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ABSTRACT 

 Metabolic disease continues to be a worldwide problem that affects all ages, sexes, 

and socioeconomic statuses. The development of metabolic disease is multifactorial with 

both genetic and environmental components. Because of this, interest has grown in the 

early identification of individuals susceptible towards the development of metabolic 

disease. Metabolic flexibility has gained standing as a metric of metabolic health and can 

be defined as the ability to appropriately adapt substrate utilization in response to substrate 

availability. Skeletal muscle (SkM) is a regulator of metabolic flexibility as it is the primary 

tissue responsible for post-prandial substrate handling, and metabolic inflexibility can be 

seen in the SkM of individuals with metabolic disease. As Western style diets are 

proportionally heavy in fats and implicated in the development of obesity, metabolic 

flexibility with lipids is of particular interest. High-fat diets (HFDs) are a common and 



successful approach for distinguishing differences in metabolic flexibility with lipids across 

populations. Some evidence exists for metabolic inflexibility in healthy, lean individuals, 

which suggests metabolic flexibility may be an innate component of SkM. Studies of 

individuals with overweight allow insight into the intrinsic characteristics of SkM that 

promote the development of metabolic disease, yet this population remains largely 

understudied. The current study aimed to assess metabolic flexibility in a population of 

healthy individuals with overweight with a 3-day HFD.  

 In chapter 2, we show that the participants studied are sedentary, have overweight, 

and do not display evidence of dysglycemia or dyslipidemia. Participants did not differ in 

dietary habits before or during the diet. Metabolic flexibility was calculated as the change in 

SkM homogenate palmitate oxidation with the high-fat diet. Metabolically flexible 

individuals show almost a two-fold increase in palmitate oxidation with the diet, while 

inflexible individuals decrease oxidation by about one-third of pre-diet rates, and this occurs 

without any changes to pyruvate oxidation. Metabolic flexibility was not associated with 

skeletal muscle fiber type. The change in the respiratory quotient during a hyperinsulinemic-

euglycemic clamp is a classical approach towards assessing metabolic flexibility; we found 

that this was not associated with metabolic flexibility when measured as the change in 

palmitate oxidation in homogenates with the diet. Additionally, flexible and inflexible 

participants did not differ in mitochondrial function. Taken together, this indicates that 

metabolic flexibility is an innate component of SkM and can be seen prior to any clinical 

evidence of metabolic disruption, and metabolic flexibility is not associated with either 

muscle fiber type or mitochondrial function.  



In chapter 3, we utilized primary human skeletal muscle stem cells (HSkMCs) of the 

same cohort of participants studied in chapter 2. We show that a 3-day HFD does not result 

in changes in HSkMC metabolism measured by substrate oxidation, glycogen synthesis, 

and protein content of mitochondrial markers and PGC1a. Cells were additionally incubated 

with a lipid cocktail for 24 hours, which has been shown to help distinguish differences in 

metabolic flexibility in HSkMCs. Even with lipid treatment, no effect of the HFD was seen. 

Although participants were stratified based off the change in palmitate oxidation seen in 

SkM homogenates, a main finding was that HSkMCs of flexible individuals show enhanced 

glucose metabolism seen as higher glucose oxidation efficiency. Interestingly, measures of 

HSkMC lipid metabolism did not associate with similar measures of homogenate lipid 

metabolism. Together, these data provide novel findings demonstrating that metabolic 

inflexibility is present in SkM prior to detection at the whole-body level and occurs without 

any clinical markers of metabolic disturbance.   
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CHAPTER 1:  

Introduction and Literature Review 

Despite efforts in prevention, management, and treatment, metabolic diseases 

continue to be a worldwide problem affecting all ages, genders, and socioeconomic 

statuses1–3. Metabolic diseases include, but are not limited to, obesity, type 2 diabetes 

(T2D), hypertension, hyperlipidemia, and non-alcoholic fatty liver disease4. Not only do 

metabolic diseases present substantial costs to the individual affected, but they also 

exacerbate the strain on healthcare systems, public health, and global economies5,6. More 

than 1 in 5 individuals have obesity in the US as of 2023, and more than 1 in 10 individuals 

have diabetes7,8 underlining the need for understanding and intervention. The development 

of metabolic disease is associated with a genetic predisposition9,10 but manifestation is 

often spurred by environmental influences11,12. Because of this, there is a large interest in 

identifying susceptible individuals in hopes of preventing or delaying the development of 

metabolic disease.  

 

Metabolic Flexibility  

The term metabolic flexibility was coined by Kelley and Mandarino as “the capacity 

to switch from predominantly lipid oxidation and high rates of fatty acid uptake during 

fasting conditions to the suppression of lipid oxidation and increased glucose uptake, 

oxidation, and storage under insulin-stimulated conditions”13. With time, metabolic 

flexibility has more broadly come to be understood as “the ability of an organism to 

respond or adapt according to the changes in metabolic or energy demand as well as the 
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prevailing conditions or activity”14. There is growing interest and speculation in metabolic 

flexibility for its potentially causal role for metabolic pathologies, specifically in conditions 

of lipid oversupply. With lipid oversupply, metabolic inflexibility, seen as a mismatch of 

substrate oxidation to availability, is thought to result in ectopic lipid accumulation15 and a 

shift towards an increasingly oxidative redox state which could result in insulin resistance16 

and weight gain. Metabolic inflexibility is well documented with obesity and T2D17–20, but 

interestingly, evidence of metabolic inflexibility can be seen in lean, young, insulin-

sensitive men with an acute HFD21 suggesting metabolic flexibility may be an innate 

metabolic characteristic that predisposes certain individuals towards metabolic disease.  

Skeletal muscle is a regulator of metabolism 

Many factors affect an individual’s ability to maintain homeostasis in the face of 

metabolic perturbations, and skeletal muscle (SkM) is a key regulator of this ability in both 

local and whole-body metabolism22,23. SkM makes up almost 40% of total body weight and 

is a main driver of both carbohydrate and lipid metabolism24. Further, a bidirectional 

correlation between metabolic disease and SkM health has been established, and 

alterations in SkM metabolism may precede any clinical detection of metabolic 

dysfunction25. Additionally, SkM holds an innate plasticity defined by its ability to adapt 

both its structural and functional properties in response to varying patterns of mechanical 

and metabolic loads26–29. This plasticity allows SkM to maintain homeostasis in the face of 

altered metabolic loads and energy states. Under conditions of lipid oversupply, SkM will 

undergo adaptations in its metabolism to mitigate the effects of the adverse load via 
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alterations in transcription, translation, enzyme activity, and cellular composition30. Thus, 

SkM is an important regulator of metabolic flexibility.  

Individuals with overweight 

As the development of metabolic disease is multifactorial and difficult to address, 

interest has grown in the identification of susceptible individuals. Extensive data collected 

in populations with obesity and T2D has clearly outlined hallmark signatures of metabolic 

disease, including metabolic flexibility. However, there is still little data surrounding 

metabolic flexibility in individuals with overweight. This population has been shown to be 

susceptible towards the development of metabolic disease31–33, and investigation in 

individuals without overweight would allow for clarification on if metabolic flexibility is truly 

an innate characteristic of SkM and appears before the clinical diagnosis of metabolic 

disease. As few studies have been done exclusively in individuals with overweight, the 

literature outlined below is primarily based in individuals with obesity and T2D.  

