656 is necessary for GSK3β to phosphorylate its substrate (glycogen synthase).  Once 

glycogen synthase is phosphorylated at Ser656, GSK3β progressively phosphorylates glycogen 
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synthase at Ser652, Ser648, Ser644, and Ser640 (+4) in succession to modulate glycogen synthase 

activity (71).   

Key regulatory proteins can also function as ‘signal integrators’ in metabolism, in which 

they are targeted by multiple kinases by independent pathways to control the activation of the 

specific end-effect (Figure II-4C).  One example of signal integration in glucose metabolism is the 

phosphorylation convergence on AS160 at Thr642 and Ser588 from Akt, AMPK (72), and PKC (73) 

to regulate GLUT4 translocation.  This form of signal integration is an important effect in the 

context of metabolic control initiated from independent signals. In this case, describing how the 

function of a signal integrator such as AS160 contributes to greater insulin-stimulated glucose 

uptake after exercise by convergence from multiple kinases (Akt and AMPK).  Other examples of 

signal integration proteins in metabolism that are regulated by multiple pathways includes Akt, 

AMPK, TSC, PFK, SREBP, and FOXO (70).   

Protein activity and cellular function can also be regulated by key ‘signal processors’, in 

which proteins can converge contrasting stimuli (activation & inhibition signals) onto signaling 

kinases to regulate cellular function (Figure II-4D).  As opposed to signal integration - where the 

summation of like stimuli influence protein action, signal processors receive information from two 

contrasting stimuli to regulate downstream cellular response (Figure II-4D).  A well-known 

example of a signal processor regulating cellular function lies in autophagy regulation, by which 

AMPK and mTOR independently regulate Unc-51 Like Autophagy Activating Kinase 1 (ULK1) 

to signal ATG1, which is responsible for initiating autophagy (74).  AMPK promotes autophagy 

as it is a key nutrient sensor of energy deficit, and mTOR is on the contrary, inhibiting autophagy 

to promote cell growth when in positive energy balance.  ULK1 in this event functions as a signal 

processor, and is regulated by AMPK at Ser317 & Ser777, and from mTOR at Ser757 to either 

promote or conserve autophagy respectively (74).  Other key examples of signal processors 

regulating metabolism and glucose uptake includes the phosphorylation of p70S6K (activated by 

mTORC1), which phosphorylates IRS1, leading to inhibition of Akt at Thr308, an example of a 

classic feedback inhibition (75).  Although MS-based phosphoproteomics cannot directly assess 

the function of the three previously mentioned mechanisms regulating signal transduction 

(priming, signal integration, and signal processing), these data have potential use towards 

hypothesizing future functional studies in response to a given stimulus underlying a disease and/or 

condition.  Importantly, MS-based phosphoproteomics will continue to be an indispensable 
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resource to produce signaling roadmaps and networks unique to specific tissue underlying 

impaired metabolic function. 

Regulation of protein activity is also regulated by a balance between both kinase and 

phosphatase activity. Most research in the context of insulin signaling has emphasized the impact 

of altered kinase activity as a focus of insulin resistance However, the balance between kinase and 

phosphatase activity is essential to control insulin-mediated effects, and the influence of 

phosphatases on protein dephosphorylation should not be ignored.  In the context of 

dephosphorylation and insulin signaling, protein phosphatase 1B (PTP1B) was found to directly 

interacts IRS-1, and has been found that hyperglycemia can impair insulin-stimulated IRS-1 

activation through overexpression of PTP1B (76).  Another relevant phosphatase is protein 

phosphatase 2A (PP2A), which negatively regulates insulin action by dephosphorylating Akt (77).  

Perhaps understanding feedback signals (e.g., fatty acids and cytokines) regulating phosphatase 

activity will be important towards identifying the underlying mechanisms of impaired insulin-

mediated glucose uptake.  In summary, Project 2 of my dissertation will use the previously 

mentioned information from SECTION I to identify the effect of altered protein 

activation/inactivation among canonical proteins with Akt/PI3K signaling on insulin resistance.  

Beyond the analysis of targeted proteins associated with insulin signaling, Project 2 will also 

complete untargeted phosphoproteomics to identify novel proteins and networks perturbed under 

insulin resistance.   

 

Figure II-4: Regulation of kinase-substrate activity by multiple site phosphorylation. 
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II - Excessive Fatty Acid Mobilization Impairs Insulin-Stimulated Glucose Uptake. 

Obesity is a major risk factor for insulin resistance, and greater mobilization of fatty acids 

into the circulation than essential is a key factor underlying insulin resistance (53, 78).  The 

consequential effect of high rates systemic fatty acid mobilization leads to greater lipid uptake into 

insulin sensitive and metabolically active tissues (Figure II-5).  Therefore, the accumulation of 

lipid byproducts in these tissues then interferes with insulin response in metabolically important 

tissues such as muscle and liver (78).  Skeletal muscle is important for glucose uptake and storage, 

as it accounts for ~85% of insulin-stimulated glucose uptake, and a key mediator of insulin 

resistance commonly found in obesity and T2DM (79).  Additionally, the liver is an important 

organ in the context of glucose control, as it plays a critical role in glucose storage and production, 

both of which become impaired when faced with an overabundance.  This section will largely 

focus on factors mediating lipid-induced resistance caused by obesity in skeletal muscle.   

 

Figure II-5: Contribution of adipose tissue to ectopic lipid deposition in obesity. 

Obesity is a key factor leading to greater fatty acid mobilization from adipose tissue, resulting in the 

ectopic deposition of lipids in liver and skeletal muscle, mediating insulin resistance. Redrawn from 

Shulman, 2014 (78). 
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 Mechanisms by which fatty acids ‘compete’ with glucose oxidation were first proposed by 

Randle and colleagues in the 1960s, and coined the ‘glucose-fatty acid cycle’ in skeletal and 

cardiac muscle [Figure II-6A] (80).  The working model by which the glucose-fatty acid cycle 

impairs glucose uptake proposed that greater fatty acid availability increases fat oxidation and 

diminishes glucose oxidation and uptake, which is regulated by high [
acetyl−CoA

CoA
] and [

NADH

NAD+
] in the 

mitochondria.  The greater accumulation of these metabolites (acetyl-CoA and NADH) occurs as 

a results greater fat oxidation caused by excessive fatty acid availability, in which the metabolites 

allosterically inhibits pyruvate dehydrogenase (PDH) to prevent acetyl-CoA overabundance from 

entering the mitochondria via glycolysis.  Additionally, greater Krebs cycle flux increases citrate 

concentration and inhibits phosphofructokinase (PFK) activity - a key rate-limiting enzyme in 

glycolysis.  PFK inhibition will then increase cellular levels of glucose 6-phosphate, inhibiting 

hexokinase activity and diminishing glucose transported into the cell from the bloodstream to enter 

glycolysis.  Although the mechanisms outlined by Randle are convincing, recent studies have 

challenged this theory.  These studies contradicting the Randle Cycle reported glucose oxidation 

and uptake were not impaired as a product of allosteric modifications along key glycolytic 

enzymes, but rather inhibition of proximal insulin signaling proteins that affect glucose uptake into 

the cell, thus preventing GLUT4 translocation (29, 81-84).  Studies challenging the Randle Cycle 

(largely by Shulman and colleagues) used magnetic resonance spectroscopy measures in skeletal 

muscle coupled with glucose tracers, and found labeled glucose and glucose-6-phosphate are 

decreased in skeletal muscle following an overnight lipid infusions (82, 83), concluding a more 

proximal and direct mechanism signaled by fatty acids are impairing insulin-stimulated glucose 

uptake.  These findings then expanded to several lipid species and intermediates such as TAG, 

DAG, ceramide, and acylcarnitines as key lipids mediators of insulin signaling in response to 

obesity (Figure II-6B). 

DAG is an intermediate of many lipid biosynthetic pathways, and DAG accumulation in 

skeletal muscle has been found to impair insulin signaling through activation of novel PKCs (53). 

The relationship between obesity-induced insulin resistance and DAG were found from studies 

showing DAG abundance increased upon lipid infusion (82, 83), and directly associated with 

insulin resistance in obese and diabetic populations (81, 85, 86).  The transient increase in DAG 

was found to directly impair insulin signaling in skeletal muscle by phosphorylating PKCθ at 

Ser1101, where it translocates to the cell membrane.  Then, activated PKCθ phosphorylates IRS1 at 
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Ser307 and Ser1101 (decreasing IRS1 activity), and limited PI3K recruitment to the membrane upon 

insulin-stimulation (87-89).  The relationship within the DAG-PKCθ axis has been confirmed in 

rodent studies, in which mice lacking PKCθ were protected from insulin resistance following lipid 

infusions, and mice containing IRS1 Ser302, 307, and 612→Ala mutations were also protected from 

insulin resistance (90, 91).  Similar to skeletal muscle, liver PKCε phosphorylation is activated by 

DAG, and limits IRS-1 activity by phosphorylating the insulin receptor at Thr1160, inhibiting IRS-

1 from binding to the insulin receptor along the phosphotyrosine binding domain. (52).  To 

demonstrate this relationship in rodents, PKCε knockout mice were protected from insulin 

resistance following three days high-fat feeding (92).  To provide further support for the 

relationship between DAG and impaired insulin signaling, mice overexpressing skeletal muscle 

diacylglycerol acyltransferase-1 (DGAT1 - the enzyme responsible for glycerolipid synthesis of 

DAG to TAG), increased not only TAG concentration, but improved insulin sensitivity due to 

attenuations in DAG in skeletal muscle causing by ‘partitioning’ of lipid intermediates (93).  

Although the impact of DAG as a lipid intermediate impairing insulin signaling has been heavily 

studied, other clinical studies did not found DAG accumulation to associate with insulin resistance 

in obese adults (94, 95).  The impact of DAG localization, chain-length, and saturation are also 

unique to their influence on insulin response, and have been found to play an important role as 

both spatial- and species-specific mediators related to insulin signaling (96, 97).  In which 

saturated DAG localized to the sarcolemma were associated with insulin resistance compared to 

cytosolic DAG abundance.  Although DAG is the primary glycerolipid preceding TAG in 

glycerolipid synthesis, the accumulation of TAG in skeletal muscle has been largely associated as 

an ‘inert’ lipid store largely accumulating in LDs (98).  Some studies have linked intramyocellular 

triglycerides (IMTG) abundance (99-101) and saturation state (102, 103) to associate with insulin 

resistance and/or T2DM, while others do not support IMTG as a direct cause to insulin resistance 

(104).  Recently, the localization of IMTG in the subsarcolemmal region of skeletal muscle was 

found to be associated with insulin resistance (105), and are consistent to findings regarding DAG 

localized to sarcolemma were also negatively impacting insulin signaling (96, 97). Therefore, the 

location of glycerolipids in the myocyte may be an equally important factor negatively affecting 

insulin signaling due to its location near the membrane and insulin receptor, and will be more 

advantageous to measure by region compared to whole-cell abundance.  Although the impact of 

DAG on PKC isoforms have been well-studied, future studies are warranted to understand the 
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relationship between DAG and non-PKC targets, localization, and species-specific (chain 

length/unsaturation) on insulin sensitivity. 

Ceramides are bioactive lipid intermediates that play a crucial role in cell signaling, and 

are intermediates to the formation of sphingolipids, which are largely present in cell membranes 

and lipid bilayers.  Ceramide accumulation has also been implicated in the impairment of insulin 

action in obesity similar to DAG [Figure II-6B] (106, 107).  Adams et al. (2004) reported total 

skeletal muscle ceramide abundance was nearly 2-fold greater in insulin-resistant obese adults, 

and this effect was accompanied by a significant reduction in levels of Akt  phosphorylation at 

Ser473 (108).  In agreement with the previous studies, ceramides were found to increase protein 

phosphatase-2A (PP2A) activity - a key phosphatase of Akt, which resulted in lower Akt activation 

(109).  Ceramides were also found to recruit atypical PKCζ, which inactivates Akt by diminishing 

its cell-surface recruitment and phosphorylation (110).  Unlike the mechanisms associated with 

DAG, ceramides did not influence IRS-1 activation, suggesting an independent role separate from 

DAG promoting insulin resistance (110).  Importantly, the therapeutic effect of reducing ceramide 

content has been found with exercise and weight loss, suggesting its role as a key mediator of 

obesity-induced insulin resistance (111).  At the individual lipid species level, skeletal muscle 

C18:0 ceramides negatively associated with insulin sensitivity, and C18:0 abundance decreased 

following a single bout of exercise (112).  Therefore, suggesting an insulin-sensitizing effect from 

reducing C18:0 following an acute exercise session may be underlying both insulin resistance and 

explain the beneficial effects of acute exercise.  Beyond PKCζ and PP2A as ceramide substrates 

causing insulin resistance, ceramides in skeletal muscle and circulation positively associated with 

inflammation and TNFα activation, suggesting an inflammatory response promoting whole body 

insulin resistance (113-115).  Although the impact of ceramide appears to be an attractive target 

for insulin resistance therapies, its impact on insulin sensitivity in skeletal muscle has been 

challenged, where other clinical studies found no relationship between ceramide content and 

insulin sensitivity (116-118).  Similar to studies in DAG, more specific mechanistic studies will 

be needed to bring forward specific effects of ceramide accumulation on insulin action, as several 

correlative relationships found in clinical trials cannot determine if this lipid species directly cause 

of insulin resistance.   

Acylcarnitines and long-chain acyl-CoA accumulation in skeletal muscle represents a 

separate mechanism from the previously mentioned (DAG-PKC and Ceramide-Akt), by which 
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lipid delivery to the mitochondria is unable to be matched by oxidation or TAG synthesis, resulting 

in acylcarnitine accumulation and impaired insulin signaling (119-121).  The link between the 

increased abundance of these polar lipids have been found to be associated with a perturbed (or 

incomplete) fat oxidation, in which greater rates of fatty acids enter β-oxidation and outpace TCA 

cycle activity, resulting in an overabundance of acyl-CoA unable to be metabolized completely to 

acetyl-CoA (119).  This notion of ‘incomplete’ fatty acid metabolism has been translated to other 

studies stating obese and/or insulin resistant adults have intrinsic deficiencies resulting in 

dysfunctional mitochondrial fat oxidation (122-124).  Several mechanisms associated with these 

lipid-derived metabolites on insulin resistance have been postulated, such as; 1) increased 

mitochondrial-derived oxidative stress (125, 126), 2) increased redox balance (125, 127), 3) 

endoplasmic reticulum (ER) stress (128, 129), and 4) upregulation of pro-inflammatory 

transcription factors linked to insulin resistance JNK, IKK-β, NF-κB, and PKC translation (121, 

130).  Additionally, acylcarnitine chain-length may also be associated with insulin resistance, as 

HFD Zucker rats showed excessive accumulation of long-chain acylcarnitine [>10C] (119).  In 

humans, long-chain acylcarnitine accumulation has also been implicated to associate with insulin 

resistance, in which insulin resistant men had greater acylcarnitine accumulation as opposed to 

more insulin sensitive women (131).  However, this notion has been challenged, where others have 

suggest acylcarnitine is simply a byproduct of inability to adapt to increasing fatty acid supply, 

and not dysfunction in the mitochondria per se (132).  The insulin-sensitizing effects of exercise 

have also been shown to occur by decreasing acylcarnitine accumulation, where exercise reverses 

the over accumulation of acyl-CoA and acylcarnitine caused by increasing TCA flux for energy 

production (133).  It is still unclear if acylcarnitines directly affects insulin signaling, as individuals 

with mutations in long chain acyl-CoA dehydrogenase have elevated acylcarnitines, yet normal 

glucose tolerance (134).  Whether acylcarnitines and/or long chain acyl-CoA directly impairs 

insulin signaling is still questioned, as the accumulation of these lipids may simply be an ‘index’ 

of energy surplus derived from adipose tissue, and their direct effect on insulin signaling is still 

unclear.  
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Figure II-6: Proposed mechanisms by which lipid accumulation in skeletal muscle 

negatively affects insulin sensitivity. 

A) The glucose-fatty acid cycle (Randle Cycle) impairs glucose oxidation by direct competition with fatty acids.  

B) Pathways by which lipid-induced insulin resistance is caused by DAG, ceramide, and acylcarnitine 

accumulation. 

 

A Unique Relationship between CD36 and Insulin-Stimulated Glucose Uptake  

Fatty acid translocase, commonly known as CD36, is a well-known membrane glycoprotein 

associated with long-chain fatty acid transport into the cell, aimed to increase fatty acid availability 

and oxidation (135, 136).  CD36 is translocated from the cytosol to the plasma membrane in 

A 

B 
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response to both insulin and muscle contraction to increase fatty acid transport and energy 

availability (137, 138).  The physiological importance of this protein in skeletal muscle was first 

found in mice containing either CD36 overexpression or CD36 deletion.  Mice overexpressing 

CD36 had greater fatty acid oxidation during contraction presumably due to greater translocation 

capacity compared to wild-type mice.  Conversely, mice depleted of CD36 impaired fatty acid 

uptake and oxidation due to impaired transport capacity (139).  However, our understanding about 

the role of CD36 has expanded beyond fatty acid transport, and is also found to be a key protein 

regulating both fatty acid and glucose metabolism (136, 140-142).  In a series of unique in vitro 

studies, Samovski et al. found CD36 not only be a key regulator of fatty acid uptake, but also 

regulates glucose metabolism through insulin action in skeletal muscle (141).  Particularly, the 

authors showed skeletal muscle specific CD36 knockout mice had lower insulin-stimulated glucose 

uptake compared to wild-type mice.  Furthermore, using an in vitro model of skeletal muscle 

myocytes, CD36 knockout myocytes had lower insulin-stimulated IR phosphorylation at Tyr100, 

lower recruitment of p85 (regulatory subunit of PI3K) to the insulin receptor, and lower AKT 

phosphorylation at Ser473.  However, when these myocytes were cultured in high saturated fatty 

acid media, palmitic acid (C16:0) decreased glucose uptake, and lower glucose uptake was 

explained by Fyn kinase dissociation from CD36 (Figure II-7A, II-7B).  The interaction between 

CD36, IR, and Fyn kinase are attractive, as humans with genetic CD36 variations are also 

associated high HOMA-IR (insulin resistance) and T2DM (143).  Perhaps in the context of obesity, 

these studies represent an important, yet unacknowledged mechanism underlying insulin 

resistance caused by excessive fatty acid availability in skeletal muscle. This relationship 

demonstrated previously brings forward an exciting new theory into new and novel relationships 

associated with insulin signaling through the insulin receptor in skeletal muscle.  Importantly, it is 

very clear high lipolytic rates are strongly associated with impaired insulin mediated glucose 

uptake in vivo, and the signal regulated by CD36 appears to be an attractive model in to address 

in vivo.  In summary, to address the topics reviewed in this section, Project 1 and 2 aimed to 

identify the association between lipolytic control from adipose tissue, skeletal muscle lipid profile, 

and insulin-mediated glucose uptake from skeletal muscle in insulin resistant and insulin sensitive 

obese adults.  Additionally, mechanisms regulating insulin signaling through CD36 interaction 

with Fyn and IR were identified from both basal and insulin-mediated muscle samples from obese 

subjects with wide-ranging insulin sensitivity and rates of lipolysis.   
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Figure II-7: Proposed mechanism by which CD36 regulates insulin action in skeletal 

muscle 

A) Response to low fatty acid availability. B) Response to high fatty acid availability (141). 

 

 

III - Factors Protecting Obese Adults from Developing Insulin Resistance – An Adipose-

Centric View 

Adipose tissue was once considered a passive tissue of energy storage, but is now known 

to be a central regulator in whole-body energy homeostasis and metabolism (144, 145).  Adipose 

tissue is the central organ for lipid storage, and responds to energy surplus via; 1) adipose 

expansion (hypertrophy) - permitting lipid uptake and storage into preexisting adipocytes, and 2) 

preadipocyte proliferation (hyperplasia) - converting dedicated precursor cells into new adipocytes 

(i.e., adipogenesis) (146, 147).  Unfortunately, hypertrophic adipocytes are normal in obesity, and 

the point when adipocytes expand to their ‘threshold’ (via hypertrophy) is when greater rates of 

fatty acid mobilization and ectopic lipid accumulation likely occurs due to limited expansion 

capability. (148, 149).  However, adipose tissue may expand in a ‘healthy’ context, and it is 

speculated having a high adipogenic capacity to accommodate hypertrophic expansion may 

increase the potential by which more lipid can be stored in adipocytes without excessive flux into 

the circulation.  Structural features in adipose tissue have been considered as one of the underlying 

factors associated with ‘healthy’ adipose tissue expansion, and a mechanism by which obese adults 

are protected from developing insulin resistance caused by high rates of fatty acid mobilization.  

These structural features associated with healthy adipose tissue include; 1) greater oxygen 

demand/delivery capacity (angiogenesis) (150), 2) extracellular matrix (ECM) remodeling to 

increase adipose plasticity and limit fibrosis (151), and 3) proliferation of new adipocytes into 

A B 
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more abundant (smaller-sized) adipocytes (146, 147).  Additionally, the inflammatory 

environment in adipose tissue may also influence metabolic health in obese adults by regulating 

the secretion of pro-inflammatory cytokines (e.g., IL-1β, TNF-α, IL-6) (152), which have lipolytic 

influence on the adipose tissue (153).  This section will review adipose storage capacity, and 

mechanisms by which ‘healthy’ adipose tissue maintains lipid influx and storage, preventing 

ectopic lipid storage and poor metabolic health outcomes due to maintenance of low fatty acid 

mobilization (Figure II-8).  

In obesity, ectopic lipid accumulation stems from an imbalance between fatty acids 

released from adipose tissue over its storage capacity.  The metabolic regulation of fatty acid 

hydrolysis from lipids stored as triglycerides in adipose tissue is through lipolysis (as described in 

SECTION I).  The importance of limiting lipolysis was shown by Santomauro et al., who found a 

single overnight acipimox administration (a potent antilipolytic drug) lowered plasma fatty acids 

~60%, but importantly, acipimox administration improved insulin sensitivity using both 

hyperinsulinemic-euglycemic clamp and oral glucose tolerance test (154).  As explained 

previously, lipolysis involves the coordination between HSL and ATGL activation to regulate 

TAG hydrolysis from lipid droplets, and is heavily regulated by β-adrenergic signaling (pro-

lipolytic), and insulin (anti-lipolytic).  Our lab found maintaining lower rates of basal fatty acid 

mobilization from adipose tissue are ‘protective’ against insulin resistance in obese adults, and 

lower fatty acid mobilization rates were associated with lower HSL activation at Ser660 and p44/42 

MAPK activation at Thr202/Tyr204 in adipose tissue (155).  Alternatively, reduced ability to 

suppress the anti-lipolytic effect of insulin may have a profound effect on fatty acid mobilization 

throughout the entire day.  This relationship between insulin sensitivity in adipose tissue and 

insulin-mediated glucose uptake in skeletal muscle has been well documented (156), and lipolytic 

rate is typically greater in T2DM compared with obese nondiabetics (157).  Additionally, adipose 

tissue insulin resistance (measured by fasting plasma free fatty acid and fasting insulin) directly 

associated along the glucose tolerance spectrum (from groups of normal glucose tolerance, 

impaired glucose tolerance, and T2DM) determined by oral glucose tolerance test (158).  However, 

in human clinical studies it is difficult to conclude if adipose tissue insulin resistance precedes 

impairments in insulin-mediated glucose uptake in skeletal muscle, or if insulin resistance in 

skeletal muscle and adipose tissue are occurring in parallel. 
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Figure II-8: Factors associated with ‘metabolically healthy’ adipose tissue expansion.   

Healthy adipose expansion is associated with an anti-inflammatory, lower fibrosis development in the extracellular 

matrix, and adequate vascularization supports the metabolic needs of the cell. Redrawn from Kusminski et al. (159). 
 

 

The influence of subcutaneous versus visceral adipose tissue depots on metabolic health in 

humans has been of interest due to the association between visceral fat mass and insulin resistance 

(160).  Visceral adipose tissue has generally been associated with insulin resistance due to its 

lipolytic influence, however, only a small portion of circulating fatty acids stem from visceral 

adipose tissue, and the majority originating from subcutaneous tissue (161).  Nielsen et al., found 

about 90% of circulating fatty acids are released from subcutaneous adipose tissue, and of these 

circulating fatty acids derived from subcutaneous adipose tissue, ~70% are derived from the 

abdominal region (161).  These data demonstrate the contributing importance of subcutaneous 
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adipose tissue in the control of fatty acid mobilization, and the influence of subcutaneous adipose 

tissue controlling lipid deposition in non-adipose organs (skeletal muscle and liver).  Therefore, 

excess visceral adiposity likely represents a marker of the relative inability for subcutaneous 

adipose tissue to act as an ‘energy sink’ when in energy surplus, and not considerably contributing 

to fatty acid induced insulin resistance.   

Enhanced capacity for triglyceride synthesis (i.e., esterification) in adipose tissue may also 

contribute to attenuating fatty acid mobilization, which may help protect against insulin resistance.  

Human studies using deuterated water to track long-term turnover and storage of TAG found that 

net TAG synthesis and storage are significantly greater in insulin sensitive compared to insulin 

resistant obese adults (162).  Therefore, increasing the capacity to store TAG in adipocytes likely 

prevents excessive fatty acids from entering the circulation and transported into non-adipose 

tissues.  The regulation of triglyceride storage in adipose tissue is dependent on fatty acid transport 

into the cell (via fatty-acid translocase/CD36), and esterification enzymes glycerol-3-phosphate 

acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT).  GPAT 1/2 (localized to 

mitochondria) and GPAT 3/4 (localized to ER) catalyze the first step in triglyceride synthesis, by 

synthesizing acyl-CoA to the glycerol-3-phosphate backbone (163, 164).  In addition, DGAT 1/2 

controls the final step in triglyceride synthesis by esterifying fatty acyl-CoA & DAG to TAG (98, 

165).  Our lab recently found GPAT1 protein abundance was greater in adults with lower fatty 

acid mobilization rates, suggesting a greater ability to esterify fatty acids into triglyceride and 

protect from excessive release (166).  However, GPAT activity was not measured.  Overall, it is 

important to consider how the rates of lipolysis, fatty acid transport, and esterification impact the 

rate of fatty acid mobilization from adipose tissue, and the subsequent influence on insulin 

resistance in skeletal muscle. 

 ‘Healthy’ adipose tissue expansion should accommodate excessive lipid supply into 

adipocytes without adverse inflammatory and/or lipolytic consequence.  One way to expand the 

adipose tissue pool is by differentiating new adipocytes derived from adipocyte precursors.  

Adipogenesis is the process involving the differentiation of adipose precursor cells (i.e., 

preadipocytes), and adipogenesis is proposed to be important at maintaining metabolic health of 

the adipocyte.  As adipocytes expand (hypertrophy) during period of weight gain, the increased 

mechanical and hypoxic stress at the adipocyte contributes to elevated lipolysis (148), 

inflammation, and ECM deposition with the adipose depot (167).  Alternatively, enhanced capacity 
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to make new fats cells through adipogenesis will be important to alleviate the burden caused by 

abnormally hypertrophic adipocytes.  In addition, clinical studies suggest small adipocytes 

(although a surrogate measure of adipogenesis) may prevent insulin resistance (168-170), and 

lowered T2D incidence (171). 

The commitment of adipogenesis occurs when precursor cells (expressing platelet-derived 

growth factor α [PDGFRα]) are restricted to the adipocyte lineage and unable to form into other 

cells (e.g., myoblasts, osteoblasts, and fibroblasts).  The most prominent nuclear receptor 

regulating adipogenesis is peroxisome proliferator-activated receptor gamma [PPARγ] (172).  The 

importance of this nuclear receptor on metabolic health has been demonstrated in humans 

containing PPARγ mutations, who have lower body fat, but are insulin resistant due to impaired 

proliferation of new fat cells (173).  Downstream of PPARγ, is the activation of CCAAT/enhancer-

binding protein α (C/EBPα), in which the interaction between these two proteins are important for 

committing to differentiated adipocytes (174).  Additionally, extracellular signals have been 

reported to activate preadipocyte differentiation such as insulin, glucocorticoids, bone 

morphogenetic proteins (BMPs) (147), and can be suppressed through WNT (175) and Hedgehog 

(176) signaling ligands.  The prominence of single-cell RNA sequencing has also suggested 

stromal cells containing CD142+ sub-populations within this fraction, appear to exert anti-

adipogenic effects on cells within the same adipose depot (177).  Attempts to connect adipogenesis 

in clinic studies have been sparse and contain mixed results and interpretations.  McLaughlin et al. 

found insulin resistant obese adults to have a greater proportion of small adipose cells (20-50 µm), 

and decreased expression of adipogenic genes (PPARγ1, PPARγ2, GLUT4).  Their data suggested 

that an inability to recruit populations of mature adipocytes (>50 µm, that appear larger and 

differentiated) were underlying the development of insulin resistance in obese adults (168).  

Additionally, metabolically healthy obese women had greater proportion of preadipocytes 

(identified as CD34+), which suggests a greater differentiation potential was underlying the 

progression of metabolic syndrome (178).  The previously mentioned studies have attempted to 

profile adipogenesis capacity by indirect measurements from adipose tissue (such as static protein 

and gene expression).  However, studies directly measuring adipogenesis by the deuterated water 

(2H2O) incorporation into adipose tissue DNA (4 weeks after ingestion) found no difference 

between insulin resistant and insulin sensitive adults (162).  Using the same 2H2O labeling 

technique, White et al. challenged the ‘adipose tissue expandability’ hypothesis by completing 
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2H2O labeling for 8 weeks, and found new adipocyte formation was negatively associated with 

insulin sensitivity (179).  Therefore, these data suggested a higher abundance of small adipocytes 

(newly formed in the insulin resistant population) was still associated with a decreased capacity to 

store lipid as opposed to subjects who had fewer adipocytes proliferating into adipocytes, but were 

larger with greater storage capacity.  Despite mixed results, it is still intriguing to consider adipose 

tissue expandability through adipogenesis as a key factor protecting obese adults from metabolic 

dysregulation.  However, clinical studies linking the formation of new adipocytes to metabolic 

health are still unresolved. 