 

Assessments of metabolic flexibility 

Hyperinsulinemic-euglycemic clamp 

Traditionally, metabolic flexibility has been measured at the whole-body level 

during a hyperinsulinemic-euglycemic clamp using indirect calorimetry. The use of indirect 

calorimetry allows for the calculation of the respiratory quotient (RQ) which uses the ratio 

of VCO2 to VO2
34. RQ is typically at 0.7 in the fasted state and represents predominantly 

fats being used for energy and can increase to 1.0 in the fed state representing reliance on 

predominantly carbohydrates34. Metabolic flexibility is measured as the change in the 
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respiratory quotient (∆RQ) from the basal to insulin-stimulated condition which represents 

substrate switching from predominantly fat to carbohydrate oxidation with the appearance 

of insulin13,35. Two seminal papers by Kelley et al. established this technique when 

assessing fat oxidation between lean individuals and those with obesity and T2D35,36. The 

findings of these papers showed that individuals with metabolic disease have a higher 

resting RQ and do not increase RQ with insulin stimulation to the same extent as lean 

individuals establishing evidence of metabolic inflexibility with metabolic disease, and this 

has been largely corroborated by other studies37–39.  

Several considerations should be made for the implementation of a 

hyperinsulinemic-euglycemic clamp to measure metabolic flexibility. The major advantage 

is that plasma glucose and insulin levels are matched across participants which allows for 

comparison across disease states. However, several caveats exist. First, the 

hyperinsulinemic-euglycemic clamp is primarily a measure of flexibility with carbohydrates 

since the measurement is solely based off the ability to increase RQ with insulin 

stimulation. Indeed, several groups have shown that glucose uptake is the primary 

determinant of insulin-stimulated substrate handling36,38–40 and differences between 

groups disappear when ∆RQ is normalized to glucose disposal rate38,39. Second, it is not a 

physiologically relevant assessment, as it does not reflect the dietary habits of individuals 

which include a mix of carbohydrates, fats, and proteins. Third, differences in ∆RQ 

establish a phenotypic difference between metabolically flexible and inflexible individuals, 

but studies rarely extend past this to show a mechanism driving differences in flexibility. 

Together, this suggests that the use of a hyperinsulinemic-euglycemic clamp may be a 
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biased assessment of metabolic flexibility in individuals and other, more physiologically 

relevant approaches should be considered.  

High-fat diet 

As individuals with obesity show an impairment in fatty acid oxidation at the whole-

body, SkM tissue, and cellular level17,18,18,35,41–43 investigation of metabolic flexibility with 

lipids is prudent. Administration of a high-fat diet (HFD) results in a physiologically relevant 

positive fat balance and serves as a metabolic challenge in which an increase in lipid 

oxidation should occur. An increase in fatty acid availability would signal SkM to shift 

towards increased fatty acid oxidation44–46, and metabolically flexible individuals would 

appropriately upregulate lipid oxidation to match the increased availability. Inflexible 

individuals would fail to upregulate lipid oxidation and thus an increase in fatty acid 

oxidation intermediates and lipid storage would be seen. Metabolic flexibility measured as 

whole-body 24-hour ∆RQ during a 24-hour high-fat overfeeding study in healthy individuals 

was a determinant of weight gain at 6 months and 1 year after the diet independent from 

sex, age, ethnicity, or initial body weight47. Combined with evidence that 24-hour ∆RQ is 

strongly tied to familial factors48,49 this suggests that metabolic flexibility is an innate 

component of SkM and when combined with a HFD could be used to identify individuals 

prone to the development of metabolic disease.  

HFDs have largely been shown to induce changes in lipid metabolism in 

metabolically flexible individuals. Battaglia et al. show a 3-day HFD (70% of calories from 

fat) results in SkM of lean individuals increasing palmitate oxidation while individuals with 

obesity show no change50. Thomas et al. used a 7-day HFD with a lower proportion of 
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calories from fat (50%) but still showed that individuals with obesity show a depressed 

ability to increase fat oxidation in response to the increased supply of dietary fats46. While 

the results of these HFD studies is largely in agreement, some conflicting evidence exists. 

Bergouigan et al.51 found no difference between lean individuals (n=10) and those with 

obesity (n=9) in carbohydrate or fat oxidation measured by room calorimetry after a HFD. 

The HFD implemented was eucaloric and comprised of 50% of energy from fat, and 

responses were measured over 24 hours, which may not have been a potent enough 

stimulus or long enough period to distinguish differences between groups of that sample 

size. In the US, the average dietary intake consists of 47% of calories from carbs, 16% from 

protein, and 36% from fat52. As this Western style diet is already comprised of a higher 

proportion of fats, HFD studies using a diet comprised of 50% fat and lasting <3 days with a 

small sample size may not be able to distinguish meaningful differences in lipid 

metabolism between groups. Astrup et al.53 used a similar HFD composition, RQ 

measurement technique, and sample size but employed the HFD for 3 days and were able 

to conclude women with prior obesity display impaired metabolic flexibility. Blaak et al.54 

were able to distinguish meaningful differences in metabolic flexibility in healthy 

individuals and those with obesity with a single meal challenge, but the meal consisted of 

95% calories from fat and was undertaken in 814 participants. Thus, we suggest three 

primary factors be considered for the implementation of a HFD to assess metabolic 

flexibility: first, the diet composition, second, the diet length, and third, the sample size. Of 

note, 3-day HFDs seem to be a successful timeframe for short-term diets as there is 

consistent evidence that they distinguish group differences across various compositions 
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(50-78% calories from fat) and sample sizes (n=7-17)50,53,55–58. An additional consideration 

that must be made when using RQ to assess metabolic flexibility during a HFD is that 

fasting RQ is largely influenced by dietary macronutrient composition and energy 

balance59–61. Thus, to reduce the variance pre-HFD dietary habits have on ∆RQ, 

standardization of pre-HFD meals should be implemented.  

Lipid infusions 

A concomitant infusion of lipid during a hyperinsulinemic-clamp has also been 

used as a model to study metabolic flexibility to lipids. Compared to HFDs, this model is 

less frequent, possibly due to the decreased physiological relevance, and most commonly 

used as a model to induce insulin resistance62–64. Nonetheless, Dube et al.65, studied the 

effects of lipid infusion on substrate oxidation and mitochondrial respiration across 

individuals who were lean and trained, lean and sedentary, and sedentary with obesity. 

Interestingly, though differences in glucose oxidation were seen when calculated in 

proportion to total glucose infused, all groups showed a similar increase in fat oxidation 

with lipid infusion. Further, state 3, state 4, and maximal uncoupled respiration pre- and 

post-lipid infusion did not differ between groups either. While the mitochondrial data is in 

line with findings from Fisher-Wellman et al.66, the fat oxidation data is conflicting with 

other literature of metabolic flexibility in individuals with obesity. This could be partly due 

to the model used. The infused lipid emulsion did not include heparin, which is shown to 

increase plasma free fatty acid levels to supraphysiological levels. While this change 

makes the lipid infusion more physiologically sound and results in circulating free fatty 

acids being closer to a level seen after a high-fat meal, this may reduce the potency of the 
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lipid infusion to distinguish differences in fat oxidation between groups. Comparison with 

other studies that have used similar methods to explain these discrepancies is currently 

limited, as the majority of studies using a lipid infusion to assess metabolic flexibility have 

been done in healthy and/or trained individuals64,67,68.  

 

Primary human SkM stem cells 

Primary human SkM stem cells (HSkMCs) when cultured have been shown to retain 

morphological, metabolic, and biochemical properties of donors69,70. For example, 

compared to their lean counterparts, HSkMCs from individuals with obesity show 

depressed complete oxidation of glucose, oleate, and palmitate43,71,72 and higher 

incomplete oxidation along with reduced rates of insulin-stimulated glycogen synthesis72. 