In obesity, there is a connection between white adipose tissue fibrosis and insulin 

resistance.  Minimizing fibrosis in the adipose tissue is thought to allow for more effective 

adipocyte expansion when in energy surplus (159, 180, 181).  To maintain healthy adipose tissue 

expansion, remodeling of the extracellular matrix (ECM) must occur to accommodate nutrient 

excess by improving expansion capacity.  However, obesity is also associated with chronic low-

grade inflammation, in which ECM accumulation and fibrosis occurs, and represents a physical 

constraint to adipose tissue expansion (182, 183).  The ECM is composed of collagens (I, III, IV, 

V, and VI) and adhesion proteins (fibronectin, elastin, laminin, integrin and proteoglycan) 

necessary for tissue structure, cell adhesion, differentiation, and signal transduction processes 

(184).  With respect to adipose tissue plasticity and expansion, collagen VI abundance has been 

profiled to directly associate with insulin resistance due to ECM fibrosis, and inability to expand 

adipocytes, which postulates the potential for lower collagen VI abundance as a protective factor 

against insulin resistance in obese adults.  The relationship between collagen VI and insulin 

resistance has been demonstrated in collagen VI-null ob/ob mice, where adipose tissue mass 

expansion was not inhibited in these mice, allowing lipid to accumulate in adipose tissue without 

restriction (185).  Importantly, this increased adiposity was associated with lower local 

inflammation and insulin resistance compared to collagen VI–expressing ob/ob mice (185).  Data 

from our lab also found collagen VI mRNA abundance directly correlated with basal rate of 

lipolysis (155), and others have also reported associations between collagen VI abundance and 

inflammation/macrophage activation (186, 187).  Interestingly, modifiers of ECM formation may 

underlie fibrosis in adipose tissue.  The balance between matrix metalloproteinases (MMPs), a 

collagenase responsible for degrading ECM collagens, and tissue inhibitor of metalloproteinase 

(TIMP) may be critical regulators underlying ECM formation in obese adipose tissue as well (188).  
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However, in human adipose tissue, MMP9 was positively associated with insulin resistance and 

BMI, but MMP-9 accumulation in insulin resistant adults was speculated to be an effect of greater 

inflammation in adipose tissue, as MMP-9 is also abundant in macrophages (189, 190).  Therefore, 

to interpret the adipose tissue specific effect of MMPs on fibrosis, it is warranted to separate the 

mature adipocyte and stromal vascular fraction.  It is important to note adipose tissue inflammation 

also promotes ECM formation, and the specific signals affecting adipose tissue progenitor cell 

differentiation towards a fibrogenic cell program is still poorly understood (181).  Whether ECM 

is a direct contributor to the development of insulin resistance, or secondary to inflammatory 

and/or mechanical stress in adipocytes remains questioned.  Therefore, assessing both 

inflammatory and ECM mediators of fibrosis in conjunction will be fundamental to developing 

treatment for obesity-related conditions.    

Obesity is often associated with chronic low-grade inflammation, consisting of 

macrophage infiltration and immune cell activation, which produce and secretes pro-inflammatory 

cytokines to affect both local and systemic metabolism (152, 191-193).   Understanding the 

influence of immune cells in adipose tissue are very important, as macrophages are the most 

abundant immune cell in adipose tissue, consisting of ~40% of the entire cell population within 

the stromal vascular fraction in obese adults (152).  Inflammatory triggers associated with obesity 

are still incomplete, however, obesity-induced adipose tissue remodeling likely initiates pro-

inflammatory responses from intrinsic signals [e.g., adipocyte death, hypoxia, and mechanical 

stress] (194).  The macrophage profile switch in obesity is associated with a transition from an 

anti-inflammatory (M2) to pro-inflammatory (M1) profile (152, 195), resulting in over-

accumulation of local and systemic cytokines such as TNFα, IL-6, IL-8, IL-1β, C-reactive protein, 

and monocyte chemoattractant protein-1 (MCP-1) (196).  Additionally, excessive accumulation of 

the aforementioned cytokines have also been shown to impair both systemic and local insulin 

signaling by activating toll-like receptors, inhibitor of κB kinases (IKKBs), nuclear factor κB (NF-

κB), and c-JUN N-terminal kinases (JNK) pathways (197).  Of the pro-inflammatory cytokines, 

TNFα has been linked to systemic insulin resistance, and is upregulated in obesity, where it is 

secreted from pro-inflammatory macrophages originating in adipose tissue (198).  Importantly, 

TNFα impairs local and systemic insulin signaling by phosphorylating IRS1 in the adipocyte, 

suggesting a role to impair lipolysis suppression in the fed state, and insulin signaling in non-

adipose tissues (191).  In studies assessing inflammatory differences in insulin sensitive versus 
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insulin resistant obese adults, the insulin sensitive obese adults had lower abundance of 

thrombospondine-1, pro-inflammatory mediator of TGF-β1 (199, 200), and CD4+ T cells (Th17 

and Th22), known to produce pro-inflammatory cytokines in adipose tissue (201).  Greater 

expression of inflammation-related genes (e.g., CD68, EMR1, IL8, IL6 and MCP/CCL2) were 

also reported in insulin resistant compared to insulin sensitive obese adults (202).  However, it is 

important to note complete removal of inflammation is also deleterious to metabolic health, and 

inflammation should be considered as an adaptive response to promote safe nutrient and lipid 

storage (203, 204).  Understanding mechanisms responsible for adipose tissue inflammation in 

obesity has important therapeutic potential, and minimizing chronic low-grade inflammation is 

likely a factor by which obese adults are ‘protected’ from insulin resistance. 

Adipose tissue is also recognized as an active endocrine organ, secreting a number of 

adipocyte-derived secretory factors (i.e., adipokines) altering metabolic function in other organs.  

The most abundant secreted factor, adiponectin (Acrp30), is of potential interest as a factor 

‘protecting’ obese adults from insulin resistance, as it has been directly associated with insulin 

sensitivity in obese men and women (205), and more abundant in the circulation of metabolically 

healthy obese adults (206-208).  Many mechanisms of action by adiponectin have been proposed, 

but not confirmed.  The insulin sensitizing mechanism of adiponectin has been found in transgenic 

adiponectin overexpressing ob/ob mice that remained glucose tolerant despite dramatic weight 

gain.  Holland et al. found ceramidase enzyme activity is increased by adiponectin, converting 

ceramides to sphingosine-1-phosphate at a greater rate, and away from the harmful effects of 

ceramide on insulin signaling (209).  Recently, Li et al. showed 2 weeks adiponectin treatment 

increased insulin-stimulated glucose uptake in mice by lowering ectopic lipid deposition, and thus, 

membrane-associated DAG, which diminished PKCθ and PKCε activity in skeletal muscle (210).  

Many other studies identifying the therapeutic effect of adiponectin have found this adipokine to 

increase β-oxidation and suppress lipid accumulation in liver (211), suppress of gluconeogenesis 

(212), stimulate AMPK activity (213), and even promote adipogenesis (214).  If adiponectin 

functions in paracrine fashion, then perhaps its release from adipose tissue signals its native tissue 

to upregulate lipid storage, as it is inversely associated with fat mass.  In the case of ‘metabolically 

healthy’ obesity, adiponectin secretion may promote fatty acid transport and synthesis back into 

adipose tissue of healthy obese adults, while metabolically unhealthy adults who have expanded 

their adipose tissue storage capacity signal for limited adiponectin release, diminishing fatty acid 
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uptake into adipose tissue, and cause further ectopic lipid deposition (210).  The previously 

mentioned preclinical and in vitro models show adiponectin potential as a therapeutic target against 

obesity-induced insulin resistance despite the absence of a clear clinical model for adiponectin’s 

action in vivo.  In summary, Project 1 of my dissertation identified specific factors from adipose 

tissue (listed in SECTION III) that may be differing between insulin resistant and insulin sensitive 

obese adults.  Adipose tissue samples from two groups of varying insulin resistant versus 

metabolically healthy cohorts were compared by us histological, and untargeted proteomics to 

speculate underlying factors that may be associated with high lipolytic rate in obese adults, and 

thus, insulin resistance. 

 

IV - Exercise Protects Against Lipid-Induced Insulin Resistance – Role of Lipid Storage 

Exercise is often prescribed as a first-line approach for treating obesity-related 

complications including insulin resistance (215-218), and the beneficial effects of metabolic 

fitness are associated with lower incidence of cardiovascular disease (219), and T2DM (220).  

Notably, lifestyle interventions involving both exercise and weight loss have been found to be very 

successful at preventing T2DM onset for at-risk adults, and were even more effective than the most 

commonly prescribed anti-diabetic medication (12, 13).  However, research demonstrating the 

profound impact of exercise training on insulin sensitivity remains equivocal, as the effect of 

weight loss and timing from the most recent exercise session obscures our ability to assess the 

direct effect of exercise training on metabolic health independent from the most recent exercise 

session (221, 222).  Therefore, the effect of exercise independent of weight loss, and the timing of 

exercise with respect to the acute effects (transient) compared  with long-term effect stemming 

from the adaptive response to training are not completely understood.  Although the effect of 

exercise on metabolic health is well known, its impact on insulin sensitivity are likely transient, 

persisting only ~24-72 hours after an exercise session (223-228).  Project 3 of my dissertation 

identified the effect of exercise training and timing on skeletal muscle metabolism in the context 

of lipid handling into intramyocellular LDs.  Additionally, because the timing of exercise plays an 

influential role in insulin sensitivity, I will review the acute (post-exercise) effects and chronic 

(training) effects of exercise on intramyocellular triglyceride (IMTG) regulation within LDs. 
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Fatty acids are largely stored as IMTG in skeletal muscle, and are an important energy 

source during exercise (229-231).  Therefore, after a moderate/vigorous exercise session (<80% 

VO2max) there is often a transient reduction in intramyocellular lipid (IMCL) abundance (which 

are largely stored as IMTG), ranging from ~20-70% decrease after a bout of exercise (232-234).  

IMTG are stored within LDs in skeletal muscle, where the distribution of LDs and properties (i.e., 

size, and protein composition) within skeletal muscle may be important in the regulation of 

lipolysis and fatty acid availability for mitochondrial respiration during exercise, and may prevent 

from lipotoxicity in muscle.  To support the notion LD distribution may remodel to promote fatty 

acid availability for subsequent exercise bouts, our lab found even a single exercise session 

stimulates IMTG synthesis after an overnight lipid infusion, which in turn is an important mediator 

against the lipotoxic accumulation of lipid intermediates such as DAG and ceramide (24).  

Importantly, properties of the LD in skeletal muscle includes; 1) LD membrane composition, 2) 

LD size, 3) LD density, and 4) LD localization to metabolically impactful organelles such as the 

membrane and mitochondria (Figure II-9A and II-9B).  These LD characteristics may play a 

unique role not only regulating fatty acid availability and oxidation during exercise, but as an 

underlying factor to prevent insulin resistance by improving the capacity for inert IMTG storage.  

Fortunately, advancements in microscopy enable more in-depth assessments of the previously 

described factors (LD size and location) within the myocyte (235).  The adaptive restructuring of 

LDs after a session of exercise to improve fatty acid availability may be a protective mechanism 

by which exercise training protects against insulin resistance in obese adults (236, 237).   

The assembly of LDs are initiated in endoplasmic reticulum (ER), in which several steps 

occur to synthesize TAG and sterol esters (e.g., cholesterol esters) into the LD organelle [Figure 

II-10] (165).  The first step of TAG synthesis is the esterification of acyl-CoA to glycerol-3-

phosphate regulated by GPAT family of proteins, and diacylglycerol acyltransferases regulated by 

DGAT 1/2.  When neutral TAG are esterified, they are dispersed between the leaflets of the ER 

bilayer.  As neutral lipid continues to accumulate, a neutral lipid lens is formed, causing LD 

budding from the ER bilayer towards the cytosol.  As LD growth continues, the ER membrane 

supplies the growth of the phospholipid monolayer (largely composed phosphatidylcholine and 

phosphatidylethanolamine).  Additionally, LD membrane proteins that are assembled in the ER 

become localized to the LD, which includes enzymes to support TAG biosynthesis (GPAT4 and 
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DGAT2), and proteins to translocate LDs to support metabolic function of organelles within the 

cell (165).   

Of the proteins that coat LD membranes, perilipins have been the most commonly 

characterized LD membrane protein (238) – with PLIN2 and PLIN5 the most abundant within 

skeletal muscle (239, 240).  These PLIN proteins may be an important determinant of fuel 

utilization in the myocyte.  Whytock et al. demonstrated PLIN5+ LDs were lower after exercise 

due to a preferential co-localization between PLIN5 and HSL to increase lipolytic activity during 

exercise (241).  Additionally, other studies found an acute exercise session increased contact 

between LD and mitochondria, and speculated to increase contact sent from signals initiated by 

mitochondrial respiration (242, 243).  Interestingly, the relationship between LD-mitochondrial 

contacts have been found to demonstrate not only a relationship by which fatty acid utilization 

from the LD is improved.  Also, LD-mitochondrial contact has been shown to promote LD-

expansion in vitro (244).  Although the mechanism between LD-mitochondrial contact to promote 

LD expansion is still unclear, it is speculative to consider a potential relationship by which LD 

expansion occurs post-exercise by a mitochondrial contact site.  With response to the localization 

of LDs after an acute exercise session, some studies found a single exercise session decreased LD 

abundance in the intramyofibrillar region (IMF: towards the middle of the myocyte), but not the 

subsarcolemmal region (SS: around the periphery) (245, 246).    

LD remodeling after exercise training stems from the summation of repeated exercise 

bouts, and LDs in skeletal muscle are thought to expand in effort to enhance fatty acid turnover 

and oxidation.  As noted above, the day after each exercise session, there is often a greater flux of 

fatty acids towards IMTG storage, resulting in expanded IMTG pool following exercise.  In fact, 

IMCL expansion occurs in as little as 2 weeks of exercise training, contributing as an early 

response, perhaps as an adaptation to accommodate the energy demand during prolonged exercise 

(232).  Interestingly, IMTG are also commonly found to be elevated in insulin resistant obese 

adults and T2DM adults.  The observation that IMTG are also high in insulin sensitive athletes has 

been described as the ‘athlete’s paradox’.  Exercise training has been found to increase total LD 

volume by increasing LD number (# LDs per µm2) as opposed to size of LDs per se (242, 247, 

248).  The increase in LD number (and not size) may be adaptive response to increase LD surface 

area to volume ratio, allowing for rapid mobilization and turnover of fatty acids stored as IMTG 

in LDs (242, 247, 248).  Aerobic training was found to increase IMF LD number (249), and reduce 
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SS LDs (236, 250).  The localization of LDs may therefore explain the divergence in insulin 

sensitivity in athletes versus T2DM adults despite having similar IMTG abundance.  The 

relationship between LD localization and insulin sensitivity are unique, as studies measuring the 

relationship between the LD environment and insulin sensitivity found a greater proportion of LDs 

in the SS region of Type II fibers in T2DM adults (250), and SS LD accumulation was also 

associated with insulin resistance (237, 245, 251).  For clinical relevance, Koh et al. found 11 

weeks high-intensity interval training (HIIT) decreased  SS LD abundance and not IMF LD 

abundance (250).  This relationship is important to note as IMF mitochondria were previously 

found to associate with a more oxidative mitochondria as opposed to SS mitochondria (249).  

Additionally, the redistribution of lipids from the SS to the IMF regions may be an underlying 

factor for greater fat oxidation potential following exercise training, and shunting of LDs away 

from the membrane where key insulin signaling proteins (e.g., insulin receptor) are located. 
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Figure II-9: Lipid droplet organization and distribution within skeletal muscle. 

A) Characteristics of LDs.  LDs are stored as TAG rich organelles ranging in size from ~0.2-1.4 µm2, and contain 

a hydrophobic core surrounded by a phospholipid monolayer comprising hundreds of proteins regulating structure 

and function (98). B) Representation of skeletal muscle LD distribution and gaps in knowledge pertaining to 

exercise intensity and timing on lipid droplet distribution. 
 

LD size and number are regulated by both TAG synthesis (anabolism) and degradation 

(catabolism).  As described previously, the synthesis of TAG into LDs are largely governed by 

GPAT and DGAT proteins.  However, the LD pool is dynamic – and the LD pool turns over via 

cycling through processes of synthesis and degradation.  Contrary to LD synthesis, and when in a 

state of energy deficit, lipolysis occurs to provide mitochondria fatty acid substrates for β-

oxidation through lipolytic mechanisms regulated by ATGL and HSL (described in SECTION I).  

However, a relatively unexplored mechanism of LD degradation in skeletal muscle is through the 

autophagic degradation of intracellular LDs (lipophagy), and a less-appreciated means that may 

regulate energy balance in the cell through bulk transport of fatty acids, and also LD remodeling 

A 

B 
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(252, 253).  LDs break down by ‘lipophagy’ as an adaptive mechanism to increase nutrient 

availability for the next bout of nutrient deficiency (253).  There are many possible mechanisms 

by which nutrient deprivation can increase lipophagy, and has been thought to be regulated by 

AMPK and mTOR balance through their independent regulation on autophagy-related proteins 

(254).  Lysosomes, once thought to be an organelle responsible degrading and recycling cellular 

waste from organelles, also has implications to secrete essential proteins and lipids to other regions 

of the cell, influencing signaling and energy metabolism (255).  Lysosome mediated lipophagy 

was first introduced in 2009 in hepatocytes (256).  The first study elucidating the regulation of 

lipophagy was by Singh et al., who found; i) inhibition of autophagy increased hepatic triglyceride 

and LD content, and lowered triglyceride breakdown, ii) LD structural proteins co-localize with a 

key regulator of chaperone-mediated autophagy – light chain protein 3 (LC3), 3) intracellular lipid 

accumulation decreased autophagy (lower LD-LAMP1 co-localization), and 4) LDs directly fuse 

with LC3+ autophagasomes (256).  Other studies have revealed LC3 and LAMP2 (lysosomal 

marker) are important regulators in lipophagy by demonstrating the following; 1) LC3 directly 

interacts with ATGL at the LD (257), and 2) removing lysosomal-associated membrane protein 2 

(LAMP2A, an important regulator mediator in autophagy at the lysosome) leads to LD 

accumulation (258).  It is well-known autophagy is regulated by the Atg class of proteins (Atg1, 

Atg5, and Atg7), which are downstream of key metabolic sensors mTOR and AMPK. Therefore, 

it is hypothetical these regulatory proteins are responsible for lipophagy in some extent, given their 

influence in metabolism and energy balance.  It has not been tested if exercise increases 

mechanisms for lipid breakdown and re-distribution through lipophagy, but plausible due to the 

energy deficit and glycogen depletion caused from each exercise bout.  The molecular mechanisms 

by which lipophagy is regulated is far from understood, and major questions have not been 

answered such as lipid recruitment, signals promoting lipophagy, and the benefits of bulk fatty 

acid appearance via lipophagy as opposed to controlled mechanisms lipolysis.  However, it is 

attractive to consider LD remodeling following an exercise bout may produce favorable insulin 

responsiveness, in which lipophagy is an underlying factor to aid in LD redistribution.  In 

summary, Project 3 of my dissertation tested; 1) The effect of exercise training (both acute and 

chronic effects) on LD characteristics (LD size and number), LD distribution (IMF versus SS), 

and fiber-type specific abundance, and 2) the effect of exercise training (both acute and chronic 
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effects) on LD biogenesis by co-localization with the ER and LD degradation by co-localization 

with the autophagasome.   

 

 

 

Figure II-10: Overview of lipid droplet biogenesis and degradation by autophagy. 

De novo LD biogenesis ocurrs at the endoplasmic reticulum, while degradation by chaperone mediated autophagy 

(‘lipophagy’) occurs by lysosomal degradation.  Lipophagy has been speculated to occur by interaction with the 

autophagasome marker, LC3, and ATGL, as well as PLIN2 directly interaction with the lysosome (LAMP2). 

  



 46 

SUMMARY 

Adipose tissue expands with weight gain by increasing TAG storage within adipocytes.  

However, the capacity for adipose tissue to store TAG are often exceeded, contributing to free 

fatty acid spillover, and ectopic lipid deposition.  As a result of inadequate fatty acid storage in 

adipose tissue, the accumulation of these ectopic lipids are associated with insulin resistance and 

cardio-metabolic disease.   

Upon obesity, adipose tissue must remodel in effort to sustain TAG storage.  The specific 

factors associated with adipose tissue remodeling is dependent upon increasing the number of 

adipocytes (adipogenesis), improving blood flow (angiogenesis), limit ECM fibrosis in effort to 

promote adequate expansion, and limiting excess immune cell infiltration.  The consequence of 

impaired adipose tissue remodeling results in greater fatty acid availability to ectopic tissues such 

as skeletal muscle, and causes lipid infiltration known to modify insulin signaling and glucose 

uptake into skeletal muscle.   

Each exercise session triggers and adaptive response modify lipid handling in the myocyte 

in effort to increase fatty acid availability for mitochondrial respiration.  Fortunately, the insulin 

sensitizing effect of exercise may be attributing to modifications in lipid storage within LDs, and 

limit the influence of cellular lipotoxicity in the myocyte.  To this end, exercise is likely a 

beneficial prescription to improve metabolic health for those who are insulin resistant as a result 

of improper adipose tissue remodeling.    
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Chapter III  
 

Project 1  

Assessment of Factors Underlying Whole-Body Insulin Resistance in Adults with Obesity. 

ABSTRACT 

Obesity is a major risk factor for many cardio-metabolic disorders, including insulin resistance.  

Although most adults with obesity are insulin resistant, some do remain relatively insulin sensitive.  

Factors underlying the variability in insulin sensitivity in adults with obesity are not completely 

clear. We hypothesize factors related to abdominal subcutaneous adipose tissue (aSAT) structure 

and metabolism may be important contributors. The primary aims of this study were to: 1) assess 

relationships between key clinical and subclinical factors with insulin-mediated glucose uptake in 

a relatively homogeneous cohort of adults with obesity, and 2) examine the potential contribution 

of adipocyte size and proteomic profile of aSAT to the rate of fatty acid (FA) mobilization into the 

systemic circulation. Sixty-six adults with obesity (BMI=34±3 kg/m2) were assessed for insulin 

sensitivity (hyperinsulinemic-euglycemic clamp), and stable isotope dilution methods were used 

to quantify in vivo glucose, FA, and glycerol kinetics.  We found insulin-mediated FA Ra 

suppression to be the strongest independent predictor of whole-body insulin sensitivity (r=0.51; 

p<0.01).  Interestingly, FA Ra suppression was negatively correlated with lipid accumulation in 

both the liver and visceral adipose tissue.  Proteomics analyses on aSAT samples from sub-cohorts 

of subjects with Low Fa Ra suppression (LS) versus High FA Ra suppression (HS; n=8 per group) 

revealed greater extracellular matrix (ECM) collagen proteins and TGFβ1 in LS versus HS.  This 

finding suggests high aSAT fibrotic content may contribute to a reduced ability for insulin to 

suppress FA release.  We also conducted lipidomics analyses in skeletal muscle samples and found 

an inverse correlation between FA Ra suppression and the acyl-chain length of acylcarnitine and 

triacylglycerol, suggesting regulation of FA release from aSAT in response to insulin may 

contribute to long-chain lipid accumulation in skeletal muscle.  Overall, our findings support the 

notion that retaining the ability for insulin to markedly suppress FA release from aSAT has very 

favorable metabolic implications in skeletal muscle and liver.  This may help explain why some 

adults with obesity remain ‘protected’ from developing skeletal muscle insulin resistance. 
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INTRODUCTION 

Insulin resistance (i.e., a sub-optimal response to insulin’s effect on glucose uptake) is a 

major factor underlying many obesity-related diseases (1).  Although most adults with obesity are 

insulin resistant, it has been reported that as many as 30% of obese adults remain relatively insulin 

sensitive, with minimal metabolic health complications (2-4).  Why some adults with obesity are 

profoundly resistant to insulin-mediated glucose uptake, while others are relatively insulin 

sensitive, remains elusive.  Findings from our lab (5, 6) and others (7-9) suggest maintaining low 

fatty acid (FA) availability in the systemic circulation may help ‘protect’ some obese adults from 

developing insulin resistance.  Importantly, the vast majority of the FA delivered into the systemic 

circulation are derived from abdominal subcutaneous adipose tissue (aSAT), rather than 

gluteal/femoral- or visceral adipose tissue (10).  The rate of FA mobilization from aSAT into the 

systemic circulation is primarily determined by rate of triacylglycerol hydrolysis (i.e., lipolysis) 

and by the rate at which the FAs liberated by lipolysis are re-incorporated back into triacylglycerol 

within the adipocyte (i.e., re-esterification).  While these processes are chiefly regulated by the 

activity of the lipase and acyltransferase enzymes that catalyze lipolysis and esterification, adipose 

tissue morphology (e.g., cell size, vascularization, fibrosis), as well as local and systemic 

inflammation may also impact FA release (11-13).  Therefore, these factors within aSAT may play 

an important role in determining the magnitude of whole-body insulin resistance and overall 

metabolic health in adults with obesity. 

The metabolic consequences of excessively high FA availability are due in large part to 

high rates for FA uptake and resultant ‘ectopic’ lipid accumulation in tissues such as skeletal 

muscle and liver (14, 15).  High rates of FA uptake in the liver can greatly impair hepatic insulin 

sensitivity and can also lead to the development of chronic liver disorders such as nonalcoholic 

fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH).  Because skeletal muscle 

is the primary site of insulin-mediated glucose uptake (16), preservation of insulin action in 

skeletal muscle is paramount for maintaining whole-body insulin sensitivity.  Excessive FA uptake 

into skeletal muscle and the accumulation of lipid intermediates such as diacylglycerol (17), 

ceramide (18), and long-chain acyl-CoA (19) have been causally linked with impairing insulin 

signaling (20-22).  In addition, the acyl-chain length (23, 24) and saturation state (25) of these and 

other lipid species have been suggested to impact skeletal muscle insulin signaling.  Given the 

important repercussions stemming from a high FA uptake and lipid accumulation in skeletal 
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muscle and liver, an enhanced ability to store and sequester FA in aSAT should be metabolically 

favorable by excess FA availability that contributes to ectopic lipid deposition.  However, the 

relationship between FA mobilization from aSAT and lipid accumulation in these tissues remains 

unresolved. 

The primary aims of this study were to: 1) assess relationships between key clinical and 

subclinical factors with insulin-mediated glucose uptake in a relatively homogeneous cohort of 

adults with obesity, and 2) examine the potential contribution of adipocyte size, ECM collagen 

accumulation, and proteomic profile in aSAT to the rate of FA mobilization into the systemic 

circulation.  We also sought to examine relationships between systemic FA mobilization and the 

accumulation of different lipid species within skeletal muscle, as well as hepatic lipid 

accumulation and function.  We hypothesized that maintaining a relatively low rate of FA 

mobilization in the systemic circulation will be associated with enhanced insulin-mediated glucose 

uptake and lower ectopic lipid accumulation in liver and visceral adipose tissue.  Furthermore, we 

hypothesized a relatively low rate of FA mobilization will be associated with lower ectopic lipid 

accumulation in the liver and skeletal muscle, with attenuated abundance of saturated- and long-

chain muscle lipids, which in turn will also be associated with enhanced insulin sensitivity. 

 

METHODS 

Participants 

Sixty-six men (n=20) and women (n=46) with obesity completed the study (BMI= 30-40 

kg/m2; Table III-1). All participants were ‘inactive’ and not engaged in any planned physical 

aerobic or resistance exercise, and weight stable (±2 kg) for the previous 6 months.  Participants 

were not prescribed medications affecting glucose or lipid metabolism, have a history of heart 

disease, or smokers.  All women were pre-menopausal with regularly occurring menses, and not 

pregnant, or lactating.  The study protocol was approved by the University of Michigan 

Institutional Review Board, and registered at clinicaltrials.gov (NCT02717832 and 

NCT02706093).  All participants were provided written informed consent before participation.   
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Body Composition, Visceral Fat Area, and Liver Fat. 

Body composition was assessed by dual-energy X-ray absorptiometry (Lunar DPX DEXA 

Scanner, GE) at the Michigan Clinical Unit (MCRU).  Visceral fat area (cm2) and liver fat 

percentage was measured by magnetic resonance imaging (MRI: Ingenia 3T MR System, Phillips) 

at the University of Michigan Medicine’s Department of Radiology.     

Experimental Protocol 

Participants received a standardized meal consisting of a dinner (30% daily energy 

expenditure; 55% carbohydrate, 30% fat, 15% protein) and snack (10% daily energy expenditure) 

the day before the study trial, and arrived to MCRU at 0700h the following morning (See Appendix 

A for study schematic).  After 30min quiet rest, resting metabolic rate (RMR) and substrate 

oxidation (fat and carbohydrate) was measured via indirect calorimetry (Vmax Encore; 

CareFusion).  At ~0800h, intravenous catheters were inserted into the hand vein for continuous 

blood sampling, and forearm vein for continuous isotope, insulin, and glucose infusion.  At 

~0900h, baseline blood samples were collected for background isotope labeling, followed by a 

primed continuous [6,6 2H2]glucose infusion (35 µmol/kg priming dose, and 0.41 µmol/kg/min 

continuous infusion; Cambridge Isotopes), and [2H5]glycerol (1.5 µmol/kg priming dose, and 0.1 

µmol/kg/min continuous infusion; Cambridge).  At ~0915h, skeletal muscle biopsies were 

collected from the vastus lateralis, and aSAT biopsies were collected by aspiration lateral to the 

umbilicus.  For aSAT biopsies, one pass of intact tissue was collected with a Bergström needle, 

and immediately stored in ice-cold formalin, and paraffin embedded for cell size and histochemical 

analyses.  Upon obtaining both skeletal muscle and aSAT biopsies, any visible connective tissue 

was removed, samples quickly rinsed in saline, blotted dry, and flash frozen in liquid nitrogen.  At 

~1000h, a continuous [1-13C]palmitate bound to albumin infusion began to determine FA kinetics 

(0.04 µmol/kg/min continuous infusion; Cambridge).  Three arterialized samples were collected 

(heated hand technique) at 1050h, 1055h, and 1100h to determine fasting glucose rate of 

appearance (Ra), FA Ra, and glycerol Ra into the circulation.  At ~1100h, a 2h hyperinsulinemic-

euglycemic clamp procedure began to determine insulin-mediated glucose uptake (index of whole-

body insulin sensitivity; 40 mU/m2/min) (26).  Continuous blood glucose samples were obtained 

every 5min (StatStrip, Nova Biomedical, Waltham MA), and dextrose infusion rate was modified 

in attempt maintain baseline glucose concertation (~5 mM) at the end of the clamp procedure.  
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Five more blood samples were obtained during the last 20min of the clamp to determine insulin-

mediated substrate kinetics. 