Retainment of donor characteristics despite HSkMCs being in a removed environment to 

close to one month underlines that HSkMCs offer a unique model to differentiate between 

the genetic and acquired deficiencies in the etiology of metabolic disease. HSkMCs have 

been used to study substrate flux, mitochondrial alterations, and cell signaling under 

conditions of lipid oversupply and metabolic disease66,72–78. HSkMCs from lean individuals 

and those with obesity show differences in metabolic flexibility when incubated with a lipid 

cocktail (oleate:palmitate in a 1:1 ratio at 100uM with 2mM carnitine) for 24 hours79. After 

lipid treatment, HSkMCs from lean individuals had almost double the mitochondrial state 

3 respiration supported by lipid substrate (palmitoyl carnitine + malate) compared to 

HSkMCs of individuals with obesity. HSkMCs from individuals with obesity and T2D 

similarly show metabolic inflexibility when incubated with lipids80. 14C-oleate oxidation 
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after lipid incubation (100uM oleic acid for 48 hours) was 50% lower compared to oxidation 

in HSkMCs from lean individuals with no difference in mitochondrial content between the 

groups. Together, this exemplifies the retainment of donor metabolic flexibility in HSkMCs 

and further underlines that metabolic flexibility is an innate characteristic of SkM. To the 

authors’ knowledge, the effect of a HFD on metabolic flexibility in HSkMCs has yet to be 

investigated, and if done, would help fill the gap of a lack of mechanistic approaches to 

address metabolic flexibility differences across metabolic states.   

 

SkM properties that could drive differences in metabolic flexibility 

Several physiological differences could contribute to variations in metabolic 

flexibility. One difference could be SkM fiber type as it is a well-established influence on 

SkM substrate oxidation. Muscle fibers are commonly classified based off myosin heavy 

chain isoform expression. Broadly speaking, two primary fiber types exist: type I and type II 

muscle fibers. Though type II fibers can be further subdivided into type IIa, IIb, and IIx 

fibers, for the purposes of this review, a broad categorization will be used. Type I muscle 

fibers have a high capacity for oxidative metabolism due to a high mitochondrial density 

and high enzymatic activities of glycogen phosphorylase, succinate dehydrogenase, and 

citrate synthase81,82. Type II muscle fibers have a lower capacity for oxidative metabolism 

but have higher contraction velocity and a capacity to generate force81,82. A positive 

relationship between insulin-stimulated glucose uptake and type I fiber proportion is seen 

in human fibers83, and with obesity, a decrease in type I fibers and an increase in type II 

fibers is seen84–87. Further, the proportion of type I fibers has been shown to vary between 
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15-85% of total fibers88. Thus, having a higher proportion of type I fibers may result in a 

more metabolically flexible phenotype.  

 Another potential explanation for differences in metabolic flexibility is 

mitochondrial capacity and/or content. Much debate exists about the role that 

mitochondria have in the development of metabolic disease. Mitochondria are central in 

dictating nutrient oxidation and cellular energy and are able to shift in structure, capacity, 

and efficiency in response to metabolic stress, and thus, intrinsic mitochondrial 

differences could explain variations in metabolic flexibility. Many studies suggest that 

mitochondrial function (i.e., respiratory capacity and efficiency) and content are 

decreased with adverse metabolic stress89,90, yet there is evidence to suggest 

mitochondrial function and content are normal in individuals with insulin-resistance and 

obesity65,66. In healthy, lean adults, a lipid infusion does not impair oxidative 

phosphorylation or maximal respiration capacity91. Additionally, complex I and complex II 

linked respiration and maximal respiration are not altered with lipid oversupply92. 

Mitochondrial content91,93 and mitochondrial enzyme activity91,93–95 (i.e., citrate synthase 

activity) are similarly unaffected by lipid infusion. Interestingly, there is a significant 

increase in H2O2 emission and a decrease in total glutathione indicating an overall 

imbalance in the redox state66. The emission of reactive oxygen species (ROS) has been 

directly linked to the development of insulin resistance, and the resulting effect ROS has 

on the intracellular redox environment may explain differential outcomes. The intracellular 

redox status is tightly controlled and normally in the reduced state; however, metabolic 

imbalances due to an oversupply of lipids will favor H2O2 generation resulting in a greater 
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oxidizing condition16. Consistent low levels of H2O2 generation maintain and regulate this 

sensitive redox environment ensuring proper kinase activity and protein phosphorylation96–

98, or “phosphatase tone”16. The shift towards an increasingly oxidative redox environment 

will decrease “phosphatase tone” and result in disruptions of normally well-regulated 

patterns of glucose metabolism16. Additionally, mitochondrial dynamics, that is, the 

balance between fission and fusion, seems to be consistently altered with lipid infusion. 

With an oversupply of lipids, mitochondrial fission is increased, fusion is decreased, and 

membrane potential is decreased89,91,93, which results in a shift towards an increasingly 

fragmented mitochondrial network. Taken together, this suggests that alterations in 

respiration do not precede metabolic disease, and a fragmentation of the mitochondrial 

network may serve to limit mitochondrial substrate flux and ensure a functional integrity of 

the remaining network in the face of chronic lipid oversupply. Evidence of mitochondrial 

dysfunction with metabolic inflexibility could thus be explained as a complication of 

lipotoxicity-induced ROS generation89. However, the extent and timeline of mitochondrial 

alterations under lipid-induced metabolic stress remains unclear. 

Another potential source of discrepancy in metabolic flexibility across individuals 

could be the protein peroxisome proliferator-activated receptor-gamma (PPARγ) 

coactivator alpha (PGC1α). PGC1α is known to regulate mitochondrial mass through 

coactivation of the nuclear respiratory factor (NRF), increase GLUT4 expression via 

myocyte enhancer factor-2, regulate OXPHOS genes via NRF, and regulate fatty acid flux 

via PPARγ99. PGC1α expression has additionally been shown to decrease with a chronic 

oversupply of lipids100,101. Further, individuals with obesity have been shown to have a 
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reduced expression of PGC1 α, and this is associated with decreases in mitochondrial 

function90,100–102. L6 myotubes treated with increasing concentrations of lipids results in a 

disproportionate increase in incomplete fatty acid oxidation while rates of complete 

oxidation were unaffected100. When PGC1α was overexpressed, this mismatch was 

resolved exemplified by an increase in complete oxidation and a concomitant decrease in 

incomplete oxidation. Further, cDNA analyses showed that low PGC1α content combined 

with the lipid incubation resulted in an increase in an upregulation of β-oxidation 

associated genes without a parallel increase in downstream pathways (i.e., TCA cycle). 

Overexpression of PGC1α resulted in both β-oxidation and downstream pathway 

upregulation leading the investigators to propose that it is PGC1α expression that 

influences SkM to be able to appropriately adjust lipid oxidation. Together, this suggests 

that differences in PGC1α expression could be a potential explanation for variances in 

metabolic flexibility.   

 

Conclusion 

Accumulating evidence points to metabolic flexibility not only being an innate 

component of SkM but also important for preserving metabolic health. Metabolic 

inflexibility has been clearly outlined in individuals with obesity and T2D, yet it remains 

unclear if metabolic inflexibility can be seen prior to the diagnosis of metabolic disease. 