Participant stratification into High versus Low FA Ra suppression sub-cohorts 

For paired analyses, a sub-cohort of participants were stratified into High FA Ra 

suppression (HS) versus Low FA Ra suppression (LS) determined by the % change in FA Ra from 

baseline to hyperinsulinemia during the clamp (HS=85±2 %, LS=63±6 % FA Ra suppression; n=8 

in each sub-cohort; Figure III-4A and III-4B).  Importantly, participants selected for sub-cohort 

stratification were strictly matched for sex, body mass, and fat mass to avoid the confounding 

effect of body composition on metabolic health (Figure III-4C and Table III-1). 

 

Analytical Procedures 

Plasma glucose, glycerol, and FA kinetics.   

The tracer-to-tracee ratio (TTR) to quantify glucose, glycerol, and palmitate kinetics were 

determined by gas-chromatography-mass spectrometry (GC/MS) using a Mass Selective Detector 

5973 system (Agilent Technologies).  For FA kinetics, proteins were precipitated by the addition 

of acetone to plasma, and hexane used to extract plasma lipids.  FAs were converted to methyl 

esters with iodomethane, and isolated using solid phase extraction cartridges (Supelclean LC-Si 

Silica gel SPE tubes; 505048, Sigma-Aldrich).  [1-13C]palmitate TTR was determined from the 

average integrative abundance at the following mass-to-charge ratios (m/z) for methyl palmitate 

(270/271) and methyl ester palmitate (74/75) for both endogenous and isotope labeled palmitate 

respectively.  Glucose TTR was selectively analyzed and peak abundances averaged at the 

following m/z for ion fragments (103/105, 115/117, 127/129, and 217/219) for endogenous and 

isotope labeled [6,6 2H2]glucose respectively.  Glycerol TTR was selectively analyzed and 

averaged from m/z peak intensities at the following ion fragments (103/106, 116/120, and 145/148) 

for endogenous and isotope labeled [2H5]glycerol respectively.   

Plasma metabolite, cytokine, and hormone concentration 

Plasma glucose, non-esterified fatty acid (NEFA), triacylglycerol, high-density 

lipoproteins (HDL), and total cholesterol were measured in plasma from commercially available 

colorimetric assays. Plasma interleukin-6 (IL-6), C-reactive protein (CRP), leptin, total 
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adiponectin, and high molecular-weight (HMW) adiponectin were measured via enzyme-linked 

immunoassay (ELISA). Insulin was measured by radioimmunoassay. See Table III-3 for vendor 

information and details.  

aSAT proteomics 

Proteomic analysis from aSAT samples were completed by the Mass Spectrometry-Based 

Proteomics Resource Facility (Department of Pathology, University of Michigan).  Liquid 

chromatography-mass spectrometry (LC-MS/MS) analysis was conducted using an RSLC 

Ultimate 3000 nano-ultra performance liquid chromatographer (Thermo-Fisher) and Orbitrap 

Fusion mass spectrometer (Thermo-Fisher).  To prepare samples, ~125 mg aSAT from each 

subject was homogenized in 0.6 mL ice-cold lysis buffer (50mM Tris-HCl, 1mM EDTA, 0.5% 

SDS, 0.01% Triton X-100), 1% protease inhibitor cocktail (P8340, Sigma-Aldrich), and two steel 

ball bearings per sample. Samples were solubilized for 60min by inverted end-over-end rotation 

at 50rpm at 4°C, and centrifuged for ~3-5 cycles at 15,000g for 15min at 4°C, removing the lipid 

layer between cycles until lipid was not visible.  Protein concentration was determined by 

bicinchoninic acid (BCA) assay method, and diluted in lysis buffer to 2µg/µL.  See Appendix B 

for detailed protocols describing protein extraction, tandem mass tag (TMT) labeling procedure, 

and LC-MS/MS analysis and quantification. 

Visceral and Liver fat. 

Fat content from MRI images were captured by the Dixon method (27), and image 

acquisition was described previously from our lab (28).  Visceral fat area was measured from 3, 5-

mm axial slices between L2-L3 vertebral region, and liver fat percentage was measured from 3, 5-

mm axials slices of the liver.    

Skeletal muscle lipidomics 

Untargeted lipidomic analysis (LC-MS) was completed by the Michigan Regional 

Comprehensive Metabolomics Resource Core (University of Michigan School of Medicine) using 

an ABSCIEX 5600 triple time-of-flight MS (SCIEX).  Following homogenization, lipids were 

extracted by a modified Bligh-Dyer method using a 2:2:2 ratio volume of 

methanol:H2O:dichloromethane at room  temperature after spiking internal standards (29).  The 

organic layer was collected and dried under nitrogen, then the dried lipid extract reconstituted in 
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100 μL of Buffer B (10:85:5  acetonitrile/isopropanol/H2O) containing 10 mM ammonium acetate 

and subjected to LC-MS by electrospray ionization (LABSIEX 5600 TOF MS:SCIEX).  Lipids 

were identified using LIPIDBLAST computer-generated tandem-MS library (30), and normalized 

to tissue wet weight. 

 

Calculations 

Fatty acid, glucose, and glycerol rate of appearance 

Palmitate, glycerol, and glucose Ra were calculated  from their respective TTR using the 

Steele equation for steady state conditions (31). Fatty acid Ra was determined by dividing 

palmitate Ra by the ratio of total palmitate (C16:0) to FAs within a standard (as shown previously 

by our lab; (5)). 

Insulin-mediated glucose uptake and hepatic insulin sensitivity.  

Insulin-mediated glucose uptake was determined by glucose infusion rate per kilogram fat 

free mass, and normalized to plasma insulin during the last 20 minutes of the hyperinsulinemic-

euglycemic clamp when glucose concentrations were stable (nmol/kgFFM/min / (µU/mL)).  

Hepatic insulin sensitivity was determined by glucose Ra % suppression from basal to insulin-

mediated conditions. 

Resting metabolic rate and substrate oxidation 

Resting Metabolic Rate (RMR: kcal/day) was calculated from the Weir equation (32).  Fat 

oxidation (g/min) was calculated from VO2 (L/min) and VCO2 (L/min), and corrected for urinary 

nitrogen production by the equation detailed by Frayn (33).  

aSAT cell size and fibrosis.  

aSAT samples were fixed in 10% neutral buffer formalin at 4°C, and paraffin embedded in 

labeled histology cassettes and processed into a paraffin block.  Mean adipocyte size was 

determined by NIH Image J using macro described by Parlee et al., (34).  A lower threshold of 

1000 µm2 was set, and frequency distribution calculated from 30 bins per subject. Large and small 

adipocyte distributions were quantified by the highest and lowest quartiles from the entire study 

cohort (n=66).  For fibrosis measurements, picrosirius red stained samples were measured as 
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described previously (35), and normalized to total tissue surface area measured from 10 random 

fields at 10x magnification for each sample, and quantified with NIH Image J (36). 

Statistical Analysis 

All measurements were tested for normality (shapiro-wilk test) and log transformed if 

normality was not achieved.  For multivariate analysis, net elastic regression (LASSO) was used 

to identify clinical and subclinical factors best predicting insulin-mediated glucose uptake 

(nmol/kg FFM/min / (µU/mL)) using glmnet package in R (37).  Univariate analysis correlating 

all measured variables and insulin-mediated glucose uptake independently was analyzed by 

Pearson’s correlation coefficient, and adjusted for age and sex using the ‘partial.r’ function in the 

Psych package in R (38).  Student’s t-test compared metabolic outcomes in HS versus LS sub-

cohorts.  For proteomic analysis, differential expression was determined by LIMMA package in R 

(39). Proteins with p<0.05 and abundance ratio >1.5 between groups were considered differentially 

expressed.  For lipidomic analysis, integrated abundance was log transformed.  Lipids either 

negatively or positively associated with both insulin-mediated glucose uptake and FA Ra 

suppression were displayed based on significance (p<0.05), and adjusted for multiple comparisons 

(40).  Hierarchical clustering for Spearman’s coefficients correlating insulin-mediated glucose 

uptake and FA Ra suppression with lipid abundance were clustered  by Euclidean distance 

measures by k-means clustering (k=5).  β-coefficients for standardized abundance (z-score 

transformation) of individual lipid species with respect to acyl-chain length and unsaturation were 

correlated with standardized rates of insulin-mediated glucose uptake and FA Ra suppression (βz). 

Then, correlations between βz versus acyl-chain length, and βz versus unsaturation were correlated 

by Pearson’s coefficient. Data are displayed mean±SD. Statistical analysis was completed using R 

version 4.1.0 (41). 

 

RESULTS 

Study participants 

Participant characteristics are presented in Table III-1.  All participants were obese (BMI 

range = 30-40 kg/m2, body fat= 43.5 ± 5.4 %), and did not present with fasting hyperglycemia (4.9 

± 0.5 mM).  Despite being largely homogeneous for body composition and most other physical 
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and clinical measures, insulin-mediated glucose uptake varied widely among our participants 

(Figure III-1).  

Clinical and subclinical factors associated with insulin-mediated glucose uptake.   

Multiple linear regression analysis for our clinical outcomes indicated high HMW 

adiponectin, HDL, and total adiponectin all directly correlated with insulin-mediated glucose 

uptake (determined by non-zero coefficients; see Appendix C for full list of explanatory variables), 

while BMI, plasma triacylglycerol, visceral adipose tissue (VAT), and liver fat percentage all 

inversely correlated with insulin-mediated glucose uptake (Figure III-2A).  Regression analysis 

for the subclinical factors (e.g., fat oxidation, lipolytic rate, FA kinetics, hepatic glucose 

production; see Appendix C for full list) indicated that insulin-mediated suppression of FA Ra 

(‘FA Ra suppression’ – expressed as percent change from basal), basal hepatic glucose production 

(i.e., glucose Ra), insulin-mediated suppression of hepatic glucose production, basal fat oxidation, 

and glycerol Ra during the insulin clamp were all directly correlated with insulin-mediated glucose 

uptake (Figure III-2B).  In contrast, FA Ra during the insulin clamp inversely correlated with 

insulin-mediated glucose uptake (Figure III-2B).  The subset factors from the LASSO regression 

were then analyzed by multiple linear regression with the following models: MODEL 1 = clinical 

factors models, and MODEL 2 = subclinical factors model.  Both models significantly associated 

with insulin-mediated glucose uptake (MODEL 1: adjusted R2=0.21, p<0.01; MODEL 2: adjusted 

R2=0.55, p<0.01; Table III-2). 

Univariate analysis demonstrated that insulin-mediated FA Ra suppression had the highest 

positive relationship with insulin-mediated glucose uptake (Figure III-2C and III-2D).  In 

accordance with this, FA Ra measured at the end of the clamp period was negatively correlated 

with insulin-mediated glucose uptake (Figure III-2C and III-2E). 

Adipocyte cell size 

Mean adipocyte area inversely associated with both insulin-mediated glucose uptake (r=-

0.29, p=0.035; Figure III-3A), and FA Ra suppression (r=-0.27, p=0.049; Figure III-3B). By 

stratifying the adipocyte area from aSAT samples from all subjects into quartiles, we defined 

adipocytes in quartile 1 (<3196μm2) as ‘small adipocytes’ and those in quartile 4 (>6784μm2) as 

‘large adipocytes’ (Figure III-3C).  Using these definitions, we found the proportion of small 

adipocytes did not associate with insulin-mediated glucose uptake (p=0.18; Figure III-3E) or FA 
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Ra suppression (p= 0.13; Figure III-3F).  However, the proportion of large adipocytes tended to 

correlate inversely with insulin-mediated glucose uptake (r=-0.26, p=0.07; Figure III-3G), and was 

inversely correlated with FA Ra suppression (r=-0.28, p=0.04; Figure III-3H). 

Sub-cohort stratification based of FA Ra suppression 

Similar to the wide range of insulin-mediated glucose uptake rates among our participants, 

FA Ra suppression also varied widely (Figure III-4A).  We stratified subjects into tertiles based 

on their FA Ra suppression to compare subjects with High Suppression (HS; range = 82.5-88.0% 

suppression) versus those with Low Suppression (LS; range = 50.7-68.5% suppression) sub-

cohorts (Figure III-4A and III-4B).  Importantly, subjects in the HS and LS sub-cohorts were 

tightly matched for fat mass, body fat %, and sex (Table III-1, Figure III-4C).  There were no 

differences in basal FA Ra between sub-cohorts (Figure III-4D), so the difference in FA Ra 

suppression was truly a consequence of differences in the suppression in FA Ra in response to 

insulin (Figure III-4D).  As anticipated, insulin-mediated glucose uptake was significantly greater 

in HS versus LS, and this was the case whether expressed normalized to plasma insulin 

concentration (Figure III-4E) or not (Figure III-4F).  Glucose Ra suppression during the insulin 

clamp (a measure of hepatic insulin sensitivity) was also greater in HS versus LS (Figures III-4G 

and III-4H).  Although there were no significant differences in liver fat or VAT area between the 

HS and LS (Figure III-4I and III-4J) sub-cohorts, when we examined this relationship across our 

entire cohort, we did find significant inverse correlations between liver fat and FA Ra suppression, 

as well as between VAT area and FA Ra suppression (both p<0.01; Figure III-4K and III-4L). 

aSAT proteomics 

Untargeted proteomic analysis identified 2,519 unique proteins (Figure III-5A).  Of the 

proteins identified, 148 differentially expressed protein in HS versus LS.  Of these differentially 

expressed proteins; 115 proteins were greater in LS versus HS, and 33 proteins greater in HS versus 

LS (p<0.05 & abundance ratio >1.5; Figure III-5B and III-5C).   

Using the KEGG database (42), we found ECM-receptor interaction pathway (hsa04512) 

to present the highest significant enrichment in LS versus HS (FDR=2.3e-4; Figure III-5D).  Of 

these proteins within ECM-receptor expression pathway, COL1A1, COL3A1, COL23A1, 

GP1BA, SEPT5, ITGA2B, ITGB3, and THSB1 were all expressed greater in LS versus HS (Figure 

III-5E).  In line with this finding in our HS and LS sub-cohorts, when examined across all subjects 
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in our study, we found an inverse correlation between picrosirius red staining (index of 

extracellular matrix fibrosis) and peripheral glucose disposal (r=-0.37, p<0.01; Appendix D).  

Although we found no significant differences between HS versus LS for each independent collagen 

VI isoform (COL6A1, COL6A2, COL6A3; Figure III-5E), the sum of all COLVI subunits 

(∑COL6A1, COL6A2, COL6A3) was greater in LS (p=0.02; Figure III-5F).  This is important 

because excessive collagen VI accumulation in aSAT has been linked with impaired adipose tissue 

expansion, inflammation, and whole-body insulin resistance (43, 44).  Additionally, transforming 

growth factor β1 (TGFβ1), which is a key mediator of fibrosis activated by inflammatory stimuli 

(45), was expressed greater in LS (p=1.18e-6, abundance ratio=2.06; Figure III-5G). 

Skeletal muscle lipidomics 

High rates of FA flux from aSAT into the systemic circulation contributes to high rates of 

FA uptake in skeletal muscle, potentially accumulating bioactive lipid species that are linked with 

impaired insulin signaling in skeletal muscle.  Our muscle lipidomics analysis revealed 21 specific 

lipid species that were significantly correlated with both insulin-mediated glucose uptake and FA 

Ra suppression (Figure III-6A and III-6B).  The lipids that were positively correlated with both 

insulin-mediated glucose uptake and FA Ra suppression consisted primarily of 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) species – while the lipids inversely 

correlated with both insulin-mediated glucose uptake and FA Ra suppression included some 

triacylglycerol (TAG), PC, Plasmenyl-PE, and acylcarnitine (Figure III-6C). 

To assess whether relationships existed between lipid composition (e.g., acyl-chain length) 

of some key muscle lipids and insulin-mediated glucose uptake or FA Ra suppression, we plotted 

the β-coefficient values for z-score transformed glucose uptakez and FA Ra suppressionz  versus 

the chain length of muscle fatty acids (Figures III-7A and III-7B), acylcarnitines (Figures III-7C 

and III-7D), diacylglycerol (DAG; Figures III-7E and III-7F) and TAG (Figure III-7G and III-7H).  

We found inverse correlations for insulin-mediated glucose uptakez and acyl-chain length of fatty 

acids (p=0.038; Figure III-7A) and acylcarnitine (p<0.01; Figure III-7C).  We also found an inverse 

correlations between acylcarnitine chain-length and FA Ra suppressionz (r=-0.42, p=0.02; Figure 

III-7D).  DAG chain-length was not associated with either insulin-mediated glucose uptakez or FA 

Ra suppressionz (Figures III-7E and III-7F).  We also found significant inverse correlations 

between TAG chain length and glucose uptakez (r=-0.40, p<0.01; Figure III-7G), and FA Ra 

suppressionz (r=-0.51, p<0.01; Figure III-7H).  We performed the same analysis to examine 
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relationships between the degree of unsaturation (i.e., number of double-bonds) of these lipid 

species and both insulin-mediated glucose uptake and FA Ra suppression, and no significant 

relationships were present (Appendix E).   

 

DISCUSSION 

In agreement with previous work from our lab (5, 6) and others (7, 9, 22), we confirmed 

that whole body insulin-mediated glucose uptake varies greatly among a relatively homogeneous 

population of adults with obesity.  In our aim to identify factors that may underlie this variability, 

one of the key findings from our study was the robust positive correlation observed between 

insulin-mediated suppression of FA released from aSAT (“FA Ra suppression”) and insulin-

mediated glucose uptake.  Because the vast majority of insulin-mediated glucose uptake occurs in 

skeletal muscle (16) - we interpret this finding to suggest that the ability for insulin to potently 

suppress FA release from aSAT may be an important mediator to preserve muscle insulin 

sensitivity.  Although our correlational analyses do not confirm causality, our findings are 

consistent with other studies (7-9), and also with previous findings demonstrating pharmacological 

reduction in systemic FA mobilization improved insulin-mediated glucose uptake (24, 46).  From 

a clinical perspective, we interpret our findings to suggest enhanced suppression of FA release in 

response to insulin will markedly lower FA release from aSAT after meals and snacks – thereby 

maintaining systemic FA availability to relatively low levels throughout the day.  In turn, this 

limits systemic FA availability for ectopic lipid accumulation in insulin responsive tissues, such 

as skeletal muscle and liver.  Our current findings also expand on previous work suggesting aSAT 

morphology – such as smaller adipocyte size and lower ECM fibrosis may contribute to enhanced 

FA Ra suppression in response to insulin.  Additionally, our novel findings suggest that high FA 

Ra suppression in response to insulin, thereby mitigating the excessive systemic FA availability 

that is very common in obesity (47), may alter lipid composition in skeletal muscle.  Overall, 

findings from this study support an important tissue-specific cross-talk occurring between adipose 

tissue, skeletal muscle, and liver, by which the regulation of FA release from aSAT in response to 

insulin may have important implications on skeletal muscle and liver metabolism. 

Excessive FA release from aSAT into the systemic circulation is known to be a key factor 

underlying many obesity-related cardiometabolic complications, including insulin resistance (20, 
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22, 46, 48).  Because the vast majority of FA released into the circulation are derived from aSAT 

as opposed to VAT sources (10), the regulation of FA metabolism in aSAT is a major contributing 

factor for obesity-related complications.  Our observation that of all parameters measured, insulin-

mediated FA Ra suppression had the highest positive correlation with insulin-mediated glucose 

uptake supports the notion of important integrated effects of insulin on both aSAT and skeletal 

muscle, which is the primary site of insulin-mediated glucose uptake.  Additionally, altered 

response for aSAT to effectively suppress FA release in response to insulin has high clinical 

relevance, because during waking hours most individuals are chronically ‘under the influence’ of 

insulin from their most recent meal or snack.  Therefore, our findings suggest that adults with 

obesity who are more sensitive to suppress FA release from aSAT in response to insulin may be 

somewhat ‘protected’ from developing insulin resistance in skeletal muscle. 

Insulin suppresses FA release from adipose tissue by both inhibiting lipolysis, and 

stimulating FA re-esterification for triacylglycerol synthesis (49), thereby preventing FA liberated 

by lipolysis to leave the adipocyte.  Our glycerol Ra data (the gold-standard for measuring whole 

body lipolysis), indicates that differences in the magnitude of FA Ra suppression among our 

participants did not appear to be due to a differences in sensitivity to the anti-lipolytic effects of 

insulin.  Instead, differences in the rate FA re-esterification back into triacylglycerol may help 

explain the variability in FA Ra suppression.  This is consistent with earlier work demonstrating 

that the high rate of FA release from aSAT in response to insulin in obese compared with lean 

women was primarily dictated by the efficiency of FA re-esterification in response to insulin, and 

not to differences to the anti-lipolytic effect of insulin  (50).  Intracellular re-esterification of FA 

back into triacylglycerol is largely regulated by the acyltransferase proteins, glycerol 3-phosphate 

acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT), and enhanced sensitivity of 

these proteins in response to insulin may contribute to greater FA Ra suppression.  Interestingly, 

while DGAT has been found to be acutely sensitive to insulin (51, 52), the effect of insulin on 

GPAT activity is less clear (53).  In addition to the regulation of re-esterification, factors such as 

aSAT blood flow (54), as well as morphological features such as size (55, 56) and fibrosis (5) may 

also contribute to the variability in FA Ra suppression in response to insulin.  

Much of the excess body fat mass in obesity is stored within hypertrophied adipocytes, and 

the abundance of large adipocytes has been found to be an important predictor of insulin resistance 

and type 2 diabetes (57).  Fatty acid release from isolated adipocytes in vitro has been found to be 



 79 

greater in large compared to small adipocytes (55, 56), which aligns with our finding that adipocyte 

area was inversely related to insulin-mediated FA Ra suppression.  Adipocytes often expand 

during weight gain without a compensatory increase in vascularization (58), resulting in 

hypertrophic adipocytes with a low capillary density.  A relatively low adipocyte capillary density 

can induce intracellular hypoxia, initiating a cascade of responses, including increased recruitment 

of pro-inflammatory macrophages to aSAT (59-61).  Indeed, adipose tissue with hypertrophic 

adipocytes are often found to have elevated pro-inflammatory macrophage and a high abundance 

of inflammatory cytokines (62-64).  The accumulation of pro-inflammatory cytokines (e.g., TNFα, 

IL6, and IL1β) have been reported to attenuate adipose tissue insulin signaling (65-67), and may 

contribute to lower FA Ra suppression in response to insulin.  Additionally, lower capillary density 

in hypertrophied adipocytes, and a resultant compromise in microcirculation in the tissue, may 

lower insulin delivery, which could further blunt insulin-mediated FA Ra suppression in vivo.  

Hypoxia and inflammation are also known to modify the fibrotic content and composition 

of adipose tissue ECM (12, 68, 69).  The collagen-rich ECM network is essential for structural 

support of adipocytes, and physical interaction of the fibrotic ECM network within adipocytes can 

have important impact on insulin signaling (43, 70).  Highly fibrotic adipose ECM can also pose 

a physical restriction for adipocyte expansion during episodes of weight gain, and the resulting 

mechanical stress within the adipocyte has been proposed to increase pro-inflammatory cytokine 

production (71).  Conversely, removing this physical restriction in mice via genetic manipulation 

to lower collagen VI content was found to markedly reduce macrophage/inflammatory insult in 

adipose tissue and vastly improve overall metabolic profile (43).  Experiments in preclinical 

models have also shown adipose tissue fibrosis to disrupt insulin signaling in the tissue (43, 70).  

In humans, the influence for ECM fibrosis to modify insulin signaling and/or delivery of insulin 

to the adipocyte has been speculated to modify FA mobilization, but to our knowledge has not 

been confirmed.  In the current study, our observation that subjects with Low insulin-mediated FA 

Ra suppression (LS) had a greater collagen protein accumulation compared with subjects who 

demonstrated High FA Ra suppression (HS), supports the prospect that fibrotic adipose tissue 

ECM may negatively influence insulin-mediated lipid metabolism. 

Interestingly, adipose tissue fibrosis appears to be both a cause and consequence of 

increased inflammatory stress within the tissue (12, 44, 68).  TGFβ1 is a primary regulator of 

fibrosis development, and is derived as a result of pro-inflammatory stimuli (44, 72-74).  
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Activation of TGFβ1 is responsible for progenitor cell differentiation into myofibroblasts, and may 

contribute to increased progenitor cell differentiation away from adipogenesis toward 

myofibroblasts differentiation in the ECM (45, 72).  Our finding that the greater collagen VI 

content in our LS versus HS subjects was accompanied by an elevated TGFβ1 abundance in the 

LS subjects aligns with its important role in fibrogenesis.  Some of the increased inflammatory 

stimuli that may activate TGFβ1 in adipose tissue can stem from hypoxia induced by low tissue 

perfusion of hypertrophied adipocytes, as noted above.  Additionally, local hypoxia may increase 

fibrosis independently of TGFβ1, through HIF1α-mediated activation of platelet-derived growth 

factor receptor β (PDGFRβ+) progenitor cells towards the myofibroblasts lineage (59, 69, 75).  

Together, hypoxia and inflammatory stimuli can promote adipose tissue ECM fibrosis, which may 

contribute to an impaired suppression of FA release from aSAT in response to insulin. 

Perhaps the most important clinical implication of retaining the ability to effectively 

suppress FA release from aSAT in response to insulin is the potential to limit ectopic lipid 

accumulation in skeletal muscle, liver, and VAT.  Chronically elevated FA delivery and uptake in 

the liver can result in hepatic steatosis and related disorders (e.g., nonalcoholic fatty liver disease 

[NAFLD], nonalcoholic steatohepatitis [NASH]), and can greatly impair hepatic glucose 

metabolism and liver function (76, 77).  Importantly, our findings that hepatic insulin sensitivity 

was significantly greater in HS versus LS and that liver fat content was inversely correlated with 

FA Ra suppression across our full cohort support the favorable impact of enhanced insulin-

mediated suppression of FA release from aSAT on liver metabolism.  Additionally, although VAT 

is commonly linked to the etiology of many cardio-metabolic diseases, much of the fat stored in 

VAT are derived from FA released from aSAT (10).  Our findings indicate that VAT lipid 

accumulation was inversely correlated with FA Ra suppression in response to insulin suggests the 

intriguing possibility that enhanced FA Ra suppression in response to insulin may help diminish 

VAT stores, thereby reducing the health risks associated with VAT. 

The link between excessive FA uptake in skeletal muscle and insulin resistance has been 

largely attributed to an accumulation of lipid intermediates and metabolites, such as diacylglycerol 

(17) and ceramide (18), as well as  long-chain acyl CoA (78).  Although we did not find did not 

find diacylglycerol or ceramide to be associated with insulin-mediated glucose uptake in our 

participants, our findings that acyl-chain length of fatty acids, acylcarnitines, and triacylglycerol 

in skeletal muscle inversely related with insulin-mediated glucose uptake supports the role of 
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aberrant lipid metabolism interfering with insulin action in skeletal muscle.  These findings are in 

general agreement with a previous study demonstrating that lowering 24h fatty acid availability 

with acipimox (a potent lipolytic inhibitor) decreased long-chain fatty acyl-CoA accumulation in 

skeletal muscle with an accompanying improvement in insulin sensitivity (24).  An accumulation 

of long-chain lipids in skeletal muscle can be a consequence of ‘incomplete’ FA oxidation due to 

a high rate of fatty acid uptake and β-oxidation relative to flux through the tricarboxylic acid cycle 

(78), which is especially low when sedentary.  High abundance of long-chain lipids such as 

acylcarnitines in skeletal muscle are proposed to promote insulin resistance by; 1) increased 

inflammatory environment (79-81), 2) mitochondrial-derived oxidative stress (82-84), and 3) ER 

stress (85, 86).  Although TAG is a neutral lipid, we found long-chain triacylglycerol accumulation 

inversely related with whole-body insulin sensitivity, but the implications of this finding are not 

clear.  Our finding that lipid species and composition within the PC and PE lipid classes were 

related to insulin sensitivity is consistent with previous work (87, 88).  Skeletal muscle 

phospholipid profile (89, 90), as well as phospholipid classes have been found to play important 

roles in mitochondrial membrane fluidity and integrity (87, 91), which can impact insulin 

signaling.  Overall, we contend the relatively low sensitivity for insulin-mediated FA Ra 

suppression, and a resultant elevation in FA availability throughout the day, will modify skeletal 

muscle lipid composition and contribute to insulin resistance.   

An important limitation of this clinical study is high reliance correlational analyses, which 

obviously does not allow us to assign causation to the integrative interpretations of our findings.  

For example, we interpret our finding to suggest impaired suppression of FA released from aSAT 

in response to insulin may precede the insulin resistance for glucose metabolism in muscle and 

liver, but we acknowledge the limitation of this interpretations based on these correlational 

analyses.  Additionally, although we address the potential role of hypoxia and inflammation on 

fibrogenesis in aSAT, this supposition was based on prior evidence (59, 61), and we do not provide 

direct data to support this notion.  We also acknowledge several other systemic mechanisms may 

be contributing to low FA Ra suppression in response to insulin that include; 1) increased 

sympathetic tone (92), 2) alterations in cellular heterogeneity of adipocytes responsive to insulin 

(93), and/or 3) senescence of adipocytes (94) - all of which are recently implicated as possible 

underlying factors that were not tested in the current study.  Lastly, although the subjects in our 
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LS and HS groups were matched for sex, we recognize sex differences may be an important 

contributing factor to differences observed. 

In summary, our data indicate greater suppression of FA release from aSAT in response to 

insulin may help preserve insulin-mediated glucose uptake in some adults with obesity.  Greater 

suppression of FA release from aSAT in response to insulin was also related to lower hepatic and 

VAT, and greater hepatic insulin sensitivity.  Together, these findings support the prospect that 

sustaining the ability for insulin to potently suppress FA release from aSAT may be a very 

important factor to help maintain metabolic health in adults with obesity.  Adipocyte size, aSAT 

inflammation, and fibrosis may be important mediators of the response to insulin in aSAT.  These 

proposed effects in aSAT may contribute to lower insulin-mediated glucose uptake through the 

accumulation of long-chain fatty acids, acylcarnitine, and TAG lipids.  Overall, our findings point 

to an important tissue-specific cross-talk, by which retaining insulin response to suppress FA 

release from aSAT may have very impactful metabolic implications in skeletal muscle and liver.  
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FIGURES 

 

 

Figure III-1: Insulin-mediated glucose uptake variability across all participants (n=66). 
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Figure III-2: Clinical and subclinical factors associated with insulin-mediated glucose 

uptake. 

A) Lasso regression coefficients for clinical factors associated with insulin-mediated glucose uptake. B) Lasso 

regression coefficients for subclinical factors (i.e., substrate control and oxidation under fasting and 

hyperinsulinemia), and insulin-mediated glucose uptake.  C) Independent correlation (Pearson’s) for all individual 

factors associated with insulin-mediated glucose uptake, adjusted for age and sex (partial r).  D-F) Relationships 

between insulin-mediated glucose uptake and FA Ra suppression (D), insulin-mediated FA Ra (clamp) (E), and 

basal FA Ra (F).  * Significant correlation versus insulin-mediated glucose uptake (nmol/kg FFM/min) / (µU/mL)) 

(p < 0.05). 
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Figure III-3: Relationships between adipose tissue cell size and insulin sensitivity.    

Association between mean adipocyte size and A) insulin-mediated glucose uptake, B) FA Ra suppression.  C) 

Adipocyte cell size distribution from study cohort (bins=30).  D) Representative image for a participant with high 

(513 nmol/kg FFM/min/insulin) and low (270 nmol/kg FFM/min/insulin) insulin-mediated glucose uptake, scale 

bar = 100µm. Association between the frequency of small adipocytes (1000-3196µm2) and E) insulin-mediated 

glucose uptake, F) FA Ra suppression.   Association between the frequency of large adipocytes (> 6784µm2) and 

G) insulin-mediated glucose uptake, H) FA Ra suppression. 
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Figure III-4:  Comparison of insulin-mediated glucose uptake, hepatic insulin sensitivity, 

liver fat, and visceral fat area from a sub-cohort matched for body composition, and 

discordant FA Ra suppression. 

A) Participants of discordant FA Ra suppression and well-matched for body composition and sex were paired into 

‘High Suppression’ (HS) and ‘Low suppression’ (LS) sub-cohorts.  B) FA Ra suppression between HS versus LS. 

C) Body composition (fat mass and body fat %) between groups. Colors for individual data indicates participant 

matching for body composition and sex.  D) Fatty acid Ra measured under basal and during the hyperinsulinemic-

euglycemic clamp.  E-F) Measures of insulin-mediated glucose uptake normalized to insulin (nmol/kg 

FFM/min/insulin: E), and not normalized to insulin (µmol/kg FFM/min: F). G) Glucose Ra measured before and 

during hyperinsulinemic-euglycemic clamp.  H) Hepatic insulin sensitivity measured as glucose Ra suppression 

during the hyperinsulinemic-euglycemic clamp.  I-J) Liver fat % (I), and visceral fat area (cm2) between groups (J). 

K) Association between liver fat % and FA Ra suppression for all study participants. L) Association between 

visceral fat area and FA Ra suppression for all study participants.  Data are mean ± SD.  * p<0.05 HS versus LS.  

† p< 0.05 basal versus clamp (insulin-stimulated) during hyperinsulinemic-euglycemic clamp. 
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Figure III-5: Comparison of adipose tissue proteome in HS versus LS sub-cohorts.   

A) Overview of proteomic workflow.  B) Volcano plot showing differentially expressed proteins between groups 

(p<0.05, abundance ratio>1.5), and arrows indicating the number of proteins differentially expressed between 

groups.  C) MA plots demonstrating differentially expressed proteins with respect to integrative abundance.  D) 

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment (top ten).  E) Differentially expressed 

proteins from ECM-receptor interaction KEGG pathway (hsa04512).  F)  Protein expression for COL6A protein 

(∑COL6A1, COL6A2, COL6A3), and G) TGFβ1.  Data are mean±SD.  * p<0.05 and abundance ratio ≥1.5. 
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Figure III-6: Relationships between insulin sensitivity and skeletal muscle lipidomic 

profile. 

A) Hierarchical clustering heatmap of lipids association with insulin-mediated glucose uptake and FA Ra 

suppression, (k=5).  B) Venn-diagram of significant lipids grouped in cluster 1 - negative association with both 

insulin-mediated glucose uptake and FA Ra suppression, and cluster 5 - positive association with both insulin-

mediated glucose uptake and FA Ra suppression. C) Significant association between individual lipid species for 

both insulin-mediated glucose uptake and FA Ra suppression.  Significant values adjusted for multiple 

comparisons.  n =18. 
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Figure III-7: Relationships between skeletal muscle free fatty acid, acylcarnitine, 

diacylglycerol, and triacylglycerol chain-length versus insulin-mediated glucose uptakez, 

and FA Ra suppressionz.  

(A-B) Relationships between beta coefficients describing models between acyl-chain lengths of skeletal muscle 

free fatty acids, (C-D) acylcarnitine, (E-F) diacylglycerol (DAG), and (G-H) triacylglycerol (TAG) on insulin-

mediated glucose uptakez and FA Ra Suppressionz. 
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Figure III-8: Proposed tissue-specific cross-talk between adipose tissue fibrosis, impaired FA 

Ra suppression to insulin, and attenuated insulin-mediated glucose uptake in adults with 

obesity. 

Insulin resistant adults with obesity presenting lower FA Ra suppression in adipose tissue had consequently elevated 

liver fat, as well as long-chain free-fatty acid, acylcarnitine, and triacylglycerol accumulation in skeletal muscle.  

These differences in fatty acid metabolism and/or extracellular matrix (i.e., collagen) accumulation may explain the 

potential mechanism contributing to the variability in whole-body and tissue-specific insulin sensitivity among adults 

with obesity.   
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TABLES 

Table III-1: Participant characteristics from the entire cohort and sub-cohort analysis.   

 

 All participants   Sub-cohort analysis 

 n=66   HS (n=8) LS (n=8) p-value 

Sex F=46,M=20   F=6,M=2 F=6,M=2 - 

Age (yr) 31 ± 7   31 ± 6 32 ± 5 0.85 

Body Weight (kg) 96.9 ± 12.2   94.7 ± 9.6 94.9 ± 8.7 0.96 

Fat Mass (kg) 42.1 ± 6.7   40.7 ± 4.7 40.8 ± 5.8 0.99 

Fat Free Mass (kg) 54.7 ± 9.5   53.9 ± 9.7 54.2 ± 9.1 0.96 

Body Fat % 43.5 ± 5.4   43.3 ± 5.7 43.1 ± 6.1 0.95 

BMI (kg/m2) 34.0 ± 3.0   34.0 ± 2.6 33.8 ± 2.6 0.87 

Fasting Glucose (mM) 4.9 ± 0.5   4.6 ± 0.4 4.8 ± 0.6 0.40 

Fasting Insulin 

(µU/mL) 
16.2 ± 9.7   7.0 ± 2.2 19.2 ± 10* <0.01 

HbA1c (%) 5.3 ± 0.4   5.1 ± 0.22 5.5 ± 0.6 0.13 

HOMA-IR 3.6 ± 2.3   1.4 ± 0.5 4.2 ± 2.5* 0.010 

NEFA (μM) 432 ± 169   378 ± 99 403 ± 164 0.72 

Triglyceride (mM) 0.98 ±  0.6   0.6 ± 0.2 1.1 ± 0.4* 0.015 

HDL (mg/dL) 
39.4 ± 11.3   

45.4 ± 

15.1 
36.8 ± 6.5 0.17 

 

 
Values expressed as mean ± SD.  Plasma concentrations were collected after an overnight fast.  HS, high FA Ra 

suppression, LS, low FA Ra suppression, HOMA-IR, homeostatic model assessment for insulin resistance, 

NEFA, nonesterified fatty acids, HDL, high-density lipoprotein. * p<0.05 versus HS sub-cohort. 
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Table III-2: Multivariate regression for clinical and subclinical factors associated with 

insulin-mediated glucose uptake. 

 

Model 1: Clinical Factors 

variable β SE (β) t P-value 

Adiponectin: HMW (ng/mL)     0.081 0.18 0.44 0.66 

Adiponectin: Total (ng/mL) 0.026 0.28 0.092 0.93 

Age (yrs)                        0.17 0.26 0.67 0.51 

BMI (kg/m2)                      -0.93 0.64 -1.44 0.16 

HDL (mg/dL)            0.0045 0.0053 0.85 0.40 

Liver Fat (%)                 -0.13 0.10 -1.27 0.21 

Sex (F=0, M=1)                       -0.027 0.14 -0.19 0.85 

Triglyceride (mM) -0.24 0.23 -1.04 0.30 

Visceral Fat (cm2)              -0.041 0.15 -0.26 0.79 

Residual Standard Error (df) = 0.38(58)  

Adjusted R2 = 0.21 

F-statistic (df) = 3.41 (7,58) 

P-value = 0.004 

Model 2: Subclinical Factors 

variable β SE (β) t P-value 

Age (yrs) 0.033 0.18 0.18 0.86 

Fatty Acid Ra: Clamp -0.44 0.17 -2.67 0.01 

Fatty acid Ra % suppression 0.070 0.018 3.87 <0.01 

Fat oxidation 0.11 0.030 3.67 <0.01 

Glucose Ra: Basal 0.79 0.43 1.83 0.07 

Glucose Ra % suppression 0.0052 0.0038 1.38 0.17 

Glycerol Ra: Clamp 0.44 0.19 2.33 0.02 

Sex (F=0,M=1) 0.020 0.095 0.21 0.84 

Residual Standard Error (df) = 0.29(57)  

Adjusted R2 = 0.55 

F-statistic (df) = 13.43 (6,57) 

P-value = 2.29e-09 

 
Factors chosen per model were non-zero coefficients derived by LASSO Regression.  Age and sex were maintained 

in both models as covariates. 
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Table III-3: Reagents 

Reagents Source Identifier 

D-Glucose (6,6-D2) Cambridge Isotopes DLM-349-PK 

Glycerol (1,1,2,3,3-D5) Cambridge Isotopes DLM-1229-PK 

Potassium Palmitate (1-13C, 99%) Cambridge Isotopes CLM-1889-PK 

Glucose Oxidase Thermo Fisher A22189 

NEFA Standard Solution Wako Diagnostics 27676491 

Triglyceride Reagent Sigma-Aldrich T2449 

HDL-Cholesterol E Wako Diagnostics 9059676 

Total Cholesterol E Wako Diagnostics 9138103 

Human IL-6 ELISA R&D Systems HS600C 

C-Reactive Protein ELISA  Calbiotech CR120C 

Human Leptin ELISA Millipore Sigma EZHL80SK 

Human Total Adiponectin/Acrp30 ELISA R&D Systems DRP300 

Human HMW Adiponectin/Acrp30 ELISA R&D Systems DHWAD0 

Insulin For Immulite Siemens 10381429 

BCA Protein Assay Kit Pierce Thermo-Fisher 23225 
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Chapter IV  
 

Project 2  

Comparison of Intramyocellular Lipid Accumulation and Skeletal Muscle Insulin 

Signaling in Obese Adults with High versus Low Insulin Sensitivity 

 

ABSTRACT 

The vast majority of adults with obesity are insulin resistant, but factors explaining why some 

obese adults remain relatively insulin sensitive are not clear. Based on previous work by our lab 

and others, differences in systemic fatty acid (FA) availability, intramyocellular lipid 

accumulation, and altered insulin signaling events in skeletal muscle are all likely candidates.  The 

primary aims of this study were: 1) to compare the number and size of lipid droplets (LDs) within 

the intramyofibrillar (IMF) and subsarcolemmal (SS) regions of skeletal muscle from cohorts of 

obese adults with high versus low insulin sensitivity, and 2) to compare insulin signaling events 

within skeletal muscle from the same cohorts of obese subjects with high versus low insulin 

sensitivity.  Seventeen adults with obesity completed a 2h hyperinsulinemic-euglycemic clamp 

with stable isotope tracer infusions ([6,62H2]glucose and [1-13C]palmitate) to measure glucose rate 

of disappearance from the circulation (Glucose Rd) and FA rate of appearance (FA Ra) into the 

circulation under basal and insulin-mediated conditions. Skeletal muscle biopsies were collected 

under fasted conditions (basal) and 30min into the hyperinsulinemic clamp. Participants were 

stratified into HIGH (n=7, BMI=35±3kg/m2) and LOW (n=10, BMI=36±3 kg/m2) insulin 

sensitivity sub-cohorts based on their Glucose Rd measured during the clamp (LOW: 273±54, 

HIGH: 817±256 nmol/kgFFM/min/[µU insulin/mL]). We found insulin-mediated suppression of 

FA Ra in response to insulin was attenuated in LOW versus HIGH (p<0.01), suggesting a relatively 

high systemic FA availability in LOW may contribute to their insulin resistance.  Although total 

intramyocellular lipid content was not different between LOW and HIGH, we found significantly 

larger LDs in the SS region of the myocyte in LOW versus HIGH (p<0.01), which may contribute 

to their insulin resistance by interfering with key insulin signaling processes at the muscle 

membrane. Additionally, we also found insulin receptor (IR) interaction with the regulatory 
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proteins CD36 and Fyn to be suppressed in LOW vs HIGH (p<0.01), which aligned with attenuated 

insulin-mediated phosphorylation of IRβ and other key downstream proteins in LOW (p<0.05).  

Overall, our findings indicate that low insulin sensitivity to reduce FA mobilization from adipose 

tissue may contribute to insulin resistance via modifications in LD size and distribution within the 

myocyte, as well as through disruption of the IR to interact with key regulatory proteins. 

 

INTRODUCTION 

Obesity has now surpassed 40% of the United States population (1), and is a major risk 

factor for the development of chronic metabolic disorders such as insulin resistance (2, 3), which 

in turn underlies many obesity-related diseases.  Although most adults with obesity are insulin 

resistant, some remain relatively insulin sensitive (4-8), and the factors helping protect against the 

development on insulin resistance in these individuals are not clear.  Work from our lab (9, 10) 

and others (11-13) indicate the rate of fatty acid (FA) mobilization in the systemic circulation is 

directly linked with whole-body insulin sensitivity among adults with obesity.  The vast majority 

of FA in the systemic circulation are derived from abdominal subcutaneous adipose tissue (aSAT) 

(14), and based on findings from Project 1 of my dissertation, as well as other previous work (10-

13), we contend that variability in the regulation of FA release from aSAT is an important 

contributor to the differences in the magnitude of insulin resistance among adults with obesity. 

The link between excessive systemic FA mobilization and whole-body insulin resistance 

has been largely attributed to high rates of FA uptake into skeletal muscle and the resultant 

accumulation of intramyocellular lipids (15, 16).  In particular, the lipid-intermediates 

diacylglycerol (17) and ceramide (18), and long-chain fatty acyl CoA (19, 20) have been reported 

to disrupt insulin signaling – but the contribution of each of these lipid intermediates to insulin 

resistance remains somewhat controversial (21-23).  Intramyocellular lipids are primarily stored 

within lipid droplets (LD), which are composed of a triacylglycerol-rich core surrounded by a 

phospholipid monolayer containing proteins that can regulate FA storage and release, as well as 

help navigate intracellular trafficking/transport of the LD (24, 25).  Importantly, the role of the 

LDs can vary depending on their location within the myocyte.  For example, LDs within the 

intramyofibrillar region (IMF; towards the center of the myocyte) are proposed to support 

mitochondrial respiration and muscle contraction (26, 27), and LDs in the subsarcolemmal region 

(SS; towards the periphery of the myocyte) primarily support membrane function.  The 
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intracellular distribution of LDs within the myocyte has also been linked with insulin resistance, 

where LDs in the SS region have been linked with impaired insulin sensitivity (28-30), perhaps a 

consequence of a greater lipid intermediate release in the vicinity of the membrane where insulin 

signaling is initiated.  Differences in the number and size of intramyocellular LDs within the IMF 

and SS regions may also impact insulin sensitivity, but these relationships have not been firmly 

established.  One of the principal aims of this study was to compare the number and size of LDs 

within the IMF and SS regions of skeletal muscle from a cohort of adults with high versus low 

insulin sensitivity. 

Classically, the disruption of insulin signaling induced by the intramyocellular lipids have 

primarily been attributed to modifications in the phosphorylation of signaling proteins downstream 

of the insulin receptor (e.g., insulin receptor substrate-1 (IRS-1), Akt).  However, some recent 

evidence suggests the lipid-induced disruption of insulin receptor (IR) may also contribute to 

insulin resistance (31).  The membrane glycoprotein, cluster of differentiation 36 (CD36) is well-

known for its role in regulating long-chain FA uptake (32, 33), but it may also play a role in 

modifying IR phosphorylation and downstream signaling (31).  The physical interaction between 

CD36 and the insulin receptor has been found to increase phosphorylation of the insulin receptor 

via CD36-mediated recruitment of the src family tyrosine kinase, Fyn (31).  Conversely elevated 

saturated FA availability attenuated Fyn kinase recruitment to CD36 (31, 34), leading to a blunted 

insulin signaling (31).  These previous experiments have been conducting in vitro, and whether 

differences in systemic FA availability among adults with obesity may contribute to modifications 

in CD36 recruitment of Fyn kinase to the insulin receptor (IR), and modify IR phosphorylation 

and downstream signaling in human skeletal muscle is not known.  Therefore, another major aim 

of this study was to compare basal- and insulin-mediated interaction between CD36 and Fyn kinase 

with IRβ, as well as proximal insulin-stimulated signaling events in skeletal muscle from a cohort 

of adults with high versus low insulin sensitivity.   

 

METHODS 

Participants 

Seventeen men (n=6) and women (n=11) with obesity participated in this study (BMI=30-

40 kg/m2).  All participants were ‘inactive’ by not engaging in any planned physical aerobic or 

resistance exercise, and weight stable (±2 kg for the previous 6 months).  Participants were not be 
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taking medications known to affect glucose or lipid metabolism, have a history of heart disease, 

or smokers.  All women participating in the study were pre-menopausal with regularly occurring 

menses, and not pregnant, or lactating.  Participants were provided written informed consent before 

participation.  The study protocol was approved by the University of Michigan Institutional 

Review Board, and registered at clinicaltrials.gov (NCT02717832). 

Preliminary Assessment: Body Composition, Visceral Fat Area, and Liver Fat. 

Body composition was assessed by dual-energy X-ray absorptiometry (Lunar DPX DEXA 

Scanner, GE, Madison, WI) at the Michigan Clinical Unit (MCRU).  Visceral fat area (cm2) and 

hepatic fat percentage was measured by magnetic resonance imaging (MRI: Ingenia 3T MR 

System, Phillips, Netherlands) at the University of Michigan Medicine’s Department of 

Radiology. 

Experimental Protocol 

The night before the experimental trial, participants were provided a standardized meal at 

1900h (30% estimated daily energy expenditure; 55% carbohydrate, 30% fat, 15% protein) and a 

snack at 2200h (see Appendix G for study schematic).  The following morning, participants arrived 

to MCRU at 0700h and quietly rested for 60min.  Intravenous catheters were inserted at ~0800h 

into the hand vein for continuous blood sampling, and forearm vein for continuous isotope, insulin, 

and glucose infusion.  At ~0900h, a baseline blood sample was collected for background isotope 

labeling, followed by a primed continuous infusion of [6,6 2H2]glucose (35 µmol/kg priming dose, 

and 0.41 µmol/kg/min continuous infusion; Cambridge Isotopes).  At ~0915h, a skeletal muscle 

biopsy was collected from the vastus lateralis muscle.  Upon obtaining the muscle biopsy, visible 

connective tissue was removed, and the first two samples were manually aligned in parallel to 

confirm muscle fibers were oriented, then were fixed in optimal cutting temperature (OCT) solid, 

and flash frozen in isopentane chilled over liquid nitrogen.  The remaining samples were rinsed 

with saline, blotted dry, and flash frozen in liquid nitrogen for immunoblot analysis.  Following 

the basal muscle biopsy, a continuous [1-13C]palmitate bound to human albumin infusion began at 

~1000h (0.04 µmol/kg/min continuous infusion; Cambridge).  By ~1050h, three ‘arterialized’ 

samples collected (heated hand technique) basal glucose and FA kinetics.  At ~1100h, a 2h 

hyperinsulinemic-euglycemic clamp procedure (40 mU/m2/min) began to determine whole-body 

insulin sensitivity (35).  Exactly 30min into the hyperinsulinemic clamp procedure, a second 
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muscle biopsy was obtained to identify insulin-mediated signaling events occurring after acute 

insulin exposure.  Continuous blood glucose samples were obtained and measured every 5min 

(StatStrip, Nova Biomedical, Waltham MA), and dextrose infusion rate (20% dextrose in 0.9% 

NaCl) was adjusted accordingly to accommodate insulin-induced hypoglycemia and attain 

baseline glucose concertation (~5.0 mM).  After the 2h clamp procedure, and when glucose was 

stabilized for ~20 minutes without adjusting glucose infusion rate, arterialized blood samples were 

collected to quantify insulin-mediated substrate kinetics, and clamp insulin concentration.  

Participant stratification by glucose Rd 

For paired analyses, participants were stratified into binary sub-cohorts of LOW glucose 

Rd (181 nmol/kg FFM/min / (µU/mL) ≤ LOW ≤  382 nmol/kg FFM/min / (µU/mL); n=10) and 

HIGH glucose Rd (552 nmol/kg FFM/min / (µU/mL) ≤ HIGH ≤  1274 nmol/kg FFM/min / 

(µU/mL);n=7).   

 

Analytical Procedures 

Plasma glucose and fatty acid kinetics.   

The tracer-to-tracee ratio (TTR) for calculations pertaining to glucose and palmitate 

kinetics were determined by gas-chromatography-mass spectrometry (GC/MS) using a Mass 

Selective Detector 5973 system (Agilent Technologies, Santa Clara, CA), as described previously 

by our lab (36).  FA rate of appearance (Ra) was determined by dividing palmitate Ra by the ratio 

of total palmitate (C16:0) to FAs within a standard.  Glucose TTR was selectively analyzed and 

peak abundances averaged at the following m/z for ion fragments (103/105, 115/117, 127/129, and 

217/219) for endogenous and isotope labeled [6,6 2H2]glucose respectively.  FA Ra and Glucose 

Ra were calculated  from their respective TTR using the Steele equation for steady state conditions 

(37). 

Plasma glucose, lipid, and insulin concentration 

Plasma glucose, non-esterified fatty acid (NEFA), triglyceride, high-density lipoproteins 

(HDL), and total cholesterol were measured in plasma from commercially available colorimetric 

assays. Plasma interleukin-6 (IL-6), C-reactive protein (CRP), leptin, total adiponectin, and high 
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molecular-weight (HMW) adiponectin were measured via enzyme-linked immunoassay (ELISA). 

Insulin was measured by radioimmunoassay (Siemens).  See Table IV-2 for vendor details 

Skeletal muscle histochemistry: lipid droplet analysis 

Skeletal muscle from OCT embedded samples were cut into 5µm sections at -20°C and 

mounted onto an ethanol-cleaned glass slide. Sections were fixed in 4% paraformaldehyde for 1h, 

and permeabilized for 5min in 0.5% Triton X-100. Sections were then incubated with primary 

antibodies myosin heavy chain type 1 (MHC-1) at 1:200 for 1h at 37ºC, followed by 30min 

secondary antibody incubation: AlexaFluor 647, goat-anti mouse IgG2b at 1:200. Afterwards, 

sections were stained with Bodipy 493/503 at 1:100 for 20min, followed by 20min incubation with 

anti-wheat germ agglutinin (WGA) conjugated with AlexaFluor 555 to identify muscle 

membranes. Sections were mounted with ProLong Gold Antifade Mountant, covered with #1 

coverslips (2975-245, Corning), and stored in the dark until imaging.  See Table IV-2 for detailed 

list for histochemistry and immunohistochemistry products, and Appendix H for detailed protocol. 

Fluorescence image acquisition, image processing, and analysis 

LD area (% stained), LD density (# LDs/mm2), and median LD size (µm2) were captured 

on a Keyence Bz-X710 fluorescence microscope (Keyence) with a 20X N.A.=0.45 objective lens 

using 1440 X 1080 pixels (533 µm x 400 µm) field of view.  Bodipy 493/503 was captured using 

GFP (470/40 nm) filter, MHC type I was captured using Cy5 (620/60 nm) filter, and WGA 

captured using Texas Red (560/40nm) filter.  Following image capture, LD characteristics (i.e., 

size and density), and distribution were quantified using a custom script developed in MATLAB 

R2021a (Mathworks, Inc., Natick, MA).  In brief, images captured at 20X were converted to 

grayscale and re-scaled to accommodate image variability between samples.  Individual fibers 

were identified and labeled using a custom ridge detection algorithm, and watershed segmentation 

to complete non-continuous cell borders and completely identify cells.  Type I fibers were 

identified based on positive MHC type I-positive stain, and non-stained fibers considered type II 

fibers.  Fiber types were partitioned into type I or type II fibers dependent on signal intensity using 

k-means clustering (k=2).  Lipid droplets identified in the SS region were contained within ~3 µm 

of the peripheral border of each fiber (10 pixel width), while the IMF region was all remaining 

area in the center of each fiber (IMF region; ~91% of total myocyte volume).  Lipid droplets were 

detected as the mean area of puncta, and a top-hat filter was used to accommodate for image 
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variability and background noise within the sample.  Lipid droplets identified and included for 

analysis for within each muscle were contained within a normal Gaussian distribution.  In total, ~3 

fields of view were obtained per participant, resulting in 125±57 muscle fibers analyzed per 

participant. 

Skeletal muscle lysate preparation for immunoblot 

Frozen muscle samples were weighed (~25mg) and transferred into pre-chilled 

microcentrifuge tubes containing 1mL ice-cold lysis buffer [RIPA Buffer: 20 mM Tris-HCl-pH 

7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 

sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin (9086, Cell 

Signaling Technology)], 1% phosphatase inhibitor cocktail #1 & #2 (P2850, P5726, Sigma-

Aldrich), 1% protease inhibitor cocktail (P8340, Sigma-Aldrich), and two steel ball bearings per 

sample.  Samples were homogenized for 30s at 45Hz using Qiagen TissueLyser II, then solubilized 

for 60min by inverted end-over-end rotation at 50rpm in the cold (4°C).  Afterwards, samples were 

centrifuged at 15,000g for 15 minutes at 4°C, discarding the pellet.  Protein concentration was 

determined by bicinchoninic acid (BCA) assay (23225, Pierce Thermo-Fisher), and samples were 

diluted in 4x Laemmli buffer (1610747, Bio-Rad) to 1mg/mL concentration, and heated for 7min 

at 95°C. Proteins were separated by SDS-Page (8-12% acrylamide), transferred to nitrocellulose 

membranes, and probed for the following primary antibodies displayed in Table IV-2.  To account 

for loading control, membranes were normalized to total protein abundance determined by 

Memcode reversible protein stain (24580, Pierce Thermo-Fisher), and each gel contained an 

internal standard sample from 8 obese individuals to account for gel-to-gel variability.  Each 

protein was also normalized to their internal standard. 

Immunoprecipitation 

Frozen skeletal muscle samples were homogenized in 1% Triton-based lysis buffer [20 

mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM 

sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin]; 9803, 

Cell Signaling Technology) using a chilled dounce homogenizer.  Homogenates were then 

solubilized by end-over-end rotation for 60min, and centrifuged at 100,000g for 60min.  The 

supernatant was then collected, protein concentration quantified (BCA method), and 300µg protein 

from the lysate was adjusted to 500 µL volume with lysis buffer.  The adjusted volume was rotated 
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by end-over-end overnight at 4°C with 5µg IRβ antibody.  The following day, 25µL protein-A 

magnetic beads (88845, Pierce Thermo-Fisher) were washed in wash buffer (25 mM Tris, 0.15M 

NaCl, 0.05% Tween-20, pH 7.5), then added to the lysate-antibody mixture, and rotated gently 

end-over-end for 2h at room temperature.  The immunoprecipitation matrix, which includes the 

bead-antibody-antigen complex, was separated using a magnetic rack [DynaMag2, 12321D, 

Thermo-Fisher) to form the bead-complex pellet, and washed three times with lysis buffer, twice 

with wash buffer, and once with PBS.  Antigens were eluted from the bead complex with 100 µL 

2X Laemmli SDS buffer, by a combination of rotation & vortexing samples for 10min, and 

discarding the beads when finished.  Following immunoprecipitation, protein abundance 40 µL 

from the elutes were loaded and analyzed by immunoblot for basal and insulin-mediated anti-CD-

36, IRβ, and Fyn kinase.  CD36 and Fyn interaction with IRβ was normalized to a 15µL input 

sample from the same participant loaded onto the same gel as the elute.  See Table IV-2 for primary 

and secondary antibody details, and Appendix I for detailed immunoprecipitation protocol 

Hepatic and visceral fat. 

Fat content from MRI images were captured by the Dixon method (38), and image 

acquisition was described previously from our lab (39).  Visceral fat area was measured from 3, 5-

mm axial slices between L2-L3 vertebral region, and hepatic fat percentage was measured from 3, 

5-mm axials slices of the liver.    

 

Calculations  

Insulin-mediated glucose uptake 

Insulin-mediated glucose uptake was quantified by rate of glucose disappearance (Rd) at 

the end of the hyperinsulinemic-euglycemic clamp (glucose infusion rate (nmol/min) + glucose 

rate of appearance (nmol/min), and normalized to both fat-free mass and insulin during the clamp 

(Rd= nmol/kg FFM/min / [µU/mL]). 