Several techniques can be used to assess metabolic flexibility but do so by testing differing 

components of flexibility. Individuals with metabolic disease present with impairments in 

lipid oxidation, and thus, HFDs present themselves as a powerful tool to assess metabolic 
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flexibility to lipids in SkM especially when combined with a mechanistic approach via 

HSkMCs. Several factors may influence variances in metabolic flexibility including muscle 

fiber type, mitochondrial capacity and/or content, and PGC1a expression and must be 

considered when making conclusions on metabolic flexibility. To address the gaps in the 

literature, the objective of the current study is to assess metabolic flexibility in healthy 

individuals with overweight using a 3-day HFD via measures of substrate oxidation, 

mitochondrial content and function, muscle fiber typing, and PGC1α expression. Our 

central hypothesis is that a 3-day HFD will result in the identification of metabolic flexible 

and inflexible individuals with overweight measured by an increase or no change in fatty 

acid oxidation, respectively, and this will occur independent from changes in 

mitochondrial function and content, differences in fiber type, and differences in PGC1a 

expression. 

 



 

CHAPTER 2 

Evidence for skeletal muscle metabolic inflexibility prior to markers of clinical 

metabolic disturbance in healthy individuals with overweight 

ABSTRACT 

Metabolic flexibility, defined as an increase in substrate oxidation in response to 

substrate availability, has gained traction as an accepted metric of metabolic health. 

Individuals with metabolic disease show metabolic inflexibility, but it remains unknown 

how early into the development of metabolic disease that metabolic inflexibility can be 

seen. This study aimed to assess metabolic flexibility in a population at risk of developing 

metabolic disease, individuals with overweight, in response to a 3-day HFD. Participants 

were stratified as metabolically flexible (FLEX) or inflexible (INFLEX) based off SkM fatty 

acid oxidation change with the HFD. Groups did not differ in age, BMI, insulin sensitivity, or 

VO2max. FLEX participants increased fatty acid oxidation by an average of 93.5% ± 78.4 

while INFLEX decreased by 30.6% ± 8.68. Groups did not differ in muscle fiber type nor 

mitochondrial function. These results suggest that metabolic flexibility is an innate 

component of skeletal muscle which can be observed before evidence of whole-body 

metabolic disturbances and occurs without alterations in mitochondrial function.  

 

  



15 
 

INTRODUCTION 

Metabolic flexibility, or the ability to appropriately adjust substrate oxidation in 

response to availability, is becoming an increasingly accepted metric of metabolic health. 

Evidence of metabolic flexibility can be seen in lean individuals undergoing a HFD as both 

whole-body and SkM fat oxidation are increased. On the other hand, individuals with 

obesity and/or T2D show no change in fat oxidation under conditions of a HFD exemplifying 

metabolic inflexibility35,50,53,103. Metabolic inflexibility under conditions of lipid oversupply 

has been implicated in the excess accumulation of lipids and their intermediates which 

could result in the propagation of obesity104. Interestingly, some evidence of metabolic 

inflexibility exists in young, healthy individuals21 which begs the question of whether 

metabolic flexibility is an innate component of SkM.  

HFDs are a commonly used approach to assess differences of metabolic flexibility 

between populations, and there is a push in the field for their utilization over the classical 

approach of hyperinsulinemic-euglycemic clamps for their physiological relevance15,105. 

Short-term HFDs of three days have been shown to be effective at detecting differences in 

metabolic flexibility via increases in fatty acid oxidation in SkM50,106. Most data surrounding 

metabolic inflexibility has been collected in populations with obesity and T2D, and 

currently, little is known about individuals with overweight. Individuals with overweight are 

susceptible to the development of metabolic disease31–33, and the investigation of 

metabolic flexibility in this population would allow insight into whether metabolic flexibility 

is truly an innate characteristic of SkM. Thus, the current study aimed to assess metabolic 
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flexibility in a population with overweight but no established metabolic disease and utilize 

the approach of a 3-day HFD.  

 

METHODS 

Participants 

A sub-cohort of nineteen participants were chosen from the larger Metabolic Inflexibility is 

related to Elevated Muscle Anaerobic Glycolysis “MetFlex” study (ClinicalTrials.gov 

NCT4320264). A prescreening phone call established that participants met inclusion 

criteria of overweight BMI (25-29.9), age (18-55 y/o), weight stable for the past 3 months, 

and physically inactive. Exclusion criteria included smoking, established disease (i.e., 

cancer, uncontrolled hypertension, psychiatric disorder, type 1 or 2 diabetes), and taking 

medication known to influence carbohydrate or lipid metabolism. The experimental 

procedures and associated risks were explained through written and verbal format, and 

informed consent was obtained. The study was approved by the East Carolina University 

and Medical Center Institutional Review Board and was in accordance with the Declaration 

of Helsinki.  

Study Design 

At the screening visit, anthropometrics, a blood draw, and a medical history questionnaire 

were completed. At the first visit, a dual-energy X-ray absorptiometry (DEXA) scan, 3D body 

imaging, and maximal cycle ergometer exercise test were completed. At the second visit, 

resting energy expenditure (REE) was assessed as well as a submaximal cycle ergometer 

test. At the third visit, a hyperinsulinemic-euglycemic clamp, vastus lateralis muscle 
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biopsy, and indirect calorimetry was completed. The fourth and fifth study visits had 

similar measures of a venous blood draw, a vastus lateralis muscle biopsy, and near-

infrared spectroscopy. Participants consumed a 3-day HFD after the fourth visit and the 

fifth visit was for post-HFD measures. For the diet, participants were instructed to increase 

fat intake up to 70% of their caloric intake. MyFitnessPal was used to track dietary intake 

for 3 days before and during the HFD.  

Hyperinsulinemic-Euglycemic Clamp 

A two-hour hyperinsulinemic-euglycemic clamp was utilized to assess insulin sensitivity 

with modifications from the method of DeFronzo et al107. Participants fasted overnight for 

12 hours and arrived at 0630 at the research facility. Two catheters were placed: the first 

intravenously in an antecubital vein for insulin and glucose infusion and the second 

retrogradely in a dorsal hand vein for blood sampling. Participants kept this hand in a 60°C 

warming box for arterialized blood sampling. Four samples were obtained at 10-min 

increments to determine fasting glucose and insulin concentration. A primed continuous 

infusion of insulin (Humulin, Eli Lilly, Indianapolis, IN) at a submaximal dosage of 40 μU ⋅ 

m−2 ⋅ min−1 was then initiated; 4 min after the start of insulin infusion, a variable 10-20% 

dextrose (percentage dextrose used depended on availability) infusion was begun. Blood 

samples were obtained every 5 min, centrifuged, and autoanalyzed for arterialized whole 

blood glucose (HemoCue® Glucose 201 System; Brea, CA). Adjustments in glucose 

infusion rate were made as needed to maintain euglycemia. Samples for insulin were 

obtained every 10 min and centrifuged, and plasma was stored at −80°C for subsequent 

analysis. The M-Value was calculated as the quantity of average glucose metabolized per 



18 
 

unit of plasma insulin concentration per kg of lean body mass. RQ was measured using a 

canopy hood and metabolic cart (ParvoMedics TruOne 2000; Salt Lake City, UT) during the 

last 30 minutes of the basal and insulin phase of the clamp. 

Maximal aerobic capacity and resting energy expenditure 

REE was measured in the fasted state. Participants were fitted with a canopy hood 

connected to a metabolic cart (Parvo Medic’s True 2400; East Sandy, UT) for the analysis of 

the O2 and CO2 flow to volume ratio. Participants were then instructed to lie quietly in a 

private room for 20 minutes during which inspired and expired respiratory gases were 

collected. A graded maximal exercise test was done on a stationary cycle ergometer 

(Excalibur Sports; Lode, Netherlands). Participants were fitted with a mouthpiece through 

which respiratory gases were used to calculate an exercise respiratory exchange ratio via a 

metabolic cart (Parvo Medic’s True 2400). Participants were additionally fitted with a 12-

lead EKG for the monitoring of heart rate and rhythm during the exercise test. A 5-minute 

warm up was completed, after which the maximal test began. The protocol consisted of 2-

minute stages which started with a workload of 0 Watts; each stage increased in workload 

by 30 Watts. Participants were instructed to maintain approximately 50-70 revolutions per 

minute. Blood pressure and rate of perceived exertion (RPE) on the Borg’s scale of 6-20 

was recorded at the end of each stage, and participants continued until either reaching 

maximal effort (determined by two conditions met out of three: RER of 1.1, RPE >17, and 

peak heart rate within +/- 5% of age-predicted maximal heart rate) or revolutions per 

minute fell below 40. After the maximal test, participants completed an active recovery 

until near resting heart rate and blood pressure were met. Participants also completed a 
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submaximal exercise test done on a stationary cycle ergometer. Participants completed a 

5-minute warm up, and then resistance was gradually increased in 6-minute intervals to 

reach 65% VO2max while revolutions per minute were maintained at approximately 50-70. 

After the submaximal test, participants completed an active recovery until near resting 

heart rate and blood pressure were met. 

Near-Infrared Spectroscopy (NIRS)  

The NIRS system consisted of eight infrared diode lasers, with four emitting at 691 nm and 

four at 830 nm, along with a detector in each probe. The probes were secured to the vastus 

lateralis muscle of the dominant leg using a double-sided adhesive tape and Velcro straps. 

To determine the appropriate NIRS probe for each participant, subcutaneous adipose 

tissue thickness was measured using a skinfold caliper (~10 cm above the patella). Probe 

B was used for individuals with a skinfold thickness of 30 mm or less, whereas probe A was 

used for individuals with a skinfold thickness greater than 30 mm. During NIRS 

measurement, participants were positioned in a supine position on a medical examination 

table with both legs fully extended. After selecting the appropriate probe, the blood 

occlusion procedure was initiated. A blood pressure cuff was placed as close to the 

proximal area as anatomically possible, ensuring that the NIRS probe was not in contact 

with the cuff after inflation. A 15-gallon air compressor set to 30 psi was used to control the 

blood pressure cuff. Prior to the actual measurement, three 5-second practice occlusions 

were performed to familiarize the participants with the pressure around their leg and to 

ensure that there was no discomfort. The first arterial occlusion served as the baseline 

measurement, in which participants underwent a 60-second occlusion duration. After a 
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resting period of 2-3 minutes, the second occlusion was performed following an isometric 

contraction of the gastrocnemius muscle for 15-20 seconds. The cuff was then inflated to 

300 mmHg for a 5-minute arterial occlusion to determine the total deoxygenated 

hemoglobin (deoxy Hb) level. The collected data was processed, and the rate of deoxy Hb 

was calculated by dividing the oxygen kinetics obtained during the one-minute occlusion 

by the total deoxy Hb oxygen kinetics obtained during the 5-minute occlusion. Percent-

deoxy Hb was subsequently calculated by dividing the rate of deoxy Hb by the total deoxy 

Hb (umol/minute). 

Substrate Oxidation 

Substrate oxidation was measured as described previously17,50,108,109. Briefly, a portion (~50-

60 mg) of the muscle tissue from the biopsy was collected in 200 μl of buffer (250 mM 

sucrose, 1 mM EDTA, and 10 mM Tris·HCl, pH 7.4). Scissors were used to mince the 

muscle tissue to remove excess fat and connective tissue, and then tissue was further 

diluted 20-fold with additional buffer. Tissue was homogenized on ice using a Teflon pestle 

for 30 s. A portion (40 μl) of this homogenate mixture was added to the top well of a 

customized, sealed 48-well plate which has a connecting channel to an adjacent trap well 

for the passage of CO2 released by the complete oxidation of d-[1-14C] palmitate (Perkin-

Elmer; Waltham, MA) or d-[1-14C] pyruvate (Perkin-Elmer). The bottom trap well contained 

1 N sodium hydroxide to trap the 14CO2 given off by the oxidation procedure. To initiate the 

reaction, 160 μl of a reaction buffer composed of the following was added to the top wells: 

0.2 mM palmitate ([1-14C]palmitate at 0.5 μCi/ml) or 1mM pyruvate ([1-14C]pyruvate at 0.25 

μCi/ml), 100 mM sucrose, 10 mM Tris·HCl, 5 mM potassium phosphate, 80 mM potassium 
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chloride, 1 mM magnesium chloride, 0.1 mM malate, 2 mM ATP, 1 mM dithiothreitol, 0.2 

mM EDTA, 1 mM l-carnitine, 0.5 mM coenzyme A, and 0.5% fatty acid-free bovine serum 

albumin, pH 7.4. The samples were incubated in a 37°C water bath for 30 min, after which 

100 μl of 70% perchloric acid was added to terminate the reaction. To ensure that CO2 was 

completely transferred and trapped in sodium hydroxide, the plate was then placed on a 

shaker at RT for 1 h. Label incorporation into 14CO2 was determined by liquid scintillation 

counting using 4 ml of Uniscient BD (National Diagnostics, Atlanta, GA). Incomplete 

oxidative products (acid-soluble metabolites; ASMs) remaining in the top well were 

measured as described previously (17). 

Muscle Fiber Typing 

A portion of the muscle biopsy was fixed in optimal cutting temperature compound and 

frozen at -80°C. Tissue was sectioned with a cryostat machine, mounted onto glass slides, 

and stored at -20°C. Slides were fixed in a 1:1 solution of methanol and acetone, rinsed 

with PBS, and blocked with 5% goat serum for 60-90 minutes at room temperature. Slides 

were incubated with primary antibodies myosin heavy chain (MHC) I (DSHB-#BA-FC, 

mouse IgG2b, Life Technologies 1:50), MHC IIa (DSHB-#SC-71C, mouse IgG1, Life 

Technologies 1:50), and Dystrophin (Ab275391, rabbit IgG, Abcam 1:100) overnight at 4°C. 

The next day, slides were rinsed with PBS and incubated with secondary antibodies Alexa 

Fluor 350 goat-anti-mouse IgG2b (#A-21140, Life Technologies, 1:250), Alexa Fluor 488 

goat-anti-mouse IgG1 (#A-21121 Life Technologies, 1:250), and Alexa Fluor 555 goat-anti-

rabbit IgG (#A27039 Invitrogen, 1:250) for 1 hour at room temperature. Slides were again 
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rinsed with PBS, Vectrashield was added on to the slide to preserve fluorescence. Slides 

were incubated at 4°C for 20 minutes, and then imaged with a Leica microscope.  