Statistical analysis 

All measurements that were not normally distributed were log transformed in effort to 

achieve normality.  Linear mixed models were used to examine the main effects for group (HIGH 

versus LOW insulin sensitivity), main effects for insulin (basal versus insulin-mediated 
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conditions), and group x insulin interaction for measurements including targeted protein analysis, 

immunoprecipitation, FA Ra, and glucose Ra. For LD histochemistry analysis, measurements of 

lipid content, LD number, and LD area were segregated into regional distribution (IMF and SS 

region).  Linear mixed models were then used on the segregated outcomes to identify main effects 

of group (HIGH versus LOW), main effects for fiber type (type I vs type II), and group x fiber-

type interaction in the IMF and SS region independently.  When significant effects were observed, 

fisher’s least significant difference post-hoc test was used to identify significant interactions 

between groups.  Unpaired Student’s t-tests were used to test for significant between-group (HIGH 

vs LOW) differences in all other clinical variables.  Pearson’s correlation was used to identify 

relationships between clinical outcomes and insulin sensitivity continuously with the entire study 

sample.  Statistical analysis was completed using R version 4.1.0  (40). Data are displayed as mean 

± SD, and significance set to p < 0.05. 

 

RESULTS 

Sub-cohort stratification based on insulin-mediated glucose uptake 

As anticipated, glucose Rd during the insulin clamp (i.e., insulin-mediated glucose uptake) 

varied widely among our obese participants (Figure IV-1A).  To conduct pairwise comparisons 

between sub-cohorts with relatively low versus relatively high glucose Rd during the insulin 

clamp, we stratified subjects into two sub-cohorts; 1) Low glucose Rd (‘LOW’; glucose Rd ≤ 400 

nmol/kg FFM/min / (µU/mL); n=10), and 2) High glucose Rd (‘HIGH’: glucose Rd > 550 nmol/kg 

FFM/min / (µU/mL), n=7; Figure IV-1B).  The striking differences in glucose Rd were present 

between LOW and HIGH sub-cohorts whether or not glucose Rd was normalized to insulin 

concentration during the clamp (Figure IV-1B and IV-1C). Additionally, HOMA-IR for all 

members of the LOW sub-cohort was > 2.5 (Table IV-1), which is a recognized index of peripheral 

insulin resistance (41).    

Insulin effects on hepatic glucose production and FA release from adipose tissue 

Despite the robust difference in glucose Rd between LOW and HIGH sub-cohorts during 

the insulin clamp, hepatic glucose production (Glucose Ra) was similar between groups both 

before and during the insulin clamp (Figure IV-1D).  Additionally, the insulin-mediated 

suppression of glucose Ra (index of hepatic insulin sensitivity) was also not statistically different 
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between groups (Figure IV-1E).  In contrast, insulin-mediated FA Ra suppression (an index of 

adipose tissue insulin sensitivity to reduce FA mobilization) was greater in HIGH compared with 

LOW (Figure IV-1F and IV-1G).  Interestingly, insulin-mediated FA Ra suppression was 

significantly correlated with glucose Rd across all subjects (Figure IV-1H; r = 0.68; p<0.01), 

indicating a relatively low adipose tissue insulin sensitivity to reduce FA mobilization was related 

to an impairment of insulin-mediated glucose uptake in skeletal muscle.   

Skeletal muscle insulin signaling 

Skeletal muscle IR interaction with CD36 and Fyn. Although the total protein abundances 

of both CD36 and the Src family kinase, Fyn were similar between HIGH and LOW (Figures IV-

2A and 2B), the interaction (determined by co-immunoprecipitation) of the IRβ with CD36 (Figure 

IV-2C) and Fyn kinase (Figure IV-2D) were significantly greater in HIGH versus LOW (group 

main effects; p<0.01). Furthermore, correlational analyses across all subjects revealed significant 

positive correlations between CD36 interaction with IRβ during the clamp and glucose Rd (Figure 

IV-2F), as well as CD36 interaction with IRβ during the clamp and FA Ra suppression (Figure IV-

2H), suggesting potential cross-talk between FAs released from adipose tissue and the physical 

interaction between CD36 and IRβ in skeletal muscle.  Additionally, there was a significant 

positive association with glucose Rd and Fyn kinase interaction with IRβ at both baseline (p<0.01; 

Figure IV-2I) and during the clamp (p=0.04; Figure IV-2J).  The insulin-mediated FA Ra 

suppression did not significantly correlate with Fyn interaction with IRβ (Figure IV-2K and IV-

2L).  

Canonical insulin signaling. Aligning with the greater interaction between IRβ and the 

tyrosine kinase, Fyn in HIGH versus LOW, we also found the insulin-mediated phosphorylation 

of IRβY1150 to be greater in HIGH versus LOW (Figures IV-3A and IV-3B).  Similarly, insulin 

significantly increased Akt phosphorylation at Ser 473 and Thr 308 (p < 0.01; Figures IV-3C and 

IV-3E) in both LOW and HIGH, but LOW exhibited a blunted increase in pAktS473 compared with 

HIGH (p < 0.01; Figure IV-3C and IV-3D).  The slightly attenuated insulin-stimulated increase in 

pAktT308 in LOW versus HIGH was not statistically significant between groups (Figure IV-3F).  

Insulin significantly increased pFOX01S256 (p<0.01; Figure IV-4A) and tended to increase 

pGSKαS21 (p=0.06; Figure IV-4C), both of which are downstream targets of Akt.  In line with the 

differential pAkt response between groups, the insulin-mediated responses for pFOX01S256 and 

pGSKαS21 were blunted in LOW compared with HIGH (p<0.05; Figures IV-4B and IV-4D). 
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Surprisingly, we did not detect an insulin-stimulated increase in pAS160T642 or pP44/42 

MAPKT202, Y204 (ERK 1/2) in either LOW or HIGH (Figures IV-4E and IV-4G), perhaps because 

activation of AS160 at Ser588 may be necessary for complete convergence of AS160 to promote 

full Rab GTPase activity, and thus, GLUT4 translocation. Interestingly, total GLUT4 abundance 

was greater in HIGH compared to LOW (p=0.01, Figure IV-4I). 

Intramyocellular lipid droplet (LD) storage in type I and II skeletal muscle fibers 

Total muscle lipid content was not different between HIGH and LOW (7.8 ± 2.0 versus 8.5 

± 2.9 % stained, respectively; p=0.6).  As anticipated, total lipid content was greater in type I 

versus type II muscle fibers, and this was the case for both groups (type I= 9.3 ± 4.9 versus type 

II=6.2 ± 4.1 % stained; p<0.01; see representative Figure IV-5A).  Measurements within the IMF 

and SS regions of the muscle fibers also revealed no difference in total lipid content between HIGH 

and LOW within either the IMF or SS regions.  In contrast, there was a strong trend (p=0.06) for 

the number of LDs (per µm2) in the IMF region to be greater in HIGH versus LOW (Figure IV-

5C).  This difference in LD number was not found in the SS region (Figure IV-5F), but LD size 

(i.e., median LD area) within the SS region was found to be larger in LOW versus HIGH (Figure 

IV-5G).  This difference in LD size between groups was statistically significant in type II fibers 

(p=0.01), and trended greater in type I fibers (p=0.09).  Interestingly, median LD area in type II 

fibers was negatively correlated with insulin-mediated glucose uptake (p=0.03; Figure IV-5H).  

 

DISCUSSION 

Although skeletal muscle insulin resistance is very common in adults with obesity (42), 

not all adults with obesity are insulin resistant (4, 5), and factors underlying this difference among 

a relatively homogeneous cohort of adults with obesity are not well understood.  Here, we confirm 

that low adipose tissue insulin sensitivity to reduce FA mobilization was a strong predictor of 

impaired insulin-mediated glucose uptake.  This relationship is consistent with the well described 

phenomenon that high rates of FA mobilization can lead to a disruption in skeletal muscle insulin 

signaling (12, 43-46).  Studies conducted in vitro have reported elevated saturated FA availability 

reduced IR binding with both CD36 and Fyn kinase, which in turn can modify downstream 

signaling events (31).  Our findings that skeletal muscle IR interaction with CD36 and Fyn kinase 

were attenuated in LOW suggests that the impairments in skeletal muscle insulin signaling that are 
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common in many obese adults, may begin further upstream in the insulin signaling cascade than 

commonly considered (31).  Additionally, we found differences in the number, size, and location 

of LDs within skeletal muscle were also related to differences in insulin-mediated glucose uptake 

in our participants.  Together, these findings support the notion that low adipose tissue insulin 

sensitivity to reduce FA mobilization may lead to the development of impaired insulin signaling 

in skeletal muscle, in part through modifications in interactions between the IR and key regulatory 

proteins, as well as LD distribution within skeletal muscle. 

The increase in plasma insulin concentration in response to a meal markedly reduces 

systemic FA availability in healthy adults (47, 48).  In contrast, individuals who are more resistant 

to the effects of insulin in adipose tissue experience persistent elevations in systemic FA 

availability (even after meals), which is known to be a key factor underlying impaired insulin-

mediated glucose uptake in skeletal muscle (12, 45, 46, 49).  Because the vast majority of FA 

released into the systemic circulation are derived from abdominal subcutaneous adipose tissue 

(aSAT), rather than gluteal/femoral or visceral adipose tissue (14), we contend the blunted 

response to insulin’s effect of reducing FA mobilization is occurring in aSAT.  Therefore, our 

findings that low sensitivity to insulin’s effects on reducing FA mobilization was a primary 

predictor of impaired insulin-mediated peripheral glucose uptake, suggests insulin resistance in 

aSAT may precede the development of insulin resistance in skeletal muscle.  However, the 

temporal pattern by which insulin resistance develops among different tissues are still not clear.  

Some previous reports in rodents support the notion that the onset of adipose tissue insulin 

resistance in response to high fat diets occurs before skeletal muscle insulin resistance (50, 51).  

Additionally, in lipodystrophy (a condition where adipose tissue cannot effectively store 

triglycerides, resulting the very high systemic FA concentrations), the excessive systemic FA 

availability precedes insulin resistance in skeletal muscle (52).  In adults with obesity, 

abnormalities within aSAT, including inflammation, fibrosis, and hypoxia are also suggestive to 

contribute to the development of skeletal muscle insulin resistance (53).  

The specific mechanisms within aSAT that may underlie an impaired ability of insulin to 

blunt FA mobilization are not completely understood.  Insulin potently inhibits lipolytic rate, 

largely through Akt-mediated phosphorylation of phosphodiesterase 3B (PDE3B), which in turn 

leads to the inhibition of key lipase enzymes (54).  However, based on findings from Project 1 of 

my dissertation, as well as other previous work (55), low sensitivity to the anti-lipolytic response 
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to insulin does not appear to be responsible for the blunted FA Ra suppression in response to 

insulin we report here.  Because adipose tissue is exceptionally sensitive to the anti-lipolytic effects 

of insulin, it is possible that insulin-mediated anti-lipolysis may be unimpeded even if insulin 

signaling is modestly attenuated.  A modest impairment in insulin signaling in adipocytes can 

impact other processes, such as the rate of FA re-esterification (56, 57), which is the most likely 

candidate for the blunted FA Ra suppression we report here.  Local inflammation (e.g., TNFα, IL6, 

and IL1β) within adipose tissue has been attributed to impair insulin signaling in adipose tissue 

(58-60), and may contribute to impaired ability to reduce FA mobilization in response to insulin.  

Morphological features of aSAT such as large adipocytes may also contribute, perhaps due in part 

to greater pro-inflammatory profile (61).  In addition, relatively low capillary density coupled with 

hypertrophied adipocytes can result in attenuated insulin delivery as well as induce adipocyte 

hypoxia, which has been linked to impaired insulin responsiveness (53, 62, 63).  Excessive fibrosis 

within the ECM of aSAT has also been linked with an impaired response to insulin in adipose 

tissue (64, 65).  How aSAT fibrotic content or composition induces insulin resistance within the 

tissue remains elusive, but potential factors include, increased pro-inflammatory cytokine 

abundance by mechanical stress induced by excess collagen accumulation (66), and physical 

constraints limiting insulin delivery and signaling (64, 67).  Overall, dysfunctional insulin 

signaling, large adipocyte size, relatively low capillary density, and abundant fibrosis may 

converge to attenuate the adipose tissue insulin sensitivity to reduce FA mobilization from aSAT 

of insulin resistant adults with obesity.   

Insulin-mediated glucose uptake in skeletal muscle is mediated by intracellular signaling 

events triggering GLUT4 translocation from the cytosol to the plasma membrane (68).  The ~20% 

greater GLUT4 protein abundance we found in HIGH vs. LOW likely contributed somewhat to 

differences in insulin response between groups (69).  However, we contend much of the difference 

in insulin sensitivity between our HIGH and LOW subjects was a due to differences in FA 

availability and lipid metabolism between groups.  Insulin resistance in skeletal muscle stemming 

from high FA availability has been causally linked to diacylglycerol (DAG) and ceramide (17, 18), 

resulting in non-typical PKC isoform activation (70) and decreased AKT phosphorylation (71) 

respectively.  However, there remains ongoing debate regarding specific lipid mediators that may 

disrupt canonical insulin signaling in skeletal muscle (21-23).  The membrane glycoprotein CD36, 

is well-known for its role in FA transport, but recent evidence has demonstrated CD36 can also 
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modify insulin signaling (31, 72).  The physical interaction between CD36 and the IR was found 

to enhance IR phosphorylation by facilitating the interaction between the IR and the tyrosine 

kinase protein, Fyn (31, 72).  Our findings that the physical interaction (determined by co-

immunoprecipitation) between the IR and both CD36 and Fyn were greater in HIGH versus LOW, 

align with the notion that a greater interaction among these proteins may help propagate 

intracellular insulin signaling.  Importantly, elevated saturated FA availability was previously 

found to attenuate CD36 from recruiting Fyn to the IR (31), contributing to the blunted insulin 

response commonly found when FA availability is high (16, 73).  Therefore, the relatively low 

insulin sensitivity to reduce FA mobilization in LOW may contribute to the blunted interaction 

between CD36 and the IR, thereby lowering Fyn recruitment and subsequent phosphorylation of 

the IR.  Our findings that insulin-mediated phosphorylation of AKTS473, as well as phosphorylation 

of the Akt substrates, GSK3αS21 and FOXO1S256 were lower in LOW versus HIGH, align with the 

notion that interaction between the IR and Fyn may impact canonical insulin signaling downstream 

of the IR.  Whether the CD36-mediated recruitment of Fyn to the IR involves a direct physical 

interaction between CD36 and Fyn is not known.  However, Fyn binding sites have been identified 

along the cytoplasmic lipid raft domains of CD36 (74, 75), suggesting this process might involve 

direct binding between these proteins.  Unfortunately, we did not have enough tissue for the co-

immunoprecipitation assay to confirm whether CD36 interaction with Fyn was also attenuated in 

LOW versus HIGH.  Together, these findings are the first to our knowledge in human skeletal 

muscle to support a previously proposed mechanism (31) by which CD36 regulates IR 

phosphorylation and downstream signaling, and that FA availability and uptake into skeletal 

muscle may modify this effect.  

Lipid accumulation in lipid droplets (LDs), and their location within the myocyte have also 

been implicated in the regulation of insulin signaling in skeletal muscle (76).  Our observation that 

LDs in the SS region of the myocyte were larger in LOW versus HIGH, aligns with previous 

reports demonstrating correlations between SS LD size and insulin resistance (28-30, 77).  The 

mechanistic link explaining how an accumulation of larger LDs in the SS region of the myocyte 

induces insulin resistance is still unclear, but the proximity of these large LDs to the muscle 

membrane may disrupt key insulin signaling steps that occur there (28).  For example, the 

accumulation of lipid intermediates in the SS region, which may be released from SS LDs, have 

been linked with insulin resistance (78).  Additionally, larger LDs have a lower surface area-to-
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volume ratios than small LDs, which may limit lipolytic control at the membrane of the larger 

LDs.  In turn, this may increase the susceptibility for incomplete lipolysis (79-81), resulting in 

aberrant lipid accumulation within the SS region of the myocyte, in close proximity to insulin 

signaling events that occur at or near the plasma membrane.  Our findings that the number of LDs 

in the IMF region tended to be greater in HIGH versus LOW suggests that a partitioning of LDs 

away from the SS region may be protective against impaired insulin signaling.  The greater 

abundance of LDs in the IMF region may also help protect against the development of insulin 

resistance by their close proximity to more mitochondria (27, 82), which may aid in the direct lipid 

transfer towards oxidative metabolism, and thereby may mitigate cytosolic lipid accumulation.  

We contend that differences in LD size and distribution observed between LOW and HIGH, may 

be due in part to differences in adipose tissue insulin sensitivity to reduce FA mobilization, 

whereby, a chronic elevation in systemic FA availability and uptake in individuals with low FA 

Ra suppression in response to insulin modifies LD storage and metabolism.   

Although we interpret our findings describing the relationship between insulin-mediated 

suppression of FA release and glucose uptake to suggest a suppressed response to insulin in 

adipose tissue may contribute the development of whole-body insulin resistance, we acknowledge 

that this interpretation was largely based on correlational analyses, which of course does not 

indicate causation.  However, these findings are consistent with other studies (11-13), and supports 

the observation that insulin resistance development is a consequence of excess FA release from 

aSAT, resulting in greater FA uptake into skeletal muscle.  We also acknowledge that our in vivo 

measurements aimed to identify key contributors to insulin resistance in our subjects was not 

exhaustive, and additional factors such as vascular dysfunction may be one of several contributors 

to insulin resistance in our participants (83, 84).  Additionally, the phosphorylation of canonical 

insulin signaling can also be regulated by other intracellular responses that were not measured in 

this study (e.g., novel PKCs, JNK, and mTORC1/S6 kinase) – many of which are known to 

negatively influence activation of proximal insulin signaling components (85).  It is also important 

to acknowledge that our LOW group had a greater proportion of male participants compared to 

HIGH (LOW: 5M/5F, HIGH: 6F/1M) – and men are commonly found to be more insulin resistant 

than women (86, 87).  Therefore, we cannot exclude that sex differences are contributing to 

excessive FA release, and whole-body insulin sensitivity between groups. 
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In conclusion, our findings suggest low adipose tissue insulin sensitivity to reduce FA 

mobilization from aSAT is an important contributor to whole-body insulin resistance.  A low 

sensitivity to insulin in aSAT can lead to a persistent elevation in systemic FA availability, which 

is a major factor underlying the development of insulin resistance in obesity.  Novel findings from 

our study suggest this high systemic FA availability may diminish skeletal muscle insulin 

signaling, in part by reducing the interaction between CD36 and Fyn with the IR, and attenuating 

downstream insulin signaling.  The insulin resistant subjects in our study also presented larger-

sized LDs in the SS region of the myocyte, which may contribute to their insulin resistance by 

interfering with key insulin signaling processes at the muscle membrane.  Overall, our findings 

suggest that low adipose tissue insulin sensitivity to reduce FA mobilization may contribute to an 

inter-organ cross-talk, whereby excess FA release from aSAT disrupts IR interaction with key 

regulatory proteins, and modifies LD size and distribution in the myocyte.    
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FIGURES 

 

 

Figure IV-1: Insulin sensitivity variability across all participants, and substrate kinetics. 

A) Glucose Rd variability across all participants.  B-C) Stratification into HIGH (n=7) and LOW (n=10) sub-cohorts 

- expressed as glucose Rd normalized to insulin (nmol/kg FFM/min / (µU/mL), (B), and glucose Rd normalized 

only to lean body mass (µmol/kg FFM/min, (C).  D) Basal and insulin-mediated glucose Ra. E) Glucose Ra % 

suppression.  F) Basal and insulin-mediated fatty acid Ra. G) FA Ra suppression. H) Correlation between glucose 

Rd and FA Ra suppression in all participants. ○=Female, □=Male. # p<0.05 main-effect for insulin (basal versus 

clamp). * p<0.05 versus HIGH. Data are expressed mean ± SD. 
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Figure IV-2: Insulin-mediated interaction between CD36 and Fyn kinase with IRβ. 

A) Whole muscle CD36 abundance. B) Whole muscle Fyn kinase abundance. C) CD36 co-localized to IRβ at 

baseline and during the clamp. D) Fyn kinase co-localized to IRβ at baseline and during the clamp.  E-F) Correlation 

between glucose Rd and CD36 co-localized to IRβ at baseline (E) and during the clamp (F). G-H) Correlation 

between FA Ra suppression and CD36 co-localized to IRβ at baseline (G) and during the clamp (H). I-J) Correlation 

between glucose Rd and Fyn kinase co-localized to IRβ at baseline (I) and during the clamp (J). K-L) Correlation 

between FA Ra suppression and Fyn kinase co-localized to IRβ at baseline (K) and during clamp (L). M) 

Representative immunoblots from the IRβ immunoprecipitation assay, including input controls.  N) IgG 

immunoprecipitation negative control with dashed lines to denote breaks in lanes removed for clarity. ○=Female, 

□=Male;. n=7 in HIGH and n=9 in LOW. * p<0.05 - main effect for group, HIGH versus LOW. Data are mean±SD.   
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Figure IV-3: Comparison of acute insulin-mediated signaling events in skeletal muscle 

proximal to Akt. 

A) Insulin-mediated pIRβY1150 at baseline and during the hyperinsulinemic clamp. B) Delta pIRβY1150 (difference 

between clamp baseline abundance). C) Insulin-mediated pAKTS473. D) Delta pAKTS473. E) Insulin-mediated 

pAKTT308. F) Delta pAKTT308. G) Representative immunoblots from whole muscle. ○=Female, □=Male; n=7 in 

HIGH and n=10 in LOW.  # p<0.05 main-effect for insulin (basal versus clamp). * p<0.05 versus HIGH. Data are 

expressed mean ± SD. 
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Figure IV-4: Comparison of acute insulin-mediated signaling events in skeletal muscle 

distal to Akt. 

A) Insulin-mediated pFOXO1S256. B) Delta pFOXO1S256 (difference between clamp baseline abundance). C) 

Insulin-mediated pGSKαS21. D) Delta pGSKαS21. E) Insulin-mediated pAS160T642. F) Delta pAS160T642. G) Insulin-

mediated pERK1/2T202/Y204. H) Delta pERK1/2T202/Y204. I) Skeletal muscle GLUT4 abundance. J) Representative 

immunoblots from whole muscle. ○=Female, □=Male; n=7 in HIGH and n=10 in LOW.  # p<0.05 main-effect for 

insulin (basal versus clamp). * p<0.05 versus HIGH. Data are expressed mean ± SD. 
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Figure IV-5: Intramyocellular LD characteristics and distribution in type I and II skeletal 

muscle fibers.   

A) Representative image in skeletal muscle of type I and II fibers from HIGH and LOW. Image contains bodipy 

stain (LD, green), myofiber stain positive for MHC I (type I fibers, purple), and wheat germ agglutinin [WGA] 

(membranes, blue). The region inside the white box are enlarged for a clearer view. Magnification, 20X. Scale bar, 

100µm for all images. ‘I’ denotes type I muscle fiber. B-G) lipid content and LD characteristics within the IMF 

and SS region in type I and type II fibers. B) IMF lipid content (represented as % stained). C) IMF LD number (# 

LDs per µm2). D) IMF median LD area per fiber (µm2). E) SS lipid content. F) SS LD number. G) SS LD area per 

muscle fiber.  H) Correlation between glucose Rd and SS LD area in type II fibers. ○=Female, □=Male; n=6 in 

HIGH and n=10 in LOW.  # p<0.05 main-effect for fiber type (type I versus type II). * p<0.05 main-effect for 

group (HIGH versus LOW), with post-hoc analysis identifying significant difference in HIGH versus LOW.  Data 

are expressed mean ± SD. 
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TABLES 

Table IV-1: Participant characteristics 
 

HIGH (n=7) LOW (n=10) P-value 

Sex (m/f) 1/6 5/5  

Age (yrs) 32 ± 9 31 ± 8 0.75 

BMI (kg/m2) 35 ± 3 36 ± 3 0.18 

Body mass (kg) 93 ± 9 105 ± 11* 0.02 

Fat mass (kg) 43 ± 5 46 ± 5 0.22 

Fat free mass (kg) 50 ± 10 60 ± 9 0.06 

Body fat (%) 46 ± 6 43 ± 5 0.22 

Liver Fat (%) 3.4±2.0 9.5±8.3 0.48 

Visceral Fat (cm2) 107±49 169±58 0.09 

Fasting glucose (mM) 4.6 ± 0.4 4.7 ± 0.4 0.70 

Fasting insulin (µU/mL) 6.3 ± 2.5 16.8 ± 4.7* 3.4e-05 

HOMA-IR 1.3 ± 0.6 3.5 ± 1.0* 6.3e-05 

HbA1c (%) 5.3 ± 0.4 5.4 ± 0.2 0.76 

NEFA (mM) 438 ± 197 544 ± 176 0.27 

Triglyceride, (mg/dL) 58 ± 34 80 ± 38 0.24 

HDL (mg/dL) 44 ± 10 38 ± 12 0.27 

Cholesterol (mg/dL) 141 ± 15 143 ± 32 0.88 

Plasma CRP (mg/L) 11 ± 14 9 ± 11 0.79 

Plasma IL6 (ρg/mL) 3.0 ± 1.4 3.3 ± 2.2 0.74 

Plasma HMW Adiponectin (ng/mL)  2581 ± 1412 1658 ± 1261 0.08 

Plasma Adiponectin (Total) (ng/mL) 5978 ± 2139 3840 ± 2017 0.06 

Plasma Leptin (ng/mL) 61 ± 29 51 ± 19 0.44 

Data are mean ± SD.  BMI, body mass index.  HOMA IR, homeostatic model for insulin resistance. NEFA, 

nonesterified fatty acid.  HDL, high density lipoprotein.  CRP, C-reactive protein, HMW adiponectin, high molecular 

weight adiponectin.  * p<0.05 versus HIGH 
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Table IV-2: Antibodies and Reagents 
 

Primary and secondary antibodies Source Identifier 

Phospho-IGF-I Receptor β 

(Tyr1135/1136)/Insulin Receptor β 

(Tyr1150/1151) 

CST 3024 

anti-Insulin Receptor β CST 3025 

anti-pAktS473 CST 9271 

anti-pAktT308 CST 9275 

anti-Akt CST 9272 

pGSK3αS21 CST 4337 

anti-GSK3α CST 5676 

anti-pFOXO1S256 CST 9461 

anti-FoxO1 CST 9454 

anti-pAS160T642 CST 8881 

anti-AS160 CST 2670 

anti-human CD36 R&D Systems AF1955 

anti-Fyn CST 4023 

anti-GLUT4 Santa Cruz sc-53566 

Phospho-p44Thr202/42Tyr204 MAPK (Erk1/2) CST 9101 

p44/42 MAPK (Erk1/2) CST 9102 

Normal Rabbit IgG CST 2729 

anti-rabbit IgG, HRP-linked Antibody CST 7074 

anti-mouse IgG, HRP-linked Antibody CST 7076 

Stable Isotope Tracers   

D-Glucose (6,6-D2) Cambridge Isotopes DLM-349-PK 

Potassium Palmitate (1-13C, 99%) Cambridge Isotopes CLM-1889-PK 

Histochemistry Reagents   

BODIPY 493/503 Invitrogen Thermo-Fisher D3922 

BA-D5: Myosin heavy chain Type 1 
Developmental Studies 

Hydroma Bank 
- 

Alexa Fluor 647 Goat anti-Mouse IgG2b Invitrogen Thermo-Fisher A21242 

Wheat Germ Agglutinin - Alexa Fluor 555 Invitrogen Thermo-Fisher W32464 

Triton X-100 Sigma-Aldrich T8787 

ProLong Gold Antifade Mountant Invitrogen Thermo-Fisher P36930 

Plasma Analysis Reagents   

Glucose Oxidase Thermo-Fisher A22189 

NEFA Standard Solution Wako Diagnostics 27676491 

Triglyceride Reagent Sigma-Aldrich T2449 

HDL-Cholesterol E Wako Diagnostics 9059676 

Total Cholesterol E Wako Diagnostics 9138103 

Human IL-6 ELISA R&D Systems HS600C 

C-Reactive Protein ELISA  Calbiotech CR120C 

Human Leptin ELISA Millipore Sigma EZHL80SK 
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Human Total Adiponectin/Acrp30 ELISA R&D Systems DRP300 

Human HMW Adiponectin/Acrp30 ELISA R&D Systems DHWAD0 

Insulin For Immulite Siemens 10381429 
Abbreviations: CST, cell signaling technology 
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Chapter V  
 

Project 3 

Effects of Exercise Training on Intramyocellular Lipid Droplet Abundance, Size, Cellular 

Distribution, and Turnover in Adults with Obesity 

 

ABSTRACT 

Exercise training modifies lipid metabolism in skeletal muscle, but the effect of exercise training 

on intramyocellular lipid droplet (LD) abundance, size, and intracellular distribution in adults with 

obesity are still not completely understood. The primary aims of this study were to compare high-

intensity interval training (HIIT) versus more conventional moderate-intensity continuous training 

(MICT) in adults with obesity on intramyocellular lipid content, as well as LD characteristics (size 

and number) and abundance within the intramyofibrillar (IMF) and subsarcolemmal (SS) regions 

of type I and type II muscle fibers. Thirty-six adults with obesity (BMI=33±3 kg/m2) completed 

12 weeks (4d/week) of either HIIT (10 x 1min, 90%HRmax + 1min active recovery; n=19) or 

MICT (45min steady-state exercise, 70% HRmax; n=17).  Subjects were on a weight-maintaining 

diet throughout training.  Skeletal muscle samples were collected from the vastus lateralis before 

and after training, and intramyocellular lipid content and distribution were measured by 

immunofluorescence microscopy.  Exercise training (both MICT and HIIT) increased total 

intramyocellular lipid content by ~1.5 fold (p<0.01), and this increase was attributed to a greater 

number of LDs per µm2 in the IMF region of both type I and type II muscle fibers (both p<0.01). 

Our findings also suggest that LD lipophagy may be upregulated when measured the day after the 

last exercise training session (p<0.02 for both MICT and HIIT).  But this response appeared to be 

transient because the increase in these measures were no longer apparent when assessed 4 days 

after the last exercise training session. Interestingly, despite the robust difference in exercise 

stimulus between MICT and HIIT, the effects of these exercise programs on intramyocellular LDs 

were remarkably similar. In summary, exercise programs for adults with obesity involving either 

MICT or HIIT lead to modifications in LD abundance and cellular distribution that are favorable 

for providing more lipid to support oxidative metabolism during exercise.   
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INTRODUCTION 

Intramyocellular lipids provide an energy dense fuel to support muscle contraction during 

exercise (1, 2).  Intramyocellular lipid content is often found to be high in endurance trained 

athletes (3, 4), representing a favorable exercise training adaptation.  This adaptive response may 

be largely explained by an exercise-induced increase in skeletal muscle triacylglycerol synthesis 

within the hours after each exercise session (5), which in turn will increase the local energy supply 

to help sustain prolonged exercise.  Somewhat paradoxically, sedentary adults with obesity are 

also often found to have elevated skeletal muscle lipid content compared with lean counterparts 

(6, 7).  But in contrast to endurance athletes, this high muscle lipid content in obesity largely stems 

from chronically elevated lipolytic rates and excessive systemic fatty acid availability (8), 

providing abundant substrate for muscle lipid synthesis.  Unfortunately, excessive 

intramyocellular lipid accumulation in sedentary adults with obesity are causally linked with the 

development of insulin resistance (9-11).  Findings from previous studies examining the effects of 

exercise training on muscle lipid content in adults with obesity are equivocal, most reporting either 

an increase (12-17), while others reporting no change in total muscle lipid content (18-21).  

However, the response to exercise training on muscle lipid content in obese subjects have been 

confounded by several factors, including weight loss during training, differences in the mode and 

intensity of exercise, and limited dietary control - all of which can impact interpretations of the 

effects of exercise training on regulation of muscle lipid storage.  

Intramyocellular lipids are largely stored within lipid droplets (LDs), which are dynamic 

organelles composed of a triacylglycerol-rich core surrounded by a phospholipid monolayer.  Lipid 

droplet abundance is largely regulated by nascent LD biogenesis from the endoplasmic reticulum 

(ER), where triacylglycerol accumulation and growth within the ER bilayer promotes the budding 

of LDs towards the cytosol (22).  Conversely, LDs are selectively degraded by a form of 

autophagy, called lipophagy, involving recruitment of the autophagasome specifically to the LD, 

and transport to the lysosome for degradation (23, 24).  Muscle LDs help regulate local lipid 

availability within the myocyte (25), and the size of the LDs can impact this function.  This is due 

in part to the surface area-to-volume ratio of the LD, where a relatively high surface area-to-

volume ratio from small LDs can increase lipase accessibility at the LD surface, increasing fatty 

acid availability for cellular metabolism (26).  The location of the LD also has important impact 

on its cellular function.  For example, LDs localized to the intramyofibrillar (IMF) region of the 
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myocyte are recognized to support energy requirements for skeletal muscle contraction (27, 28), 

whereas LDs localized to the subsarcolemmal (SS) region support cell membrane biosynthesis and 

metabolism.  Interestingly, endurance training has been found to increase LD contact with the 

mitochondria in the IMF region, in effort to support fatty acid availability for the contracting 

muscle (16, 18).  Perhaps not surprisingly, LDs are more abundant in type I versus type II muscle 

fibers, which aligns with the high oxidative capacity of type I fibers to support prolonged and 

relatively low-intensity muscle activation (29).  Although exercise training may favorably modify 

intramyocellular lipid storage and distribution (12-21), how exercise modifies LD storage is still 

not completely understood.   

High-intensity interval training (HIIT) has garnered considerable attention as a time-

efficient exercise prescription to increase aerobic capacity (30, 31), and improve metabolic health 

in obesity (32).  However, the effects of HIIT versus more conventional, moderate-intensity 

continuous training (MICT) on intramyocellular lipid content and LD distribution in adults with 

obesity remains unclear.  The primary aim of this study was to compare the effects of 12 weeks 

MICT versus HIIT on the size, number, and cellular distribution of LDs within skeletal muscle in 

adults with obesity.  Additionally, we aimed to explore the effects of training on the regulation LD 

turnover by assessing LD co-localization with proteins specific to the ER (index of LD biogenesis) 

and proteins specific to the autophagasome (index of lipophagy).  We hypothesized that the high-

intensity stimulus during HIIT will increase muscle lipid content to a greater extent than MICT, 

primarily via increased number and size of LDs within the IMF region of the type II muscle fibers.   

 

METHODS 

Participants 

Thirty-six adults with obesity (BMI=30-40 kg/m2) participated in this study.  Participants 

enrolled into this clinical trial were sedentary and not participating in any aerobic or resistance-

training programs, and weight stable (±2 kg for the previous 6 months).  Participants were not 

taking medications known to affect glucose or lipid metabolism, have a history of heart disease, 

or smoking. All females were pre-menopausal with regularly occurring menses, and not pregnant, 

or lactating.  Participants in this study were also enrolled in a previously published study from our 

laboratory, focusing on the effect of 12 weeks MICT and HIIT on whole-body insulin sensitivity 
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(hyperinsulinemic-euglycemic clamp) and clinical biomarkers (33).  The outcomes in the present 

study complement, but do not overlap with our previous publication.  Participants were provided 

written informed consent before participation.  The study protocol was approved by the University 

of Michigan Institutional Review Board, and registered at clinicaltrials.gov (NCT02706093). 

Preliminary assessment 

Participants arrived to the Michigan Clinical Research Unit (MCRU) for a body 

composition assessment using dual-energy x-ray absorptiometry (Lunar DPX DECA scanner, GE, 

WI), then complete a graded exercise test to determine aerobic capacity (VO2peak) on a cycle 

ergometer (Corvival, Lode, Netherlands).  Details regarding VO2peak protocol were previously 

described by Ryan et al. (33). 

Study design 

Enrolled participants were randomly assigned to either MICT (n=17) or HIIT (n=19) in a 

counterbalanced design, with a homogenous subset of individuals matched for BMI, fat mass, and 

sex in each group (Table V-1). Before training, participants completed their pre-training clinical 

trial, which included the collection of a skeletal muscle biopsy sample. Subjects then completed 

12 weeks (4 sessions/week, 48 total) of their assigned exercise training program (MICT or HIIT; 

details of these training programs provided below). After completing the 12-week training 

programs, participants completed two more clinical trials, the first of these post-training clinical 

trials was completed the day after the last exercise session (1d PostEx).  The other post-training 

clinical trial was conducted four days after the last exercise session (4d PostEx), in order to 

examine the chronic adaptive responses to exercise training without the potent confounding effects 

of a recent session of exercise (34, 35). See Figure V-1 for study design.  Importantly, subjects 

were required to maintain their body weight throughout the study trial. 

Training interventions 

Participants in both groups exercised 4 days per week for 12 weeks.  The exercise sessions 

for MICT consisted of 45 minutes continuous exercise at 70% HRmax.  For the HIIT group, each 

training session consisted of 3 minutes warm up (65% HRmax), followed by 10 x 1 minute intervals 

at 90% HRmax, with 1 minute active recover between intervals.  Participants self-selected their 

mode of exercise (e.g., stationary bike, treadmill, elliptical, or rowing machines).  HIIT sessions 
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were considerably shorter than MICT (25 versus 45 minutes), and energy expenditure for HIIT 

was less than MICT (~150 versus ~250 kcals).  Despite considerably different exercise duration 

and energy expenditure, we aimed to compare HIIT and MICT program commonly prescribed for 

improving fitness and health (36). 

Training familiarization and adherence monitoring 

Details describing training familiarization and adherence monitoring have been previously 

reported (33).  Briefly, during the first two weeks of the exercise familiarization period subjects 

were exposed to a progressive increase in exercise intensity and duration.  By the beginning of 

week three, participants were able to complete the prescribed exercise programs for MICT (45 

minutes continuous exercise at 70% HRmax) and HIIT (10 x 1 minute intervals at 90% HRmax, with 

1 minute active recover between intervals).  During the two-week familiarization period, research 

staff monitored all training sessions (4 sessions per week).  After completing the exercise 

familiarization, participants were still required to complete four exercise sessions per week, but 

only two of these sessions were required to be supervised directly by research staff.  For the 

unsupervised session, participants wore downloadable telemetry heart rate devices (Polar) that 

were monitored remotely by research staff to confirm exercise adherence and compliance.  Body 

weight was also closely monitored throughout the training intervention and participants were 

required to maintain their weight throughout the training intervention.  Our research dietician 

consulted participants for weight management if their weight deviated ~1-2% pre-training weight. 

Clinical Trials and Skeletal Muscle Biopsy Collection 

During each of the three clinical trials, subjects arrived to the MCRU at 1730h the evening 

before the clinical trial (see Appendix J for clinical trial schematic).  The protocol for all three 

clinical trials were identical, with the exception of the 1d PostEx visit, during which participants 

completed their prescribed exercise sessions at 1800h and then consumed a nutritional supplement 

(BoostPlus, Nestle; 50% carbohydrate, 35% fat, 15% protein) to match the estimated energy 

expended during exercise session.  For all three trials, participants consumed a standardized meal 

at 1900h (30% estimated daily energy expenditure) and a snack (10% estimated daily energy 

expenditure) at 2200h, and slept in MCRU overnight.   

The next morning, a fasting blood sample was obtained at 0730h, and a skeletal muscle 

sample was collected from the vastus lateralis muscle at 0815h.  For the portion of the muscle 
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sample to be used for immunofluorescence microscopy, visible connective tissue was removed 

under magnification, muscle fibers were oriented in parallel, the sample was fixed in optimal 

cutting temperature (OCT), and flash frozen in isopentane chilled over liquid nitrogen. The 

remaining muscle samples were rinsed with saline, blotted dry, and flash frozen in liquid nitrogen 

for immunoblot analysis.   

After collecting the skeletal muscle sample during the clinical trials, we also collected 

abdominal subcutaneous adipose tissue samples, performed stable isotope infusions to calculate, 

fatty acid, glycerol, and glucose kinetics, and we also conducted a hyperinsulinemic-euglycemic 

clamp.  Outcomes from these ancillary measures are not included in the present study, and because 

these methods were initiated after completion of the muscle biopsy, they would not impact the 

skeletal muscle outcomes presented here.  Therefore, the details for these methods are not 

described here.  See Ryan, et al (33) for detailed description of all methods conducted during these 

clinical trials.  

 

Analytical Procedures 

Immunofluorescence microscopy: lipid droplet analysis 

Skeletal muscle samples from OCT samples were cut into 5µm sections at -20°C and 

mounted onto an ethanol-cleaned glass slide.  Sections were fixed in 4% paraformaldehyde for 1h, 

and permeabilized for 5min in 0.5% Triton X-100.  Sections were then incubated with primary 

antibodies myosin heavy chain type 1 (MHC-1) at 1:200 for 1h at 37ºC, followed by 30min 

secondary antibody incubation: AlexaFluor 647, goat-anti mouse IgG2b at 1:200.  Afterwards, 

sections were stained with Bodipy 493/503 at 1:100 for 20min, followed by 20min incubation with 

anti-wheat germ agglutinin (WGA) conjugated with AlexaFluor 555 at 1:200 to identify muscle 

fiber borders.  Sections were mounted with ProLong Gold Antifade Mountant, covered with #1 

coverslips (2975-245, Corning), and stored in the dark until imaging.  See Table V-2 for reagent 

list, and Appendix H for detailed protocol. 

Immunofluorescence microscopy: co-localization analysis 

Skeletal muscle samples from OCT fixed muscle were cut into 5µm sections at -20°C onto 

an ethanol-cleaned glass slide, then fixed in 4% paraformaldehyde for 30min, followed by 5min 

permeabilization in 0.3% Triton X-100, and blocked for 1h in 5% normal goat serum to prevent 
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nonspecific background and cross-reactivity between antibodies.  For each muscle sample, one 

section was situated onto a glass slide incubated for primary antibodies to measure de novo LD 

biogenesis activity, which was quantified by PLIN2 (LD marker; 1:100 in 0.1% BSA, 0.1% Triton 

X-100, PBS) co-localization with KDEL (ER marker; 1:100 in 0.1% BSA, 0.1% Triton X-100, 

PBS) at 4ºC overnight.  Additionally, one separate section from the same muscle sample was 

situated onto a separate glass slide, and incubated for primary antibodies to measure lipophagy, 

and quantified by PLIN2 co-localization with Light Chain 3 (LC3; autophagasome marker; 1:50 

in 0.1% BSA, 0.3% Triton X-100, PBS) in 4ºC overnight.  The following day, samples were 

incubated with secondary antibodies Alexa Fluor 647, goat anti-mouse IgG1 (specificity to PLIN2) 

at 1:200 and Alexa Fluor 488, goat anti-rabbit IgG (specificity to KDEL and LC3) at 1:200 for 1h.  

Samples were then incubated with anti-WGA conjugated with AlexaFluor 555 at 1:200 for 20min, 

mounted with ProLong Gold Antifade Mountant, and covered with #1 coverslips (Corning), and 

stored in the dark until imaging.  See Appendix K for immunohistochemistry protocol. 

Fluorescence image acquisition, image processing, and analysis 

Total lipid content (% stained), LD number (# LDs per µm2), and median LD area per 

muscle fiber (µm2) were captured on a Keyence BZ-X710 fluorescence microscope (Keyence) 

with a 20X N.A.=0.45 objective lens using 1440 X 1080 pixels (533 µm x 400 µm) field of view.  

Lipid droplets stained by bodipy 493/503 were captured using GFP (470/40 nm) filter, MHC type 

I was captured using Cy5 (620/60 nm) filter, and WGA captured using Texas Red (560/40nm) 

filter. Following image capture, LD characteristics and distribution were calculated using 

MATLAB R2021a (Mathworks, Inc., Natick, MA).  In brief, 20X images were converted to 

grayscale and re-scaled to accommodate for image variability between samples.  Individual fibers 

were identified and labeled using a custom ridge detection algorithm, and watershed segmentation 

to complete non-continuous cell borders and completely identify cells.  Type I fibers were 

identified based on positive MHC type I-positive stain, and non-stained fibers considered type II 

fibers.  Fiber types were partitioned into type I or type II fibers dependent on signal intensity by 

k-means clustering (k=2).  Lipid droplets identified in the SS region were contained within ~3 µm 

of the peripheral border of each fiber (10 pixel width), while LDs in the IMF region were all 

remaining LDs in the center of each fiber (~91% of cross-sectional myocyte area).  Lipid droplets 

were detected as the mean area of puncta, and a top-hat filter was used to accommodate for image 

variability and background noise within the sample.  Lipid droplets identified and included for 
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analysis for each muscle fiber were within a normal Gaussian distribution. In total, ~3 fields of 

view were obtained per participant, resulting in the analysis of 165±71 (median=147) muscle fibers 

per participant. 

Co-localization analysis was performed separately by PLIN2 co-localization with KDEL 

(de novo LD biogenesis) and PLIN2 co-localization with LC3 (lipophagy).  Images were captured 

using Keyence BZ-710X with a 40X N.A. = 0.60 objective lens using 1440 X 1080 pixels (362 

µm x 273 µm).  PLIN2 was captured using the Cy5 filter (620/60 nm), WGA captured using the 

Texas Red filter (560/40nm), and KDEL and LC3 were captured using the GFP (470/40 nm) filter 

to quantify de novo LD biogenesis and lipophagy respectively. Following image acquisition, an 

intensity threshold was selected uniformly for each target of interest in order to identify positive 

signals and remove background intensities. Quality control for nonspecific secondary antibody 

binding were completed and verified before co-localization analysis was conducted. Co-

localization between PLIN2-KDEL and PLIN2-LC3 were quantified by Pearson’s and Mander’s 

(M1) overlap coefficient using Coloc2 plug-in with FIJI (NIH Image J) (37).  

Skeletal muscle lysate preparation and immunoblot 

Frozen muscle samples were weighed (~25mg) and transferred into pre-chilled 

microcentrifuge tubes containing 1mL ice-cold lysis buffer [RIPA Buffer: 20 mM Tris-HCl-pH 

7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 

sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin (9086, cell 

signaling technology)], 1% phosphatase inhibitor cocktail #1 & #2 (P2850, P5726, Sigma-

Aldrich), 1% protease inhibitor cocktail (P8340, Sigma-Aldrich), and two steel ball bearings per 

sample.  Samples were homogenized for 30sec at 45Hz using a Qiagen TissueLyser II, then 

solubilized for 60min by inverted end-over-end rotation at 50rpm in the cold (4°C).  Afterwards, 

samples were centrifuged at 15,000g for 15min at 4°C, and the pellet was discarded.  Protein 

concentration was determined by bicinchoninic acid assay method (BCA; 23225, Pierce Thermo-

Fisher), and samples diluted in 4x Laemmli buffer and RIPA buffer to achieve 1µg/µL 

concentration, and heated for 7min at 95°C. Proteins were separated by SDS-Page (8-15% 

acrylamide gels), then transferred to nitrocellulose membranes, and probed by the following 

primary antibodies listed in Table V-2.  To account for loading variability, membranes were 

stained and normalized to total protein abundance by Memcode reversible protein stain (24580, 

Pierce Thermo-Fisher).  Additionally, each gel contained an internal standard sample from 8 obese 
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individuals to account for gel-to-gel variability, and each protein normalized to the internal 

standard. 

Statistical Analysis 

Normality was tested using Shapiro-Wilk test, and data not normally distributed were log 

transformed before analysis.  When missing data for a specific measurement was present and 

unavoidable (e.g., poor frozen section or unable to obtain sample), data for the specific 

measurement was excluded for all trials for the subject, and the specific sample size was reported 

for the given outcome in which missing data was present.  For immunoblot and LD co-localization 

analysis; linear mixed models were used to determine the main effect of group (MICT versus 

HIIT), visit (pre, 1d PostEx, and 4d PostEx), and group x visit interaction.  For LD histochemistry 

analysis, measurements of LD area, LD density, and LD size were segregated by fiber type (type 

I and type II fibers) and regional distribution (IMF versus SS region).  Linear mixed models were 

then used on the segregated outcomes with the same main effects as previously described (group 

and visit).  Data are displayed mean±SD and p≤0.05 was considered statistically significant. 

Statistical analysis and figure generation was completed using R version 4.1.0 (38).  

 

RESULTS 

Participant characteristics at baseline and in response to training 

Table V-1 provides the physical characteristics and clinical measurements before and after 

training in the 36 subjects who completed the 12-week exercise training intervention (MICT=17, 

HIIT=19).  MICT and HIIT both significantly increased aerobic capacity (p<0.01).  The trend for 

a greater increase in VO2peak after MICT versus HIIT did not reach statistical significance (p=0.1; 

Table 1). Body weight did not change after the 12 week training interventions in either groups, but 

the very slight reduction in fat mass after training (~0.5kg) was found to be statistically significant 

(p=0.02). 

Training effects on muscle lipid content and LD regional distribution within type I and type 

II muscle fibers 

Twelve weeks of training significantly increased total muscle lipid content, with no 

significant difference between MICT and HIIT (Figure V-2B). The increase in muscle lipid content 
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was found in both type I (Figure V-2C) and type II (Figure V-2D) muscle fibers (p≤0.01 for both).  

Moreover, the increase in muscle lipid content after training was specific to the IMF region of both 

type I and type II fibers (p<0.01), and again, the responses were similar between MICT and HIIT 

(Figure V-3A).  In contrast, lipid content in the SS region was not affected by training (Figure V-

3B). The greater lipid content in the IMF region after training was attributed to an increase in the 

number of intramyocellular LDs (LD # per µm2) in both type I and type II fibers (both p≤0.02; 

Figure V-3C), but not an increase in LD area (Figure V-3E).  There were no training-induced 

changes observed in LD number or area in the SS region of the muscle samples (Figures V-3D and 

V-3F). 

Training effects on mitochondrial proteins, factors regulating fatty acid transport, 

triglyceride esterification, lipogenesis, and ER Stress.    

Training significantly increased the protein abundance of all five mitochondrial respiratory 

chain complexes in both MICT and HIIT (p<0.01 for all measures; Figure V-4A).  Data for these 

mitochondrial proteins were similarly reported from a sub-cohort of the same participants as the 

current study from Ryan et al. (33).  MICT and HIIT also increased CPT1b abundance, but this 

increase did not reach statistical significance until four days after the last exercise session (p=0.03: 

Figure V-4B).  The protein abundance of glycerol-3-phosphate acyltransferase 1 (GPAT1), a 

protein responsible for acyl-CoA esterification at the mitochondria and the abundance of cleaved 

(i.e., activated) sterol regulatory element-binding protein 1 (SREBP-1c), a transcription factor 

responsible for inducing the expression of genes involved in fatty acid synthesis from glucose 

substrates were both increased after training (both p<0.01), with no differences between MICT 

and HIIT (Figure V-4C and V-4D).  In contrast, training did not increase protein abundance of 

fatty acid synthase (FASN) or the ER Stress related proteins ATF4 and CHOP in skeletal muscle 

(Figures V-4D and V-4E).   

Training effects on de novo LD biogenesis 

Both MICT and HIIT significantly increased PLIN2 abundance (p<0.01), a protein highly 

expressed on LD membranes, which is involved in lipolytic regulation (39) (Figure V-5A). 

However, neither MICT nor HIIT altered the abundance of Seipin (BSCL2) or FIT1M (Figure V-

5B), which are ER proteins responsible for LD stabilization and budding (40).  We measured the 

co-localization of PLIN2 (LD marker) with the ER marker, KDEL, as a crude index of de novo 
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LD biogenesis from the ER (Figure V-5D provides a representative image of the co-localization 

experiment).  We found no effect of training on the co-localization of PLIN2 and KDEL, measured 

by both Pearson’s and Mander’s co-localization coefficients (Figure V-5E). 

Training effects on autophagy-mediated LD degradation 

The abundance of p62, a marker of protein ubiquination was increased after training, and 

there were no differences between MICT and HIIT. However, p62 was only significantly increased 

one day after the last exercise session (p<0.01), and was no longer significantly greater than pre-

training abundance four days after the last exercise session (Figure V-6A).  LC3-II is a marker of 

autophagasome activation by phosphatidylethanolamine lipidation, and we found the total protein 

abundance of LC3-II increased only after MICT (p=0.02; Figure V-6A).  However, the ratio of 

LC3-II to LC3-I, which is more reflective of LC3 activation within muscle, was found to be 

significantly elevated after both MICT and HIIT one day after the last exercise session (p=0.03; 

Figure V-6A), but appeared to return toward pre-training levels 4 days after the last exercise 

session (Figure V-6A).  We measured the co-localization of PLIN2 with LC3 as a crude index of 

lipophagy in skeletal muscle.  Here we found both MICT and HIIT increased LC3 co-localization 

with PLIN2 measured by both Pearson’s (main-effect for visit, p=0.04) and Mander’s (main-effect 

for visit, p<0.01) coefficients, with no significant difference in response between MICT and HIIT.  

Interestingly, LC3-PLIN2 co-localization was only significantly elevated one day after the last 

exercise session (Pearson’s, p=0.03; Mander’s, p=0.01), and returned towards pre-training levels 

four days after the last exercise session.   

 

DISCUSSION 

Endurance exercise training is often found to increase muscle lipid content (12-17), and 

here, we found that 12 weeks of both MICT and HIIT increased intramyocellular lipid content in 

previously sedentary adults with obesity.  One of the important findings from this study was that 

the increase in total lipid content in skeletal muscle after training was due to an increased number 

of intramyocellular LDs, but not their size.  Furthermore, the increased number of LDs was specific 

to the IMF region of muscle fibers, suggestive of an adaptive response to increase energy supply 

in close proximity to the site of high energy expenditure during muscle contraction.  The 

mechanisms underlying the increased LD number within the IMF region are not clear, but de novo 
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LD biogenesis from the ER, fission of pre-existing LDs, and LD turnover by lipophagy are likely 

candidates.  Another key finding from our study was that despite the robust differences in training 

intensity and energy expenditure between MICT and HIIT, their effects on our measures of lipid 

abundance and metabolism in skeletal muscle were remarkably similar. 

Endurance exercise training is consistently found to increase muscle lipid content in lean 

subjects (12, 13) but this is not always the case in adults with overweight and obesity (18-20, 41-

43).  The absence of a measurable increase in muscle lipid content after training in some studies 

may be a consequence of a very high muscle lipid abundance found in some sedentary obese adults 

(44), which may make it challenging to detect a relatively small increase in muscle lipid content 

in these patients.  Additionally, when an exercise training intervention is accompanied by weight 

loss, a training-induced increase in muscle lipid storage capacity may be countered by a reduction 

in lipid availability due to weight loss (6, 15, 45, 46).  The observed increase in muscle lipid content 

in our study may be a result of the study population having relatively modest obesity (class 1 

obesity), and the strict requirement for weight-maintenance during the training intervention.  The 

effects of exercise on muscle lipid accumulation may largely be a consequence of the most recent 

session, or sessions of exercise, rather than an adaptive response to long-term training.  Previous 

work from our lab demonstrated increased muscle lipid content the day after a single session of 

exercise was accompanied by an increase in key proteins involved in muscle triacylglycerol 

synthesis (i.e., mGPAT1 and DGAT1) (5).  The greater muscle lipid content after training in the 

current study was accompanied by increased protein abundance of mGPAT1 and SREBP-1c, also 

supporting the notion that exercise augmented mechanisms to enhance muscle lipid synthesis.  

Additionally, the effects of exercise on muscle lipid availability from adipose tissue lipolysis are 

often elevated during the recovery period after exercise (47, 48), and increased provision of 

available substrate may also help augment muscle lipid synthesis after a session of exercise.  This 

increase in muscle lipid synthesis and storage after exercise can help support the metabolic demand 

of the working muscle during subsequent exercise sessions. 

Muscle lipids are largely stored within LDs, which are intramyocellular organelles 

composed of a hydrophobic core surrounded by a phospholipid monolayer (25).  Assessments of 

the number, size and cellular distribution of LDs enhances our interpretation of intramyocellular 

lipid metabolism and storage after endurance training.  Our finding that an increase in muscle lipid 

content after training was largely attributed to more LDs within muscle fibers, and not their size, 
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agrees with some previous studies (4, 13, 16).  This adaptation to increase muscle lipid content, 

via a greater number of LD after training, permits total lipid content expansion without 

accumulating larger-sized LDs.  For this reason, larger LDs may not be metabolically favorable 

due to their relatively low surface area-to-volume ratio, which can compromise lipolytic control 

of the lipids within the LD (26, 49).  Interestingly, the accumulation of larger-sized LDs have been 

shown to inversely relate with insulin sensitivity (21, 50), and the decrease in LD size after training 

has been proposed to contribute to the insulin sensitizing effect of exercise training (18-20, 50).  

Moreover, increasing muscle lipid content by increasing the number of LDs has been found to 

increase the physical interaction between the LDs and the mitochondria (16, 18, 42), which can 

further enhance coordination between fatty acid availability for muscle lipid oxidation during 

exercise. 

The increase in lipid content specifically in the IMF region of the muscle fiber after 

training, as reported here by us and by others (18-20, 51), is also favorable for coordinating energy 

supply and demand during exercise.  Skeletal muscle fibers are highly specialized, and different 

subcellular regions of the myocyte support different processes.  The peripheral SS region is 

adjacent to the cell membrane, and components of the SS are largely involved in membrane 

function, signaling, and maintenance (27).  In contrast, the centrally-located IMF region of the 

muscle fiber houses the contractile proteins, and is the site of greatest energy demand during 

exercise (27).  Therefore, an increase in LDs in the IMF region after training will likely support 

energy required for muscle contraction (28).  Some previous reports suggest exercise training may 

lead to a redistribution of LDs from the SS and into the IMF region of the muscle fiber (18-20, 

51).  However, this was not apparent after either MICT or HIIT in our study, because the increase 

in LDs in the IMF region was not accompanied by a reduction in SS LDs. 

Other proposed mechanisms that may contribute to increased LD number within the IMF 

region after training include de novo LD biogenesis from the ER (40), and fragmentation (i.e., 

fission) of pre-existing LDs (52, 53).  De novo LD biogenesis involves fatty acid esterification 

into triacylglycerol within the ER leaflets, contributing to nascent LD budding towards the cytosol 

(40).  Here, immunofluorescence microscopy was used to quantify LD co-localization with the ER 

as an index of de novo LD biogenesis, and we found exercise training did not affect our measure 

of LD co-localization with the ER.  However, based on the somewhat limited resolution of the 

fluorescence co-localization approach we used to assess LD budding from the ER, we cannot rule 
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out the possibility that exercise may impact LD biogenesis.  Additionally, it is possible our 

sampling timeline (samples collected ~14 hours after the last exercise session) was not optimal to 

capture an increase in de novo LD biogenesis.  LD fission of pre-existing LDs is also difficult to 

detect, but the observed increase in the number of LDs without a reduction in LD size could reflect 

LD fission coupled with increased intramyocellular triacylglycerol synthesis that is known to 

increase after exercise (5).  Mechanisms contributing to LD fission are still unclear (40), but it is 

intriguing to consider that an increase triacylglycerol synthesis in the hours after a session of 

exercise  may increase tension within the hydrophobic core of LDs, facilitating LD fission (52). 

Lipophagy is a specialized form of autophagy, and is an essential for the degradation of 

intracellular LDs by the lysosome (23).  In skeletal muscle, lipophagy has been reported to help 

control LD turnover (54).  Lipophagy appears to be regulated, at least in part, by the energy status 

within the cell, increasing in response to an energy deficit (23, 55).  Our findings suggest muscle 

lipophagy may increase the day after the most recent exercise training session but may return to 

pre-training levels after abstaining from exercise for 4 days.  The transient nature of this response 

may reflect the changes in intracellular energy flux occurring during the several hours of recovery 

after exercise, in effort to increase fatty acid availability as local lipid and carbohydrate (i.e., 

glycogen) stores are being replenished.  Although it is reasonable to surmise that an increase in 

lipophagy in skeletal muscle after exercise may coincide with a reduction in the number of LDs, 

our findings suggest the opposite (i.e., the number of muscle LDs increased).  In agreement with 

our findings, it has been reported that an increase in lipophagy in response to energy deficit was 

accompanied by an increase in the number of LDs, especially an increase in LDs adjacent to the 

mitochondria (55).  Therefore, perhaps an exercise-induced increase in lipophagy may serve as an 

adaptive response to increase LD turnover and redistribution within the IMF region of the muscle 

fiber, in effort to support fatty acid availability and oxidation for the working muscle, which has 

been shown to occur after exercise training (16, 18).  