Mitochondrial Respiration 

A portion of muscle (~25mg) from the biopsy was separated for preparation of 

permeabilized fiber bundles. Muscle was dissected into bundles and trimmed of 

connective tissue and fat. Fiber bundles were separated along their longitudinal axis with a 

pair of needle-tipped forceps under magnification (MX6 Stereoscope; Leica Microsystems, 

Buffalo Grove, IL). Each bundle was treated with 30µg/ml saponin for 30 minutes at 4°C for 

permeabilization and subsequently washed in ice-cold buffer Z (105mM K-MES, 30mM KCl, 

1mM EGTA, 10mM K2HPO4, 5mM MgCl2-6 H2O, 0.005mM glutamate, and 0.002mM malate 

with 5.0 mg/ml BSA; pH 7.4, 290 mOsm). High-resolution O2 measurements were 

conducted at 30°C with the OROBOROS Oxygraph-2K (OROBOROS Instruments, 

Innsbruck, Austria) in buffer Z supplemented with 0.01mM Bleb to inhibit muscle 

contraction. Permeabilized fiber bundle respiration was assessed with three protocols. In 

protocol 1, CI/II/IV respiration was assessed; respiration was supported by 5 mM pyruvate, 

0.5mM malate, and 5mM glutamate followed by additions of 4mM ADP, 10mM succinate, 

0.002mM rotenone, 5mM malonate, 0.0025mM antimycin A, 2mM ascorbate, and 0.5mM 

TMPD. In protocol 2, lipid-supported TCA cycle respiration was assessed; respiration was 

supported by 0.02mM palmitoyl-CoA, 0.5mM malate, 0.018mM palmitoyl-L-carnitine 

chloride, and 5mM carnitine followed by additions of 4mM ADP, 10mM succinate, 5mM 

pyruvate, 5mM glutamate, 0.01mM cytochrome C, and titrations of 0.001mM FCCP until 

max respiration was reached. In protocol 3, CIII respiration was assessed; respiration was 
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supported by 4mM ADP followed by additions of 0.5mM duroquinol and 0.0025mM 

antimycin A. After assessments of respiration were concluded, muscle fibers were washed 

to remove salts, freeze-dried (Labconco; Kansas, MO), and weighed. Respiration rates 

were then normalized to muscle fiber weight.  

Citrate Synthase Activity  

Citrate synthase activity was determined as previously described110. Briefly, A colorimetric 

plate-based assay was used to measure the interaction between CoA-SH and 5′, 5′-

Dithiobis 2-nitrobenzoic acid (DTNB) to form TNB (OD: 412 nm). A 96-well plate was loaded 

with 200µL assay buffer (105 mM potassium-MES, 30 mM KCl, 10 mM KH2PO4, 5 mM 

MgCl2, 1 mM EGTA, 0.2mM DTNB, and 0.5mM acetyl-CoA; pH=7.2), 0.03 mg/mL 

alamethicin, and 10ug of homogenized muscle tissue. The plate was incubated for 5 

minutes at 37°C, and then 1mM oxaloacetate was added to the sample wells. Absorbance 

at 412 nm was recorded every 30s for 20 min. Nonspecific activity calculated from one 

control well (no oxaloacetate) per sample was subtracted from sample rates. CS activity 

was determined using the Beer-Lambert Law and the molar absorption coefficient of TNB 

(13.6 mM/cm). 

Statistical Analyses 

Participants were stratified to either a metabolically flexible group “FLEX” or metabolically 

inflexible group “INFLEX” based on the change in palmitate oxidation with the HFD. If 

palmitate oxidation increased with the HFD, participants were stratified to the FLEX group. 

If palmitate oxidation decreased with the HFD, participants were stratified to the INFLEX 

group. Participants who had <15% change in palmitate oxidation were not included.  
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Unpaired or paired two-tailed t-test or two- or three-way ANOVA with Bonferroni correction 

were used to determine statistical significance. Factors were group (FLEX vs INFLEX) and 

condition (pre-HFD vs post-HFD). When significance was detected for either main effects 

or interactions between group and condition, a two-tailed t-test was performed for 

distinguishing meaningful differences. If data was not normally distributed, a Wilcoxon test 

was used. Associations between variables were tested using a Pearson correlation for 

normally distributed data or a Spearman correlation for non-normally distributed data. 

Analysis of covariance (ANCOVAs) were used to evaluate covariates. Statistical 

significance was set as p≤0.05. GraphPad Prism was used for ANOVAs and t-tests, JMP 

Statistics was used for regression analyses, and IMB SPSS Statistics was used for ANCOVA 

analyses. All data were expressed as mean ± SEM.  

 

RESULTS  

Participant characteristics and diet  

Participant characteristics are reported in Table 2.1. FLEX and INFLEX participants did not 

differ in age, BMI, or ∆RQ. Participants did not present with hyperlipidemia, diabetes or 

pre-diabetes, or hypertension. On average, participants consumed 34.1% ± 9.0 of their 

calories from fats before the diet and increased to 50.2% ± 9.8 calories from fat on the HFD 

(Figure 2.1A). Participants significantly increased their percentage of calories from fats on 

the HFD while decreasing their percentage of calories from protein and carbohydrates 

(Figure 2.1B). FLEX and INFLEX did not differ in % calories from carbohydrates or fats 

before or on the HFD (Figure 2.1C). Though not different on the HFD, FLEX and INFLEX 
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differed in % calories from protein before the diet (p<0.05; 20.4% ± 2.66 vs 17.2% ± 2.45). 

FLEX participants trended towards decreasing the % calories from carbs with the HFD 

(p=0.06).  

Divergent palmitate oxidation response to a HFD  

Participants were stratified as “metabolically flexible” (FLEX) or “metabolically inflexible” 

(INFLEX) based off palmitate oxidation change with the HFD; those who increased 

palmitate oxidation were stratified to the FLEX group while participants who decreased 

palmitate oxidation were stratified to the INFLEX group. Participants who had <15% change 

in palmitate oxidation were not included (n=3). On average, FLEX increased palmitate 

oxidation by 93.5% ± 78.4 while INFLEX decreased by 30.6% ± 8.68 (Figure 2.2A). There 

was no difference between FLEX and INFLEX for pyruvate oxidation change with the HFD 

(Figure 2.2B). Metabolic flexibility is classically assessed using a hyperinsulinemic-

euglycemic clamp and calculating the change in RQ from the basal to insulin state (∆RQ). 

Interestingly, there was no association relationship between ∆RQ and the change in 

palmitate oxidation with HFD (Figure 2.2C). Additionally, there was no association 

between ∆RQ and palmitate oxidation, pyruvate oxidation, or ASM production before or 

after the HFD (HFD [Table 2.2. (Supplemental Data)]). There was also no association with 

∆RQ and palmitate, pyruvate, or ASM change with the HFD [Table 2.2. (Supplemental 

Data)].  

Substrate oxidation of 14C-palmitate and -pyruvate were measured before and after the 

HFD in muscle homogenates. FLEX had lower pre-HFD palmitate oxidation than INFLEX 

(p<0.05) and increased with the HFD to the level of INFLEX pre-HFD (Figure 2.3A). INFLEX 
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decreased palmitate oxidation with the HFD to the level of FLEX pre-HFD (Figure 2.3A). 

Incomplete palmitate oxidation was measured using acid-soluble metabolites (ASMs). 

With the diet, only FLEX increased ASMs (Figure 2.3B). To examine efficiency of palmitate 

oxidation, a ratio of complete to incomplete oxidation was created and termed “Palmitate 

Partitioning”. Groups did not differ in partitioning before or after the diet, and there was no 

effect of the diet on partitioning (Figure 2.3C). Additionally, pyruvate oxidation did not 

differ between groups or with the HFD (Figure 2.3D). Group differences remained 

significant when controlling for HFD composition (i.e., % calories from fat, increase in % 

fat from baseline) or whole-body measurements (i.e., age, BMI, M value, REE, ∆RQ) (p<0.05 

for all listed) in multivariate modeling.  

Muscle fiber type is not associated with measures of metabolic flexibility 

As fiber type is known to influence substrate oxidation, especially with HFDs111, fiber type 

composition was determined. Groups did not differ in percentage of type I or type II fibers 

(Figure 2.4A-B). Additionally, fiber type did not correlate with palmitate change with diet, 

BMI, insulin sensitivity, or ∆RQ (Figure 2.4C-F), nor with any measure of oxidation other 

than pre-HFD ASMs [Table 2.3. (Supplemental Data)].  