Excessive accumulation of lipid in skeletal muscle is commonly associated with insulin 

resistance (9, 11).  In particular, the accumulation of lipid intermediates and metabolites (e.g., 

diacylglycerol, ceramides and acylcarnitine) have been causally linked to impaired insulin 

signaling (56-58).  The subcellular distribution of these lipids also appears to be important, 

whereby their accumulation specifically in the SS region of the myocyte have been primarily 

linked with insulin resistance (20, 21, 50, 59, 60).  The insulin de-sensitizing effects of an 
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accumulation of these lipids specific to the SS region may be due largely to their proximity to the 

plasma membrane, the site of important insulin signaling events.  It has been proposed that exercise 

training may help alleviate insulin resistance in obesity, in part by decreasing SS lipid content or 

SS LD size (18-21, 50).  In contrast, however, we did not observe a reduction in SS lipid content 

or LD size in our subjects after 12 weeks of MICT or HIIT.  Moreover, in recently published work 

from this same study (33) we also found 12 weeks of training did not improve insulin sensitivity 

.change after training in our study, perhaps this was a consequence of our strict requirement for 

weight maintenance in all subjects, but based on our findings, it is intriguing to consider that a 

reduction in SS lipid content after an exercise/lifestyle intervention may be very important for 

improving insulin sensitivity.  Our findings that exercise training increased muscle lipid content 

specifically in the IMF region, suggests the exercise-induced muscle lipid adaptations to MICT 

and HIIT in our subject may have occurred primarily to support oxidative metabolism, without 

compromising insulin sensitivity. 

Surprisingly, the exercise-induced adaptations in muscle lipid outcomes measured in this 

study were very similar between MICT and HIIT, despite marked differences in exercise intensity, 

duration and energy expenditure during each training session.  Although this finding was contrary 

to our hypothesis, it does align with previous work (13) in which similar increases in muscle lipid 

content were found in response to MICT versus sprint interval training (SIT), which represents an 

even greater disparity in intensity, duration, and energy expenditure than our MICT vs HIIT 

comparison.  Reasons to explain the similar adaptive responses between these distinct exercise 

stimuli are not clear.  It is possible that the adaptive response to the high intensity stimuli of HIIT 

may have been quantitatively matched by the longer duration of muscle contraction and/or the 

higher energy requirements of MICT.  It is also possible that exercise during each session of both 

MICT and HIIT surpass some “threshold” stimuli required for the observed adaptations in lipid 

abundance and localization.  Alternatively, similar increases in the number of LDs in muscle after 

MICT and HIIT could derive from very different mechanisms; one training program may increase 

the rate of LD biogenesis while the other training program may reduce the rate of LD degradation.  

But this possibility seems unlikely, and is not supported by our assessments of LD biogenesis and 

lipophagy in this study.  Regardless of the mechanisms involved to explain the similar responses 

between MICT and HIIT, the observation that these two exercise programs, with very distinct 

exercise stimuli, both increased the number of LDs in the IMF region of the muscle fibers, suggests 
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prioritization for adaptive responses to exercise training to provide energy rich energy substrate 

near the site of highest energy requirements in the cell.   

Overall, our findings shed new light on the effects of MICT and HIIT on muscle lipid 

accumulation, however we acknowledge there are some important limitations that can impact 

interpretation.  First, although participants were instructed to maintain their habitual dietary 

behaviors during the intervention, we did not control for dietary composition, changes in 

macronutrient composition, as well as macronutrients ingested after exercise, which can affect 

muscle lipids (48).  In addition, regarding the comparisons between MICT and HIIT, our study 

was designed to address an applied comparison between these two commonly implemented 

training prescriptions.  As a result, each session of MICT was longer than HIIT (45 versus 25 

minutes) and estimated energy expenditure was also higher in MICT than HIIT (~250 versus ~150 

kcals/session), so we were not able to distinguish the effects of exercise intensity, duration, or 

energy expenditure.  However, an important outcome from our study was how remarkably similar 

the training adaptations were to MICT and HIIT despite the very meaningful differences in 

intensity, duration, and energy expended during each exercise session.  It is also important to 

acknowledge that our study was not powered to assess sex differences, and while we did not 

observe any obvious trends for different responses in our male and female participants, sex 

differences in skeletal muscle lipid content and metabolism have been reported previously (16, 

64).  Finally, our measures of LD co-localization with the ER and the autophagasome using 

immunofluorescence microscopy provides only a very crude index of the biogenesis and 

degradation of LDs.  Future studies using alternative analytical techniques, such as transmission 

electron microscopy, can better identify LD interaction with key organelles regulating LD 

turnover. 

In summary, 12 weeks of exercise training (both MICT and HIIT) in adults with obesity 

increased muscle lipid abundance via an increase in the number of LD in the IMF region of the 

myocyte.  This adaptation to exercise training results in an enhanced energy supply for 

mitochondrial respiration in the region of highest energy requirements during muscle contraction.  

Our findings also suggest an exercise-induced increase in lipophagy may underlie changes in LD 

turnover and redistribution within the myocyte.  Interestingly, the adaptive responses to MICT and 

HIIT were surprisingly similar despite the considerable differences in exercise intensity, duration, 

and energy expenditure between these exercise programs.  Overall, our findings indicate that 



 151 

exercise programs for adults with obesity involving either MICT or HIIT lead to modifications in 

LD turnover and storage that provide more LDs to support oxidative metabolism during exercise.   
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FIGURES 

 

 

 

 

Figure V-1: Overall study design 

Clinical trials were completed once pre-training, and twice post-training design (1d PostEx and 4d PostEx). 
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Figure V-2: Lipid content in mixed skeletal muscle, type I, and II muscle fibers in response 

to training.   

A) Representative image: samples were stained with bodipy 493/503 (LD, green), myofiber stain for myosin heavy 

chain I (MHC1; type I fibers, purple), and wheat germ agglutinin (WGA; membranes, blue). The region inside the 

white box are enlarged for a clearer view. Representative images for each time are obtained from the same subject in 

each group. Magnification, 20X. Scale bar, 100µm for all images. B) Lipid content represented as % stained in mixed 

skeletal muscle (type I and II fibers). C) Lipid content in type I muscle fibers (MHC 1+). D) Lipid content in type II 

muscle fibers (MHC1-). * Main effect for visit (p < 0.05), and post hoc analysis identifying significant difference from 

pre-training. Data are expressed mean±SD.   
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Figure V-3: LD characteristics within the IMF and SS region of type I and II muscle fibers 

in response to training. 

A) Lipid content (% stained) in the IMF region of type I and II muscle fibers, and B) Lipid content in the SS region 

of type I and II muscle fibers. C) LD number (# LDs per µm2) in the IMF region of type I and II muscle fibers, and 

D) LD number in the SS region of type I and II muscle fibers.  E) LD median area (µm2) per fiber in the IMF region 

of type I and II muscle fibers, and F) LD median area per fiber in the SS region of type I and II muscle fibers. * 

Main effect for visit (p < 0.05), and post hoc analysis identifying significant difference from pre-training.  Data are 

expressed mean±SD.   
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Figure V-4: Skeletal muscle adaptations to training in response to mitochondrial 

abundance, regulation of fatty acid transport and esterification, lipogenesis, and ER 

Stress.   

Immunoblot abundance for proteins corresponding to: A) Respiratory chain subunits, B) cellular and mitochondrial 

fatty acid transport (CD36 and CPT1b), C) triacylglycerol esterification (GPAT1 and DGAT1), D) lipogenesis 

(SREBP1c and FASN), and E) ER stress (ATF4 and CHOP). F) Representative image for immunoblots from panels 

B-E.  * Main effect for visit (p<0.05), and post hoc analysis identifying significant difference from pre-training. 

Data are expressed mean±SD. 
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Figure V-5: Skeletal muscle LD abundance and de-novo LD biogenesis activity in response 

to training. 

Immunoblots for proteins corresponding to A) triacylglycerol storage and release localized to the LD membrane 

(PLIN2 and FSP27), and B) LD stabilization localized to the ER (Seipin/BSCL2 and FIT1M). C) Representative 

images for immunoblots in A-B. D) Representative immunofluorescence images for LD (PLIN2, red) co-

localization with the ER (KDEL, green) as a measure of de novo LD biogenesis from the ER. Membranes are 

stained blue. Magnification, 40X. Scale bar = 100µm. E) LD-ER co-localization measured by Pearson’s and 

Mander’s (M1) coefficient. * Main effect for visit (p<0.05), and post hoc analysis identifying significant difference 

from pre-training. Data are expressed mean±SD. 
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Figure V-6: Skeletal muscle autophagy induction and LD-targeted autophagy in response to 

training. 

A) Immunoblot abundance for proteins corresponding to A) autophagy induction (p62), autophagasome activation 

(LC3-II), and LC3-II:LC3-I ratio - an index of active (LC3-II) to inactive (LC3-I) autophagasome abundance.  B) 

Representative images for immunoblots. C) Representative immunofluorescence image for LD (PLIN2, red) co-

localization with the autophagasome (LC3, green) as a measure of selective LD degradation (lipophagy). Membranes 

are stained blue.  Magnification, 40X. Scale bar = 100µm. D) LD-LC3 co-localization measured by Pearson’s and 

Mander’s (M1) coefficient. * Main effect for visit (p<0.05), and post hoc analysis identifying significant difference 

from pre-training. # Main effect for group (HIIT versus MICT; p<0.05) Data are expressed mean±SD. 
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TABLES 

Table V-1: Participant characteristics and metabolic biomarkers before and after exercise 

training. 

 

  MICT (n=17) HIIT (n=19) 
Sex (m/f) 12/5 12/7 

Age (years) 30 ± 6 31 ± 7 

Height (m) 1.7 ± 0.08 1.71 ± 0.09 

 
Pre-Training 

Trained 

1d PostEx 
Trained 

4d PostEx 
Pre-Training 

Trained 

1d PostEx 
Trained 

4d PostEx 

Body Mass (kg) 98.0 ± 11.7 97.3 ± 11.5 97.6 ± 11.7 96.4 ± 13.7 96.6 ± 13.7 96.6 ± 13.6 

Fat Mass (kg) 42.5 ± 7.7 41.8 ± 7.7* 42.0 ± 7.7* 40.5 ± 7.1 40.0 ± 7.1* 40.1 ± 7.2* 

Fat Free Mass (kg)  55.5 ± 9.3 55.5 ± 9.5 55.7 ± 9.6 55.9 ± 10.5 56.5 ± 10.4 56.5 ± 10.3 

BMI (kg/m2) 34.0 ± 3.2 33.7 ± 3.0 33.8 ± 2.9 32.9 ± 2.9 32.9 ± 3.0 33.0 ± 3.0 

Body fat % 43.4 ± 6.0 - 43.1 ± 6.4* 42.1 ± 5.4 - 41.6 ± 5.4* 

VO2 peak (ml/min) 2322 ± 544 - 2498 ± 589* 2452 ± 600 - 2750 ± 638* 

Glucose (mM) 5.0 ± 0.4 4.9 ± 0.4 5.0 ± 0.5 4.8 ± 0.4 5.0 ± 0.4 4.9 ± 0.4 

Insulin (µU/ml) 18.0 ± 9.0 17.5 ± 6.3 18.8 ± 7.8 16.0 ± 10.0 15.4 ± 14.6 15.3 ± 7.6 

NEFA (µM) 391 ± 159 440 ± 125 408 ± 118 433 ± 156 413 ± 123 387 ± 122 

Triglyceride (mM) 1.25 ± 0.7 0.99 ± 0.4 1.10 ± 0.6 0.95 ± 0.64 0.96 ± 0.6 0.91 ± 0.69 

*Significant main effect of training status (p<0.05). BMI = Body Mass Index, VO2peak = peak oxygen uptake rate, 

NEFA = non-esterified fatty acid. Data are mean ± SD. 
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Table V-2: Antibodies and reagents 

Primary and secondary antibodies 

(immunoblot) 

Source Identifier 

anti-p62 Abcam 109012 

Microtubule-associated protein light chain 3 

(LC3) 

CST 2775 

anti-PLIN2 R&D systems MAB7634 

Anti-CIDEC Antibody/FSP27 Sigma-Aldrich ABC300 

anti-Seipin/BSCL2 CST 23846 

anti-FIT1M Sigma  HPA019842 

anti-Mitochondrial OXPHOS Abcam 110411 

anti-CD36 R&D systems AF1955 

anti-CPT1b Abcam ab134988 

anti-GPAT1 Thermo-Fisher PA5-20524 

anti-DGAT1 Novus Biologicals 110-41487 

anti-SREBP-1c Thermo-Fisher MA5-11685 

anti-FASN CST 3180 

anti-ATF4 CST 11815 

anti-CHOP CST 2895 

anti-LC3A/B CST 4108 

anti-rabbit IgG, HRP-linked Antibody CST 7074 

anti-mouse IgG, HRP-linked Antibody CST 7076 

Histochemistry and Immunohistochemistry antibodies and reagents 

BODIPY 493/503 Thermo-Fisher D3922 

BA-D5: Myosin heavy chain Type 1 
Developmental Studies 

Hydroma Bank 
- 

anti-Perilipin-2 Antibody (PLLIN 2) R&D systems MAB7634 

anti-KDEL Invitrogen-Thermo Fisher PA1-013 

anti-LC3A/B CST 4108 

Alexa Fluor 647 Goat anti-Mouse IgG2b Invitrogen-Thermo Fisher A-21242 

Alexa Fluor 647 Goat anti-Mouse IgG1 Invitrogen-Thermo Fisher A-21240 

Alexa Fluor 488 Goat anti-Rabbit IgG Invitrogen-Thermo Fisher A-11034 

Wheat Germ Agglutinin - Alexa Fluor 555 Invitrogen-Thermo Fisher W32464 

Triton X-100 Sigma-Aldrich 93443 

Normal Goat Serum Invitrogen-Thermo Fisher PI31872 

ProLong Gold Antifade Mountant Invitrogen-Thermo Fisher P36930 

Plasma Reagents   

NEFA Standard Solution Wako Diagnostics 27676491 

Triglyceride Reagent Sigma-Aldrich T2449 

HDL-Cholesterol E Wako Diagnostics 9059676 

Total Cholesterol E Wako Diagnostics 9138103 
Abbreviations: CST, cell signaling technology 
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Chapter VI  

Overall Discussion 

INTRODUCTION 

Obesity is a major risk factor for cardiovascular diseases (1, 2) and type 2 diabetes (3).  

With obesity prevalence now surpassing more than 40% of the United States population (4), it is 

important to identify therapies aimed to limit obesity-related metabolic complications.  Although 

a large portion of adults with obesity are insulin resistant, there remains a small population of 

adults (~10-30%) that are still insulin sensitive despite presenting excess fat mass (5-7).  

Abdominal subcutaneous adipose tissue (aSAT) dysfunction is common in obesity, resulting in 

excessive fatty acid (FA) release, and consequently results in ectopic lipid deposition (8, 9).  

Findings from this dissertation proposed factors such as fibrosis within the extracellular matrix 

(ECM) of aSAT may be contributing to excessive FA rate of appearance (FA Ra) into the 

circulation, which may explain the variability in whole-body insulin sensitivity found among 

adults with obesity.  Furthermore, the integrative component from these projects links impairments 

in insulin-mediated FA Ra (i.e., low FA Ra suppression) with modifications in skeletal muscle 

lipid composition, which may affect insulin-mediated signaling events.  Moreover, exercise is 

often prescribed as a first-line approach to alleviate metabolic dysfunction common in obesity (10, 

11).  However, the effects of exercise intensity, duration, and timing post-exercise (e.g., 1 day 

versus 4 days after the most recent exercise session) on intramyocellular lipid handling and lipid 

droplet (LD) storage are still unclear. 

The overall findings from this dissertation identified the contribution of aSAT metabolic 

health towards the variability in whole-body insulin resistance in adults with obesity.  Additionally, 

this dissertation identified the effect of endurance training to modify intramyocellular lipid 

handling and LD storage.  In this chapter, I will summarize the key findings from all three 

dissertation projects, and integrate these clinical findings to improve our understanding of aSAT 

contribution to metabolic health, and the influence of exercise on lipid handling. To conclude the 

discussion of major findings, I will address key questions to consider for follow-up studies.   
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SUMMARY OF KEY FINDINGS  

Project 1: Assessment of factors underlying whole-body insulin resistance in adults with obesity. 

In Project 1, a combination of stable isotope dilution methods coupled with clinical and 

subclinical measurements were completed, in effort to identify a cluster of factors that may best 

‘predict’ insulin-mediated glucose uptake among a relatively homogenous cohort of adults with 

obesity.  Based on findings from this correlational analysis, aSAT proteomic profile was compared 

between two sub-cohorts of participants presenting largely dissimilar insulin-mediated response 

to FA release (i.e., FA Ra suppression), but nearly identical body composition.  Additionally, a 

series of regression analyses were completed to link the contribution of FA release from aSAT 

with the accumulation of skeletal muscle lipids, and the composition of these lipids with respect 

to acyl-chain length and unsaturation.  Furthermore, the relationship between lipid composition 

and whole-body insulin sensitivity was compared, in effort to identify skeletal muscle lipids that 

are accumulating as a result of excessive FA release from aSAT and are contributing to whole-

body insulin resistance.   

 

Key findings: 

 Insulin-mediated FA Ra suppression was the strongest ‘predictor’ of whole-body insulin 

sensitivity from all the clinical and subclinical outcomes. 

 Extracellular matrix (ECM) fibrosis in aSAT (e.g., collagen and integrin accumulation) was 

greater in adults with obesity presenting Low FA Ra suppression (LS sub-cohort). 

 Fatty acid Ra suppression inversely associated with skeletal muscle acyl-chain length from 

acylcarnitine and triacylglycerol lipid classes. 

 Whole-body insulin sensitivity inversely associated with skeletal muscle acyl-chain length 

from fatty acid, acylcarnitine, and triacylglycerol lipid classes. 

Overall, findings from Project 1 supports the concept that limiting aSAT fibrosis will 

permit insulin-mediated suppression of FA Ra to remain high, which may limit long-chain lipid 

accumulation in skeletal muscle, and maintain insulin sensitivity in obesity.   
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Project 2: Comparison of intramyocellular lipid accumulation and skeletal muscle insulin 

signaling in obese adults with high versus low insulin sensitivity. 

In Project 2, a combination of stable isotope dilution methods during the hyperinsulinemic-

euglycemic clamp were completed similar to Project 1, and confirmed the rate of insulin-mediated 

FA release from aSAT (FA Ra suppression) strongly associated with insulin-mediated glucose 

uptake in adults with obesity.  In this study, two sub-cohorts presenting HIGH insulin-mediated 

glucose uptake and LOW insulin-mediated glucose uptake (defined as HIGH and LOW for the 

rest of chapter VI) were stratified to identify insulin-mediated signaling events in skeletal muscle 

that may diverge between these groups presenting strikingly different insulin sensitivity.  To 

measure insulin-mediated signaling events, skeletal muscle biopsies were collected at baseline 

(fasted) and 30 minutes into the hyperinsulinemic-euglycemic clamp.  

Key findings:  

 Insulin-mediated FA Ra suppression directly associated with whole-body insulin sensitivity, 

and was attenuated in LOW. 

 Insulin-mediated insulin receptor phosphorylation was attenuated in LOW, and may be partly 

attributed to lower CD36 and Fyn co-localization with the insulin receptor at baseline and 

during the clamp.  

 Insulin-mediated phosphorylation of AktS473, and distal Akt substrates, GSKαS21 and 

FOXO1S256 were attenuated in LOW. 

 LD size within the subsarcolemmal (SS) region of type II muscle fibers was larger in LOW, 

implying atypical lipid storage within LDs near the membrane of type II muscle fibers may 

contribute to impaired insulin signaling. 

Overall, this project proposed a tissue-specific cross-talk relationship, by which excess FA 

release from aSAT and uptake into skeletal muscle modifies insulin receptor signaling through its 

interaction with CD36 and Fyn kinase, and further impacts phosphorylation of key regulatory 

proteins at Akt and its distal substrates.  Additionally, LD morphology and distribution may also 

contribute to the variability in insulin-mediated signaling events observed among adults with 

obesity.  
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Project 3: Effects of exercise training on intramyocellular lipid droplet abundance, size, cellular 

distribution, and turnover in adults with obesity. 

In Project 3, skeletal muscle samples were collected before and after 12 weeks moderate-

intensity continuous training (MICT) or high-intensity interval training (HIIT).  Lipid content and 

LD characteristics (e.g., LD size and number of LDs per µm2), distribution within the 

intramyofibrillar (IMF) and SS region, and LD abundance between type I and type II muscle fibers 

were measured by immunofluorescence microscopy.  Additionally, an index of de novo LD 

biogenesis from the endoplasmic reticulum (ER), and selective LD degradation by the 

autophagasome (lipophagy) was measured by immunofluorescence co-localization before and 

after training. 

 

Key findings:  

 Training increased total lipid content (% stained) in skeletal muscle, and was increased 

similarly after training in MICT and HIIT groups. 

 The increase in lipid content after training was a result of a greater number of LDs (per µm2), 

and not an increase in their size.  

 The increase in the number of LDs after training occurred specifically in the IMF region of the 

myocyte, and not the SS region. 

 Training did not influence de novo LD biogenesis from the ER. 

 Training influenced lipophagy induction, in which LC3 co-localization with PLIN2 was 

increased only one day after the last exercise session. 

Overall, findings from this project identified the impact of HIIT and MICT to modify 

intramyocellular LD turnover and storage, in effort to enhance FA availability for oxidative 

metabolism during exercise. 

 

INTEGRATED INTERPRETATION OF RESULTS 

Adipose tissue as a central node for tissue-specific cross-talk.  

Together, Projects 1 and 2 from this dissertation provide evidence linking the insulin-

mediated suppression FA Ra with whole-body insulin sensitivity.  More specifically, these 

findings demonstrate that impaired FA Ra suppression contributes to insulin resistance in multiple 
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organ systems, including; 1) impaired insulin-mediated glucose uptake into skeletal muscle 

(Projects 1 and 2), and 2) impaired insulin-mediated suppression of glucose release from liver 

(Project 1).  Our findings support the notion that an inability to regulate FA release after the most 

recent meal or snack is a key contributor to ectopic lipid accumulation and whole-body insulin 

resistance in obesity (8, 9).  

 

Impaired insulin-mediated suppression of FA release modifies the skeletal muscle lipid 

composition. 

High rates of FA availability and uptake into skeletal muscle is a key mediator of insulin 

resistance (12-14).  Project 1 of this dissertation connected the relationship between FA release 

from aSAT with the accumulation of long-chain lipids in skeletal muscle.  Furthermore, Project 1 

also linked the relationship between long-chain lipid accumulation in skeletal muscle with whole-

body insulin resistance - in effort to connect metabolic health of aSAT as a contributor to skeletal 

muscle insulin resistance.  From our lipidomic findings, no considerable cluster of lipid classes 

(e.g., phosphatidylcholine, sphingomyelin, triacylglycerol) directly related with both FA Ra 

suppression and whole-body insulin sensitivity.  Rather, the acyl-chain length for fatty acid, 

acylcarnitine, and triacylglycerol inversely related with whole-body insulin sensitivity.  

Interestingly, acyl-chain lengths of acylcarnitine and triacylglycerol also inversely related with FA 

Ra suppression.  These findings are the first to our knowledge, to integrate the contribution of FA 

availability from aSAT with the accumulation of long-chain lipids in skeletal muscle, and their 

contribution with whole-body insulin resistance.  These findings propose a tissue-specific 

relationship, by which greater FA release from aSAT, and subsequent uptake into skeletal muscle 

is occurring without a compensatory increase in tricarboxylic acid cycle flux.  Thus, creating a 

‘mismatch’ between FA availability and oxidation in skeletal muscle, which contributes to the 

observed increase in long-chain lipids and lipid metabolites in skeletal muscle.  These findings 

align with previous reports by Koves et al., who proposed an ‘incomplete’ fat oxidation contributed 

to insulin resistance in skeletal muscle - due to greater rates of mitochondrial β-oxidation, but 

inability to subsequently increase tricarboxylic acid cycle flux (15).  Therefore, we propose the 

increase in acyl-chain length of acylcarnitines may relate with insulin resistance, as a consequence 

of increased mitochondrial FA import that exceeds the metabolic demand of sedentary muscle.  

The implications by which these long-chain lipids directly contribute to skeletal muscle insulin 
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resistance is unresolved and require further mechanistic follow-up studies, and the proposed 

mechanisms include; 1) increased inflammatory response (16-18), 2) mitochondrial-derived 

oxidative stress (19-21), and 3) ER stress (22, 23).  Moreover, Project 1 identified the contribution 

of excessive FA release from aSAT to modify skeletal muscle lipid composition and whole-body 

insulin resistance.  However, these findings were concluded from whole-muscle homogenate 

samples that do not link the contribution of these lipids with respect to spatial localization in the 

muscle fiber, which has been found to significantly contribute to skeletal muscle insulin resistance 

(24-27).  Therefore, Project 2 warranted further investigations to identify the effect of subcellular 

lipid deposition (within the IMF and SS region of myocytes) to modify whole-body insulin 

sensitivity. 

 

Impaired insulin-mediated suppression of FA release modifies intramyocellular lipid distribution. 

Results from Projects 1 and 2 confirmed that impaired FA Ra suppression inversely related 

with whole-body insulin sensitivity.  Project 1 proposed insulin resistance is associated with the 

accumulation of long-chain fatty acids, acylcarnitines, and triacylglycerol in skeletal muscle.  

Project 2 expanded these findings to suggest that intramyocellular lipid distribution within the SS 

region (i.e., towards the periphery of the myocyte) inversely related with whole-body insulin 

sensitivity.  More specifically, the size of SS LDs within type II muscle fibers inversely related 

with whole-body insulin sensitivity.  Although it remains elusive, we speculate the lower surface 

area-to-volume ratios from larger-sized LDs limits lipolysis control at the LD membrane (28-30), 

and subsequently induces lipotoxic effects near the muscle membrane.  Interestingly, because these 

larger-sized LDs were observed within the SS region of muscle fibers, their proximity to the 

membrane may also contribute insulin signaling defects (26, 27, 31).  These findings are in 

agreement with Perreault et al., who showed the subcellular localization of lipid intermediates 

(e.g., diacylglycerol and ceramides) within the membrane region of muscle fibers, but not within 

the cytosol, were inversely related with insulin sensitivity (24).  However, these findings did not 

consider the relationship between acyl-chain length and insulin sensitivity, which may underscore 

the complexity of these lipids in cellular metabolism and signaling.  Therefore, future studies 

aimed to identify skeletal muscle lipidomic contributions to insulin resistance are challenged to 

look beyond individual lipid species in whole-muscle, and identify the contribution of subcellular 

lipid distribution and lipid morphology to modify insulin sensitivity.  Altogether, Projects 1 and 2 
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identified that the acyl-chain lengths of lipids, and lipid distribution within the SS region of the 

myocyte are implicated to modify whole-body insulin sensitivity in adults with obesity. 

 

Impaired insulin-mediated suppression of FA release modifies skeletal muscle insulin signaling 

Intramyocellular lipid accumulation in obesity is commonly associated with insulin 

resistance (13, 32).  Insulin-mediated signaling defects caused by excess lipid accumulation are 

proposed to be a cause of by serine/threonine phosphorylation of IRS-1 (33), and lower Akt 

phosphorylation (34).  Therefore, a follow-up aim from Project 2 proposed an alternative insulin 

signaling response that may be mediated by defective lipid storage in skeletal muscle (and/or 

greater FA availability).  Project 2 found insulin receptor phosphorylation was attenuated in LOW, 

which may be attributed to blunted CD36 and Fyn kinase interaction with the insulin receptor 

caused by excess FA availability.  Although unconfirmed, this project speculates CD36 may be 

limiting its interaction with the insulin receptor when FA availability is high in effort to increase 

cellular FA uptake into skeletal muscle in preference over glucose uptake.  Consequently, limited 

CD36 interaction with the insulin receptor decreased Fyn kinase interaction with the insulin 

receptor, and limited insulin receptor phosphorylation, which suggests that insulin receptor 

phosphorylation may be partly regulated by the ability for CD36 to recruit Fyn kinase to the insulin 

receptor.  Furthermore, this relationship may modify insulin-mediated phosphorylation of 

downstream regulatory proteins, including AKTS473, GSK3αS21 and FOXO1S256. 

Findings from Project 1 and Project 2 propose a series of tissue-specific cross-talk events 

between aSAT and skeletal muscle.  Whereby, impaired FA Ra suppression strongly associated 

with whole-body insulin resistance.  The proposed consequence of this relationship resulted in the 

accumulation of long-chain fatty acids, acylcarnitines, and triacylglycerols in skeletal muscle.  

Furthermore, the accumulation of large-sized LDs distributed in the SS region of the type II fibers 

suggests these long-chain lipids may accumulate towards the membrane where insulin signaling 

occurs, and attenuate CD36 and Fyn kinase interaction with the insulin receptor, limiting 

downstream insulin signaling. 
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Adiponectin release from adipose tissue relates with whole-body insulin sensitivity. 

 Adiponectin is an endocrine hormone secreted by adipocytes (35), and has been noted to 

inversely relate with body fat percentage (36).  However, circulating adiponectin is also directly 

associated with whole-body insulin sensitivity independently of body composition, and has been 

noted to be an insulin sensitizing adipokine (37-39).  In 

agreement with previous reports, Project 1 found 

circulating total adiponectin (Figure VI-IA) and high 

molecular weight (HMW) adiponectin (biologically active 

isoform of adiponectin; Figure VI-1B) directly associated 

with whole-body insulin sensitivity in our obese cohort.  

Although these findings were not discussed in detail from 

Project 1, it is appropriate to consider circulating 

adiponectin released from aSAT may contribute to a 

tissue-specific cross-talk relationship.  Despite great 

interest in adiponectin as an anti-diabetic therapy, the 

mechanism by which adiponectin contributes to improved 

metabolic health are still unconfirmed.  Studies attempting 

to identify the insulin sensitizing mechanism of action 

have proposed adiponectin to; 1) increase ceramidase 

activity to enhance ceramide catabolism (40), 2) increase 

AMPK activation to stimulate fat oxidation and limit lipid 

intermediate accumulation (41, 42), and 3) influence the 

paracrine effects of adiponectin to increase triacylglycerol 

esterification in adipose tissue (41).  Altogether, adiponectin may act in both endocrine and 

paracrine fashion, where the tissue-specific cross-talk may be explained by a feed-forward 

mechanism to increase FA uptake into aSAT, and resulting in the reduction of lipid intermediates 

within skeletal muscle.  Future studies are warranted to identify whether adiponectin limits long-

chain lipid accumulation in skeletal muscle by modifying FA availability, tricarboxylic acid cycle 

flux, and/or subcellular lipid distribution in the myocyte.  All of which were implicated in Project 

1 and Project 2 of this dissertation.      

 

 

Figure VI-1: Adiponectin and 

insulin sensitivity 

Relationship between A) Total 

adiponectin and B) HMW adiponectin 

with whole-body insulin sensitivity.  n=66 
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Local factors within aSAT contributing to greater FA availability 

 

Contribution of aSAT extracellular matrix accumulation towards impaired insulin-mediated 

suppression of FA release  

The extracellular matrix (ECM) is an important component of aSAT, providing structural 

support and signaling networks for adipocytes within adipose tissue (43).  In obesity, chronic low 

grade inflammation associates with inadequate tissue remodeling, contributing to a feed-forward 

mechanism resulting in ECM accumulation (44).  If left unresolved, adipose tissue plasticity 

becomes compromised, and the ability for adipose tissue to control systemic FA uptake and release 

becomes impaired.  The proteomic analysis from Project 1 revealed obese adults with low FA Ra 

suppression from aSAT (e.g., LS sub-cohort from Project 1) presented greater ECM collagen and 

integrin protein abundance compared to the high FA Ra suppression sub-cohort (HS sub-cohort).  

More specifically, several highly abundant collagen proteins (e.g., COLIA, COLIIIA, COLVI) 

were enriched in the LS versus HS.  Interestingly, TGFβ1 concentration was greater in LS, and 

suggests fibrosis development may be occurring by chronic inflammation (45, 46).  Follow-up 

measurements from these proteomic findings found collagen accumulation (determined by 

picrosirius red staining) inversely associated with whole-body insulin sensitivity, but not the anti-

lipolytic response to insulin from aSAT (Appendix D). 

Findings from our lab have linked basal FA mobilization with aSAT ECM fibrosis genes 

(47), while others have also found aSAT fibrosis inversely relates with whole-body insulin 

sensitivity (48, 49).  Interestingly, others have proposed adipose tissue fibrosis directly impairs 

insulin signaling within the adipose tissue itself (50, 51).  Therefore, we speculate fibrosis 

development contributes whole-body insulin resistance by; 1) increasing adipose stiffness and 

impeding aSAT expansion, 2) disrupting hormone delivery to the adipocyte (e.g., insulin) (50, 52), 

and 3) increased mechanical stress, which contributes to excess lipolysis (53).  Whether 

intracellular insulin signaling is modified by the fibrotic adipose tissue milieu, or whether 

extracellular insulin delivery to the adipocyte is modified remains unknown.  Findings from this 

study are warranted to identify whether insulin signaling is directly perturbed in adipose tissue 

when fibrosis is high, or whether fibrosis is secondary to other factors such as hypoxia and 

inflammation.  Altogether, Project 1 identified a relationship between ECM fibrosis and impaired 

FA Ra suppression, which likely contributes to the development of insulin resistance. 
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Contribution of inflammation towards impaired insulin-mediated suppression of FA release from 

aSAT. 

Obesity is associated with chronic low-grade inflammation (54, 55), where local immune 

cell and pro-inflammatory cytokine abundance in aSAT are implicated to contribute to insulin 

resistance in obesity (54, 56).  Inflammatory cytokines (e.g., IL6, TNFα, and IL1β) have been 

shown to directly attenuate insulin signaling in aSAT (57-59), and may likely explain the 

contribution of inflammation towards the impaired FA Ra suppression in response to insulin, 

which was found in Project 1 and Project 2.  Unfortunately, an in-depth assessments of the immune 

cell and cytokine profile in adipose tissue were not within the scope of these projects, but we 

acknowledge local inflammation in aSAT may likely contribute to our findings.  Fortunately, 

single cell RNA sequencing (scRNA-seq) has become more cost-effective and feasible, and future 

studies profiling immune cell population (e.g., CD8+ T cells, B cells, and natural killer cells) 

towards the anti-lipolytic response to insulin from aSAT are warranted.   

 

Exercise training modifies intramyocellular lipid content and LD distribution. 

 

Findings from Project 1 and Project 2 both identified a direct relationship between the rate 

of insulin-mediated FA Ra suppression with whole-body insulin sensitivity.  Therefore, Project 3 

aimed to identify how exercise influences lipid storage in skeletal muscle from adults with obesity 

– in effort to alleviate whole-body insulin resistance caused by excess FA availability.  Project 3 

measured the effect of exercise training on intramyocellular lipid content and LD distribution, 

independently of body weight modifications during training.  Additionally, this project compared 

MICT and HIIT interventions on muscle lipid content and LD distribution, as well as timing post-

exercise to identify both acute effects and chronic responses to exercise training.  Project 3 showed 

that training increased the number of intramyocellular LDs within the IMF region of both type I 

and type II muscle fibers. The partitioning of lipids towards the IMF region after training are 

proposed to be an adaptive response in effort to improve intramyocellular FA availability for 

oxidative metabolism during exercise.  Project 3 did not find an effect of training on to modify LD 

size in the SS region of either type I or type II muscle fibers.  Therefore, we cannot confirm the 

insulin sensitizing effects of exercise are attributed to modifications in SS LD size, which was 
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shown to inversely relate with insulin sensitivity in Project 2. Unfortunately, we do not present 

skeletal muscle lipidomic data from this study, and cannot show the effect of training on acyl-

chain length to be modified, which were found to inversely relate with insulin sensitivity in Project 

1.   

The mechanisms contributing towards the increase in the number of LDs within IMF region 

still remains elusive.  Project 3 showed this affect may be partly attributed to a selective form of 

autophagy called lipophagy, which was increased the day after exercise.  We propose autophagy 

mediates LD catabolism in effort to provide bulk FA availability to the mitochondria for oxidation, 

and also redistributes FAs and LD membrane proteins to more preferential locations within the 

cytosol in effort to adaptively increase energy availability for the contracting muscle (e.g., LD-

mitochondrial contact).  Interestingly, the response for lipophagy to degrade LDs was also 

attributed to increased number of LDs, which may improve FA trafficking towards the 

mitochondria, which has been shown in previous reports in response to energy deficit (60), and 

after exercise training (61, 62).  Altogether, findings from Project 3 support a role for MICT and 

HIIT to remodel lipid content by increasing the number of LDs, and LD distribution to the IMF 

region in effort to support oxidative metabolism. 

  

DIRECTIONS FOR FUTURE RESEARCH 

Future direction study 1: Identification of aSAT cellular heterogeneity between metabolically 

healthy versus insulin resistant adults with obesity using single cell RNA sequencing. 

Project 1 linked aSAT fibrosis with impaired FA Ra suppression in response to insulin, 

which may contribute to whole-body insulin resistance.  However, these findings were supported 

by proteomic analysis collected from whole aSAT biopsies.  Although the use of proteomic as an 

analytical tool are important to identify cellular markers influential for biological function, this 

measurement does not provide detailed assessments of the cellular population within whole 

adipose tissue niche.  Adipose tissue is composed of an adipocyte and non-adipocyte stromal 

vascular fraction (SVF).  Although adipocytes contain ~90% of adipose tissue volume, they reflect 

only 20-40% of the total adipose tissue cellular population (63-65), where the SVF contains 

distinct populations of fibroblasts, endothelial cells, and immune cells.  Therefore, identifying 

different cell types within the adipose tissue niche that are differentially populated between insulin 



 176 

resistant versus insulin sensitive adults with obesity are an important first step to link the 

contribution of specific cell types with metabolic health.  The development of single cell RNA 

sequencing (scRNA-seq) is influential  for clinical and biological scientists to identify tissue-

specific cellular heterogeneity and complexity (66).  Recently, scRNA-seq studies have compared 

cellular profiles in aSAT between lean versus obese populations (67, 68), and healthy versus type 

II diabetic populations (69).  To my knowledge, no studies have compared the cellular population 

of aSAT from metabolically healthy versus insulin resistant adults with obesity using scRNA-seq, 

and doing so will remove the confounding effects of body composition on the cellular population 

within adipose tissue. 

The cellular origins associated with fibrosis development in humans are still unclear. 

Marcelin et al., identified a subset of pro-fibrotic precursor cells expressing platelet-derived 

growth factor receptor-α-positive (PDGFRα+) that were CD9high (50).  Additionally, Hepler et al., 

also identified a progenitor cell population that is LY6C+, PDGFRβ+, and CD9+ that are pro-

fibrogenic, and differentiated by inflammation (70).  Therefore, identifying the transcriptional 

program of PDGFRα+ and/or PDGFRβ+ progenitor cells in humans between metabolically healthy 

(i.e., insulin sensitive) versus insulin resistant aSAT phenotypes will help identify specific cell 

populations contributing to excess ECM deposition, that may explain findings from Project 1 of 

this dissertation. 

 

Future Direction 1 Aim: To compare adipose tissue cellular populations, and transcriptomic 

profile of PDGFRα+ and PDGFRβ+ progenitor cells between insulin sensitive versus insulin 

resistant adults with obesity using single nucleus RNA sequencing (sNuc-seq). 

 

Approach: Thirty adults with obesity will be recruited for this study, and will complete a 

hyperinsulinemic-euglycemic clamp (40 mU/m2/min) to measure insulin sensitivity.  Afterwards, 

participants will be stratified into tertiles and grouped into the most insulin sensitive sub-cohort 

(n=10), and the least insulin sensitive cohort (i.e., insulin resistant; n=10).   Adipose tissue biopsies 

will be collected before the clamp and snap-frozen.  Therefore, sNuc-seq will be preferable 

analytical method for whole aSAT biopsies, because; 1) mature adipocytes are noted to be too 

fragile to withstand single cell sorting, 2) and analysis and sNuc-seq can be measured from frozen 

tissue samples (71). 
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Anticipated results and interpretation: We expect insulin resistant adults with obesity 

to present higher CD9 gene expression within the PDGFRα+ progenitor cell cluster, because CD9 

has been described as a marker of fibrogenic cells (50).  Additionally, we will identify unique ‘sub-

clusters’ of PDGFRα+  and PDGFRβ+ progenitor cells expressing CD9 as a signature marker that 

will inversely relate with insulin sensitivity, and be differentially expressed between groups.  

Therefore, sNuC-seq will identify clusters of progenitor cells contributing to fibrosis development 

and whole-body insulin resistance.  Beyond fibrosis development, insulin resistant obese adults 

will present greater abundance of immune cell populations; CD8+ T cells, dendritic cells, and B 

cells, NK cells within aSAT.  Findings from this study will be critical to identify transcriptional 

reprogramming in obesity, and will identify novel cellular populations contributing to fibrosis 

development from progenitor cells, and whole-body insulin resistance.   

 

 

Future direction study 2: Effects of acute exercise on skeletal muscle LD biogenesis and LD 

turnover by transmission electron microscopy. 

In Project 3 of this dissertation, exercise training increased the number of LDs only in the 

IMF region of muscle fibers.  However, the mechanisms contributing to increased number of LDs 

after training, or a session of exercise, are not completely known.  One proposed mechanism from 

Project 3 was the selective degradation of LDs by lipophagy may contribute to increased LD 

turnover and recycling, and thus, increase nascent LD biogenesis.  However, these findings were 

proposed from immunofluorescence co-localization methods, whereby the fluorescence overlap of 

the autophagasome (LC3) with the LD (PLIN2) presented an index of lipophagy.  However, 

fluorescence co-localization can only suggest molecular interaction based on their overlap, where 

transmission electron microscopy (TEM) provides the cellular resolution to visually confirm 

cellular interaction. 

The mechanism by which the number of LDs increased after training was originally 

hypothesized to be attributed to de novo LD biogenesis from the ER.  TEM provides the resolution 

to visually identify neutral lipid accumulation between the ER leaflets, and nascent LD budding 

towards the cytosol (72, 73).  In addition, LD turnover can be attributed to; 1) macroautophagy, 

described as the ‘engulfment’ of LDs by the autophagasome and delivery to the lysosome for 

degradation, and 2) microautophagy, involving partial LD engulfment by the lysosome for 
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degradation (74).  To my knowledge, no studies have identified the effect of a single exercise 

session of LD biogenesis and LD turnover using TEM. 

Future Direction 2 Aim 1: To identify the effect of a single exercise session on LD growth within 

the ER leaflet and LD biogenesis from the ER by TEM. 

Future Direction 2 Aim 2: To identify the effect of a single exercise session on LD turnover by 

co-localization with the autophagasome (LC3) and LD co-localization with the lysosome by TEM. 

Approach:  Twenty participants with obesity will be recruited to complete this study.  

Skeletal muscle biopsies will be collected before the exercise session (Pre-exercise), and 4h after 

a moderate-intensity exercise session (45minutes at 70% HRmax; Post-exercise).  For TEM 

analysis, immuno-gold labeling of LC3 will identify LC3-positive autophagasomes in contact with 

LDs as described previously (75).  After immunolabeling, samples will be fixed, dehydrated, and 

embedded in a hydrophobic resin medium.  De novo LD biogenesis will be quantified by the 

number of LDs localized within the ER leaflet, and the number of LDs budding towards the cytosol 

as explained previously (76).  Lipophagy will be quantified by the number of LDs in contact with 

LC3-positive autophagasomes, and the lysosome, as explained previously (77).  All analyses will 

be quantified by a trained pathologist in TEM 

Anticipated results and interpretation: We anticipate a single session of exercise to 

increase LD turnover and biogenesis in skeletal muscle.  Therefore, exercise will increase LD 

degradation, whereby a greater number of LDs will be in contact with both LC3-positive 

autophagasomes and the lysosome within a respective area in skeletal muscle.  Additionally, a 

single session of exercise will increase LD biogenesis, and increase the number of LDs localized 

within the ER leaflet, and number of LDs budding from the ER.  These findings will support a role 

for exercise to increase LD turnover in skeletal muscle, in effort to remodel LD distribution for 

greater FA availability to support mitochondrial respiration.  Importantly, TEM analysis will 

provide proper identification for LD turnover occurring in skeletal muscle, and explain adaptations 

occurring to improve lipid handling and lipid metabolism. 
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OVERALL CONCLUSION 

Adipose tissue dysfunction is implicated to contribute to whole-body insulin resistance in 

obesity.  Importantly, several factors within aSAT are likely to contribute to aSAT dysfunction 

(i.e., inflammation, hypoxia, and fibrosis), resulting in excessive FA availability and uptake into 

ectopic tissues.  Projects 1 and 2 of this dissertation demonstrated insulin-mediated FA Ra 

suppression directly associated with whole-body insulin sensitivity.  Importantly, Project 1 

proposed the development of fibrosis is implicated with impaired FA Ra suppression, contributing 

to greater FA availability into the circulation and whole-body insulin resistance.  These findings 

shed light onto follow-up studies, where future work is suggested to identify whether fibrosis 

directly perturbs adipose tissue insulin signaling, or if fibrosis development is secondary to other 

mediators of adipose tissue insulin resistance (e.g., inflammation and hypoxia). 

Excessive FA release and uptake into skeletal muscle contributes to whole-body insulin 

resistance.  Projects 1 and 2 both addressed the implications by which aSAT dysfunction modifies 

skeletal muscle lipid composition, and insulin signaling.  Project 1 demonstrated long-chain 

acylcarnitines and triacylglycerol accumulate as a consequence of impaired FA Ra suppression in 

response to insulin, and in turn, these lipids were also linked with whole-body insulin resistance.  

Additionally, Project 2 found LD size in the SS region of type II fibers were related to insulin 

resistance.  Therefore, these findings suggest the subcellular distribution and lipid chain-lengths 

within skeletal muscle may be a consequence of excess FA release and uptake into skeletal muscle, 

contributing to insulin resistance.  Furthermore, excess FA availability in LOW was suggested to 

limit CD36 and Fyn kinase interaction with the insulin receptor.  Altogether, Project 1 and 2 

propose that excessive FA release from aSAT mediates a tissue-specific cross-talk relationship 

affecting skeletal muscle metabolism. 

Project 3 addressed the therapeutic effect of exercise training on skeletal muscle LD 

storage.  Training may help ‘prime’ skeletal muscle to improve FA availability for mitochondrial 

oxidation, and the acute induction of lipophagy may contribute to greater LD turnover and 

remodeling after an exercise session.  Findings from my dissertation provide an integrative 

approach identifying the contribution of aSAT towards whole-body insulin resistance, and 

proposes potential mechanisms by which exercise may modify LD storage, contributing to the 

prevention of obesity-related metabolic conditions such as insulin resistance.   
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Appendices 

 

Appendix A: Timeline of events for Project 1 

 

 

Figure A-1: Timeline of events for Project I 
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Appendix B: Adipose Tissue Proteomics; Protein extraction, TMT labeling procedure, LC-

MS/MS analysis/quantification 

 

Protein Extraction and Tandem Mass Tag (TMT) labeling procedure 

TMT labeling will be performed for mass spectrometry (MS) using 16-plex isobaric labeling kit 

(A44521, Thermo Fisher).  Fifty µg protein from each sample will be reduced in 5mM Dithiothreitol (DTT) 

for 60 minutes at 45°C, followed by alkylation with 2-chloroacetamide (15 mM) at room temperature (RT) 

for 30 minutes.  Proteins will then be precipitated by adding ice cold acetone, and incubated overnight at -

20°C.  The following day, samples will be thawed on ice and centrifuged at 8,000g for 10 minutes at 4°C.  

The pellet will be retrieved and resuspended in 100 μL of 100 mM TEAB.  Proteins will then be digested 

overnight at 37°C by adding 1.1 μg of porcine trypsin (#650279, Sigma Aldrich).  TMT reagents will then 

be constituted in 40μL of anhydrous acetonitrile and digested peptides transferred to the TMT reagent vial, 

and incubated for 60 minutes at RT. The reaction will be quenched by adding 8 μL of 5% hydroxylamine 

and incubating for 15 minutes. Samples will then be combined, dried, and separated by 2D separation using 

high pH reverse phase fractionation kit according the manufacturers protocols (#84868, Thermo Fisher). 

Fractions will then be dried and reconstituted in 10 μL of loading buffer, 0.1% formic acid and 2% 

acetonitrile. 

Liquid Chromatography-MS/MS analysis 

An Orbitrap Fusion mass spectrometer (Thermo-Fisher) and RSLC Ultimate 3000 nano-ultra 

performance liquid chromatographer (Dionex/Thermo-Fisher) will obtain raw spectra. Two microliters 

from each fraction will be resolved in 2D on a nanocapillary reverse phase column as described previously, 

and directly sprayed onto Orbitrap Fusion with EasySpray (Thermo-Fisher); Spray voltage (positive ion) = 

1900 V, Spray voltage (negative ion) = 600 V, method duration = 180 min, ion source type = NSI). The 

mass spectrometer will be set to collect the MS1 scan (Orbitrap; 120 K resolution; AGC target 2 × 105; 

max IT 100 ms), and then data-dependent Top Speed (3s) MS2 scans (collision induced dissociation; ion 

trap; NCD 35; AGC 5 × 103; max IT 100 ms). For multinotch-MS3, the top 10 precursor ions from each 

MS2 scan will be fragmented by HCD followed by Orbitrap analysis (NCE 55; 60 K resolution; AGC 5 × 

104; max IT 120 ms; 100-500 m/z scan range). 

Protein Quantification 

Protein groups will be filtered to 1% false discovery rate (FDR) using the target-decoy strategy and 

the best peptide approach (1), with FDR adjustment (2). The individual peptide spectrum matches (PSM) 

lists for each TMT 16-plex we assembled, with peptides assigned either as a unique peptide to a particular 

protein group or assigned as a razor peptide to a single protein group that had the most peptide evidence, 

and additionally filtered to 1% PSM-level FDR. For PSMs passing these filters, MS1 intensity of the 
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corresponding precursor-ion was extracted using the Philosopher label-free quantification module based on 

the moFF method (10 ppm mass tolerance and 0.4 min retention time for extracted ion chromatogram peak 

tracing) (3). For all PSMs corresponding to a TMT-labeled peptide, 16 TMT reporter ion intensities will be 

extracted from the corresponding MS3 scans (using 0.002 Da window) and precursor-ion purity scores will 

be calculated using the intensity of the sequenced precursor ion and that of other interfering ions observed 

in MS1 data (within 0.7 Da isolation window).   Before normalization, proteins detected that will be foreign 

to adipose tissue (i.e. hemoglobin-specific proteins) will be removed from the protein set.  Peak areas will 

then be log2 transformed and normalize relative to total peptide abundance for each sample. 
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Appendix C:  Multivariate analysis index in Project I - Net Elastic Regression (LASSO) 

Response Variable: Insulin-mediated glucose uptake [(nmol/kg FFM/min) / (µU/mL)] 
 

Clinical Factors  Subclinical Factors 

Sex (0=F, 1=M)  Sex (0=F, 1=M) 

Age (yrs)  Age (yrs) 

BMI (Kg/m2)  Respiratory Exchange Ratio (VCO2/VO2) 

Fat Mass (Kg)  Carbohydrate oxidation [µmol/(min•FFM)] 

Liver Fat (%)  Fat oxidation [µmol/(min•FFM)] 

Visceral Fat (cm2)  Basal FA Ra [µmol/(KgFM•min)] 

HbA1c (%)  Clamp FA Ra (µmol/[KgFM•min]) 

Fasting Glucose (mM)  FA Ra Suppression (%) 

Plasma Non-esterified Fatty Acid (mM)   Basal Glucose Ra (µmol/[KgFFM•min]) 

Plasma HDL (mg/dL)  Clamp Glucose Ra (µmol/[KgFFM•min]) 

Plasma Triglyceride (mM)  Glucose Ra Suppression (%) 

Plasma Cholesterol (mg/dL)  Glycerol Ra (µmol/[KgFFM•min]) 

Plasma CRP (ng/mL)  Glycerol Ra (µmol/[KgFFM•min]) 

Plasma IL6 (ρg/mL)  Glycerol Ra Suppression (%) 

Plasma Total  Adiponectin (ng/mL)   

Plasma HMW  Adiponectin (ng/mL)   

 
 

Table A-1: Clinical and subclinical explanatory variables predicting insulin-mediated glucose uptake   
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Appendix D: Relationship between fibrosis whole-body insulin sensitivity 

 

 
 
Figure A-1: Relationship between fibrosis whole-body insulin sensitivity 

A) Representative image from participant with low and high insulin-mediated glucose uptake. 

Scale bar = 100µm.  B) Relationship between fibrosis (% stained) and insulin-mediated glucose 

uptake, and C) and FA Ra suppression.  n=57. 

 



 191 

Appendix E: Skeletal muscle free fatty acid, acylcarnitine, diacylglycerol, and triacylglycerol 

unsaturation relationship with insulin-mediated glucose uptakez, and FA Ra suppressionz.   

 

Figure A-2: Relationships between skeletal muscle free fatty acid, acylcarnitine, diacylglycerol, and 

triacylglycerol unsaturation versus insulin-mediated glucose uptakez, and FA Ra suppressionz.   
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Appendix F: Association between skeletal muscle phospholipid abundance with insulin-

mediated glucose uptakez  and FA Ra Suppressionz. 

 

 

Figure A-3: Relationships between skeletal muscle phospholipid classes; phosphatidylcholine 

(PC), plasmenyl phosphatidylcholine (PPC), Phosphatidylethanolamine (PE), and 

plasmenyl-phosphatidylethanolamine (PPE) chain length and unsaturation versus insulin-

mediated glucose uptakez, and FA Ra suppressionz.   
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Appendix G: Timeline of Events for Project II 

 

Figure A-4: Timeline of events for Project I 
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Appendix H: Histochemistry Protocol - Lipid Droplet Staining 

1. Retrieve samples from -80C and place into -20C cryostat for ~10-20min 

2. Section 2 samples per slide into 5µm sections 

 Confirm samples are in cross-section and not freeze-fractured by imaging in 

Brightfield 

3. Fix for 1h in 4% Paraformaldehyde in PBS 

4. Wash with 1x PBS 3 x 30s 

5. Permeabilize for 5min in 0.5% Triton-X100 in PBS -> Dilute from the 2% TX-100 stock 

6. Wash in 1x PBS 3x5min 

7. Primary Antibody Stain - MHC1: Incubate BA-D5 at 1:200 for 1h at 37˚C 

8. Wash in 1X PBS 3x5min     

9. Secondary Antibody Stain: Incubate in AF 647 goat anti-mouse IgG2 at 1:200 for 

30min @ room temperature in the dark 

10. Wash 1x PBS 3x5min  

11. Bodipy (493/503) Stain for Lipid Droplets: Incubate 1:100 for 20min in the dark 

12. Wash 1x PBS 3x5min 

13. Lectin Stain: Incubate WGA 555 1:200 in for 20min in the dark 

14. Wash 1x PBS 3x5min 

15. Add one drop Prolong Gold Anti-fade Mountant per sample 

16. Cover with Corning #1 coverslip and store in the dark.  

17. Samples will be ready to image ~24 hours after mounting 

* ALL diluted antibodies and reagents are in 1X PBS  

 

EXAMPLE IMAGE: Scale bar = 100µm 
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Appendix I: Immunoprecipitation Protocol 

Reagents and antibodies 

 Protein A Magnetic Beads (Pierce, 88846) 

 Lysis Buffer: Cell Signaling Lysis Buffer #9803 

o 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 

mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml 

leupeptin. 

 1% protease and phosphatase inhibitor cocktail (Sigma) 

 Wash Buffer: 25 mM Tris, 0.15M NaCl, 0.05% Tween-20, pH 7.5 

 Primary Antibodies:  

o IRβ: CST#3025 (Rabbit IgG) 

o CD36: R&D sytems AF1955 (Polyclonal Goat IgG) 

o IRS1, sc8038 (mouse monoclonal) 

o Fyn: CST #4023 (Rabbit IgG) 

 

1) Skeletal Muscle Sample Preparation 

1. Chip 15-30mg muscle on dry ice platform + frozen weigh boat.  Place the chipped samples into 

pre-chilled labelled tubes on dry ice.  Return tubes to -80 when done chipping or proceed with 

homogenization. 

2. Prepare the required volume of 1x buffer from frozen 10X stock: CELL SIGNALING LYSIS 

BUFFER #9803.   
3. Add 30uL buffer/mg wet weight per sample.  Make sure to make extra buffer so there is 

enough room for all samples. 

4. Homogenize tissue by hand using DOUNCE homogenizer (~20 strokes). 

5. Solubilize samples by rotating end-over-end (~50rpm) at 4°C. 

6. Centrifuge at 100,000g for 1 hour at 4°C. 

7. Retrieve the supernatant and proceed to BCA assay and freeze at -80C or proceed to 

Immunoprecipitation.   

 

2) Immunoprecipitation Method 

DAY 1 
1. Combine 300ug homogenate with 5ug Insulin Receptor β antibody.   

2. Adjust the reaction volume to 500 uL by adding 1X Lysis Buffer. 

3. rotate end-over-end overnight at 4ºC. 

 

DAY 2 

Bead Preparation 

● In a separate 1.5mL microcentrifuge tube, add 25uL Protein A magnetic beads into a 1.5mL 

microcentrifuge tube containing 175uL wash buffer. 

● Gently vortex to mix sample (#2 on the vortex mixer). 

● Place the tube into a magnetic stand, and discard the supernatant. 

● Add 1mL of Wash Buffer to the tube. Invert the tube several times or gently vortex to mix for 1 

minute. Collect beads with magnetic stand & discard supernatant.  
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Mix beads with sample 

● Add the antigen sample/antibody mixture to a 1.5mL microcentrifuge tube containing pre-washed 

magnetic beads and incubate at room temperature for 2 hours with mixing. 

● Collect the beads with a magnetic stand and then remove the flow-through and save for analysis. 

 

Wash beads 

● Add 500μL of Lysis Buffer to the tube and gently mix. Collect the beads and discard the 

supernatant. Repeat wash for a total of three times. 

● Add 500uL wash buffer and gently mix. 

● Add 500μL of PBS to the tube and gently mix. Collect the beads on a magnetic stand and discard 

the supernatant. 

Elution 

● Add 100μL of SDS-PAGE reducing sample buffer (2X Laemmli buffer) to the washed beads and 

incubate at room temperature for 10 minutes with mixing. Magnetically separate the beads and 

save the supernatant containing the target antigen. 

● Note: If you will be performing a Western blot using rabbit antibodies (primary or secondary) 

do not heat the samples. Incubate at room temperature for 10 minutes with mixing. 
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Appendix J: Clinical trial schematic for Project III.  

*nutritional supplement kcals were estimated to match energy expenditure from the previous 

exercise session. 

 

 

Figure A-5: Clinical trial schematic for Project III. 
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Appendix K: Immunohistochemistry Protocol for PLIN2-KDEL co-localization, and PLIN2-

LC3 co-localization 

DAY1 
 Section two samples per slide at 5µm 

 FIX - 4% PFA for 30 minutes 

 Wash - 3x5 minute wash in 1X PBS 

 Permeabilize - 0.3% Triton-X for 5 minutes 

 Wash - 3x5 minute wash in 1x PBS 

 Block - 5% Goat Serum for 60 minutes 

 Wash - 3x5 minute wash in 1x PBS 

 

Primary Antibody incubation 

Incubate Primary Antibody overnight at 4°C  

 

PRIMARY CONCENTRATIONS 

 PLIN2 = 1:100 in PBS with 1%BSA, 0.1% Triton-X100 

 KDEL = 1:100 in PBS with 1%BSA, 0.1% Triton-X100 

 LC3AB = 1:50 in PBS with 1%BSA, 0.3% Triton-X100 

 

DAY2 
 Wash 3x5 min in PBS 

 Incubate in Secondary Antibody for 60 minutes at RT 

 

SECONDARY ANTIBODY/CONCENTRATIONS 

 PLIN2 = 1:200, Goat-anti-mouse IgG1 AF 647 

 KDEL AND LC3AB = 1:200, Goat in anti-rabbit IgG AF 488 

 

 Wash 3x5 minutes in 1X PBS 

 Lectin WGA 555 for 1 hour at 1:200 in PBS 

 Wash 3x5 minutes 

 Mount in Prolong Gold Anti-fade mountant 

 