Metabolic flexibility is not driven by differences in mitochondrial function 

HFDs have been shown to induce changes in mitochondrial respiration and content112,113, 

and their role in the development of metabolic disease has been largely contested66,114–116. 

Thus, both mitochondrial respiration and content were measured before and after the 

HFD. FLEX and INFLEX did not differ in Complex I, II, III, or IV supported respiration before 

or after the HFD (Figure 2.5A, 2.5C). Assessing the TCA cycle in the presence of fatty acids 
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showed no difference between FLEX and INFLEX before or after the HFD, and maximal 

electron transport system capacity was not different between the two groups (p>0.05) 

(Figure 2.25B). In vivo resting respiratory capacity was measured using NIRS, and there 

was similarly no difference between groups nor was there a diet effect (Figure 2.5D). 

Overall, there was no diet effect for FLEX or INFLEX for any state of mitochondrial 

respiration. Mitochondrial content, measured by citrate synthase activity, did not differ 

between groups or with HFD (Figure 2.5E, F). 

 

DISCUSSION 

Metabolic flexibility in substrate oxidation is a key component in preserving 

metabolic health as it aids in maintaining euglycemia and avoiding excess fat 

deposition46,104, and increasing evidence supports metabolic inflexibility as a part of the 

“metabolic signature” that occurs in individuals with metabolic disease. It remains largely 

unknown, however, how early in the development of metabolic disease that metabolic 

inflexibility can be seen. The purpose of this study was to look at a population that is at risk 

of developing metabolic disease (individuals with overweight but otherwise healthy) and 

assess metabolic flexibility in response to a 3-day HFD. The main findings of the present 

study were that 1) metabolic inflexibility can be seen in overweight but healthy individuals 

before evidence of whole-body metabolic disturbances, and 2) metabolic inflexibility is not 

associated with measures of mitochondrial dysfunction.  

Metabolic flexibility is classically assessed using a hyperinsulinemic-euglycemic 

clamp and measuring the change in RQ between the basal and insulin-stimulated 
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conditions. Though this study did not stratify groups based off ∆RQ and instead used 

palmitate oxidation change with HFD, ∆RQ was measured in participants pre-HFD allowing 

us to evaluate associations between ∆RQ and oxidation measures. In the current study, 

there was no association between ∆RQ and palmitate, pyruvate, or pyruvate:palmitate 

oxidation at baseline, after the HFD, or change with the HFD [Table 2.2 (Supplemental 

Data)]. Additionally, when participants were stratified on ∆RQ rather than palmitate 

change with the HFD, no effect of the diet was seen on either group with any measure of 

oxidation (data not shown), showing whole-body metabolic flexibility is discordant from 

what is seen at the level of SkM substrate oxidation. The caveat of using a 

hyperinsulinemic-euglycemic clamp to assess metabolic flexibility lies behind the 

increasing body of evidence showing that glucose uptake is the primary determinant of 

insulin-stimulated substrate handling36,38–40, and so, it may result in a biased assessment. 

Additionally, the use of clamp creates an artificial situation which may not reflect real-

world physiological responses, as evident with our data [Table 2.2 (Supplemental Data)]. 

A strength of the current study, instead, is the use of a high-fat overfeeding diet, which 

aligns with the current push in the field for assessment117 of metabolic flexibility under 

physiologically relevant conditions. In addition, a 3-day HFD has been shown to increase 

SkM palmitate oxidation in individuals with a lean body mass but not with obesity50,54. The 

present data showing a robust difference in palmitate oxidation response to a HFD 

suggests that metabolic inflexibility may be an inherent component of SkM in some 

individuals and predisposes them to the development of metabolic disease later in life.  
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The relationship between mitochondrial function and metabolic disease has been 

deliberated in the literature with supporting data overwhelmingly based in populations with 

obesity and type 2 diabetes66,114,116. In the overweight population, there have been few 

studies to assess mitochondrial function. Newcomer et al. utilized 31P-MRS to evaluate in 

vivo mitochondrial function in overweight, nondiabetic women before and after weight 

loss. They found that weight loss did not affect mitochondrial ATP production rates 

(OxPHOS ATP production rate and VPCr) but did improve mitochondrial rates dependent on 

muscle perfusion (TCADP and Qmax) indicating that blood flow may be the restricting factor 

which explains evidence of mitochondrial dysfunction with increased body weight rather 

than intrinsic OXPHOS maladaptations118. Two studies used the unique population of pre-

pubertal children with overweight which allows for isolation of the effects of increased 

body fat from hormonal influences on mitochondrial function and found that weight status 

was not associated with depressed indices of mitochondrial function119,120. In the present 

study, no differences in mitochondrial content or respiration were seen. Respiratory 

capacity was assessed using two approaches (an uncoupler to assess maximal in vitro 

capacity and NIRS to assess resting in vivo capacity121), and neither showed that groups 

differ in respiratory capacity. It is important to note that a limitation of the mitochondrial 

respiration experiments is the small sample size obtained. Due to variations in the amount 

of SkM biopsy tissue collected, FLEX was limited to n=5 and INFLEX to n=5-6 for all 

protocols, making it conjecture to form conclusions based off the present study alone. 

However, when combined with the aforementioned studies, as well as other evidence 

supporting mitochondrial function does not influence metabolic flexibility39, this 
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contributes to the case that mitochondrial function may not be altered with increased 

body fat.   

Muscle fiber type is a well-established influence on SkM substrate oxidation and 

often implicated in the development of obesity84,85,122. Type I muscle fibers have the highest 

capacity for oxidative metabolism due to high oxidative enzyme activity and mitochondrial 

density, and individuals with obesity present with a lower proportion of type I fibers than 

individuals with a lean body weight84–87,123,124. A lower proportion of type I fibers is also 

associated with a lower propensity for weight loss85,125. With this, muscle fiber type 

seemingly presents itself as a plausible explanation for metabolic inflexibility as a lower 

proportion of type I muscle fibers would result in a decreased capacity to increase fat 

oxidation. Interestingly, in the current study, groups did not differ in their proportion of type 

I or type II fibers and yet, a robust difference in palmitate oxidation with the HFD was seen. 

Additionally, we found no associations between muscle fiber type and metabolic flexibility 

(Figure 2.4C) or BMI, insulin sensitivity, and ∆RQ (Figure 2.4D-F). Together, this suggests 

that muscle fiber type is not a driver of metabolic flexibility in individuals with overweight. 

Muscle fibers that express multiple MHC isoforms have been characterized as hybrid 

fibers, and on the spectrum of oxidative ability, type IIa and hybrid fibers lie between type I 

(high oxidative capacity) and type IIx (low oxidative capacity) fibers. The loss of type I and 

gain of type IIx fibers is seen with obesity, and type IIa and hybrid fibers could be 

contributors in this transition to a less oxidative muscle phenotype with obesity. More 

mechanistic studies into the role of hybrid fibers with obesity and longitudinal studies 
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assessing fiber type switching with the development of obesity are needed to fully 

understand the SkM phenotype with obesity. 

We acknowledge that there are several limitations with the current study that 

should be considered for future directions. While the population studied was relatively 

healthy, we did not screen participants for a family history of metabolic disease. Several 

studies have shown that a family history of T2D results in impaired metabolic flexibility 

even in young, healthy, active individuals126–128 though these measurements were limited to 

only whole-body measures. To the authors’ knowledge, the present study is the first to 

show the existence of metabolic inflexibility existing at the level of SkM in individuals with 

overweight without the presence of any clinical measure of metabolic disturbance, and 

future studies are needed to assess the impact of a family history of metabolic disease on 

SkM metabolic inflexibility. Further, the relationship between insulin resistance and 

metabolic flexibility has largely been speculated in the literature. Evidence exists for 

insulin resistance being a direct contributor to54,106,128,129 and independent from38,39 

metabolic flexibility. In the current study, our population did not show signs of insulin 

resistance, nor did groups differ in insulin sensitivity, and a large difference in palmitate 

oxidation was observed. Additionally, no measures of substrate oxidation were associated 

with any measures of insulin sensitivity (data not shown). It is important to note that the 

primary aim of this study was not to assess the relationship between insulin sensitivity and 

metabolic flexibility and so, our data does not rule out the possibility for an interdependent 

relationship between the two. With the present data, however, a need for further 

investigation is clearly needed for a true understanding of metabolic flexibility.  
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In conclusion, the current study found that 3-day HFD in a homogenous population 

of young, relatively healthy individuals with overweight results in divergent SkM substrate 

handling. An inability for SkM to adapt to an increased availability of dietary fats indicates 

the presence of metabolic inflexibility before any clinical markers of metabolic 

disturbance. In addition, differences in flexibility were not related to muscle fiber type, 

insulin sensitivity, or altered mitochondrial function indicating metabolic flexibility may be 

an innate trait of SkM that may predispose certain individuals towards metabolic disease.  
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CHAPTER 2 FIGURES 
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Table 2.1. Participant characteristics of FLEX and INFLEX individuals. Data presented 
as mean ± SEM.  
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Figure 2.1. Pre-HFD and HFD composition breakdown. (A) Pre-HFD and HFD 
macronutrient breakdown by percentage calories from fats, carbohydrates, and protein as 
logged by participants in MyFitnessPal. Pre-HFD averages taken over three days. (B) Pre-
HFD to HFD change in percent calories from fats, carbohydrates, and protein. (C) Pre-HFD 
and HFD macronutrient breakdown for FLEX (n=9) and INFLEX (n=10). Data presented as 
mean ± SEM. *p≤0.05; ***p≤0.001.  
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Figure 2.2. Healthy individuals with overweight have robustly different SkM fatty acid 
oxidation responses to a HFD. (A) Percent change of SkM homogenate 14C-palmitate 
oxidation from FLEX and INFLEX. (B) Percent change of SkM homogenate 14C-pyruvate 
oxidation from FLEX and INFLEX. (C) Spearman correlation between ∆RQ and the change in 
palmitate oxidation with HFD. Data presented as mean ± SEM. ****p≤0.0001.  
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Figure 2.3. FLEX and INFLEX differ in SkM fatty acid oxidation before and in response to 
a HFD. (A) SkM homogenate 14C-palmitate oxidation from FLEX and INFLEX pre- and post-
HFD. (B) Incomplete 14C-palmitate oxidation measured by acid-soluble metabolites (ASMs) 
pre- and post-HFD. (C) Partitioning of 14C-palmitate to incomplete:complete oxidation pre- 
and post-HFD. (D) 14C-pyruvate oxidation pre- and post-HFD. Data presented as mean ± 
SEM. *p≤0.05; ***p≤0.001. 
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Figure 2.4. SkM fiber type is not associated with metabolic flexibility in healthy 
individuals with overweight. (A) Percentage of type I muscle fibers from biopsied vastus 
lateralis muscle. (B) Percentage of type II muscle fibers. (C) Spearman correlation between 
% type I muscle fibers and change in palmitate oxidation with HFD. (D) Pearson correlation 
between % type I muscle fibers and ∆RQ. (E) Pearson correlation between % type I muscle 
fibers and BMI. (F) Pearson correlation between % type I muscle fibers and M Value. Data 
presented as mean ± SEM.  
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Figure 2.5. FLEX and INFLEX do not differ in mitochondrial function or content. (A) CI, II, 
IV respiration measured in permeabilized muscle fibers pre- and post-HFD. (B) TCA cycle 
respiration supported by lipid substrates measured pre- and post-HFD. (C) CIII respiration 
measured pre- and post-HFD. (D) Percent deoxygenated hemoglobin measured by near-
infared spectroscopy (NIRS) pre- and post-HFD. (E) Citrate synthase activity measured in 
homogenate muscle tissue. (F) Percent change in citrate synthase activity with HFD. Data 
presented as mean ± SEM.  
 



40 
 

 
Table 2.2. (Supplemental Data) Change in ∆RQ is not associated with SkM oxidation or 
oxidation change with HFD. Pearson’s correlation used for normally distributed data, and 
Spearman’s correlation used for non-normally distributed data. 

 

Participant 
Measure 

Muscle Measure Correlation 
coefficient 

P value 

∆RQ Palmitate Oxidation 

Pre-HFD 

Post-HFD 

 

-0.39 

-0.23 

 

0.146 

0.421 

 ASMs 

Pre-HFD 

Post-HFD 

 

0.39 

0.51 

 

0.166 

0.074 

Pyruvate Oxidation 

Pre-HFD 

Post-HFD 

 

0.27 

-0.052 

 

0.338 

0.859 

 Change in ASMs with HFD 0.055 0.833 

 Change in Pyruvate Oxidation with HFD -0.34 0.235 
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Table 2.3. (Supplemental Data) Muscle fiber type is not associated with measures of 
SkM substrate oxidation before or after HFD. Pearson’s correlation used for normally 
distributed data, and Spearman’s correlation used for non-normally distributed data. 

 

 

Participant Measure Muscle Measure Correlation 
coefficient 

P value 

% type I fibers Palmitate Oxidation 

Pre-HFD 

Post-HFD 

 

0.10 

0.0072 

 

0.681 

0.977 

 ASMs 

Pre-HFD 

Post-HFD 

 

0.69 

0.38 

 

0.002* 

0.128 

Pyruvate Oxidation 

Pre-HFD 

Post-HFD 

 

-0.14 

-0.29 

 

0.570 

0.249 



 

CHAPTER 3 

A 3-day HFD does not impact substrate metabolism of primary skeletal muscle cells 

from individuals with overweight 

ABSTRACT 

 SkM of individuals with metabolic disease is shown to be metabolically inflexible, 

displayed as a lack of increased substrate oxidation in response to increased substrate 

availability. Individuals with overweight but no established metabolic disease also show 

metabolic inflexibility prior to any clinical signs of metabolic disturbance. Primary human 

skeletal muscle stem cells (HSkMCs) retain donor characteristics when cultured and allow 

for insight into the innate properties of SkM. This study aimed to assess the impacts of a 3-

day HFD on HSkMCs of metabolic flexible (FLEX) and inflexible (INFLEX) individuals with 

overweight. Participants were stratified based on their SkM homogenate palmitate 

oxidation change with the diet; participants who increased oxidation were stratified to the 

FLEX group while those who decreased oxidation were stratified to the INFLEX group. 

Before the diet, body composition was assessed and a hyperinsulinemic-euglycemic 

clamp, blood draw, and maximal exercise test were performed. SkM biopsies were taken 

before and after the diet from which HSkMCs were isolated and cultured. HSkMCs were 

additionally treated with lipids for 24 hours to assess the impact of direct lipid exposure. 

FLEX and INFLEX did not differ in age, BMI (28 kg/m2 ± 1.9 versus 28 ± 2.1, respectively), 

insulin sensitivity, or VO2max. HSkMCs did not differ in palmitate, oleate, or glucose 

oxidation or partitioning with a 3-day HFD. Additionally, no diet effect on glycogen 

synthesis was seen. Groups did not show a difference in HSkMC metabolic flexibility, but 
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FLEX had higher glucose oxidation efficiency. HSkMC palmitate oxidation was not 

associated with any measure of SkM homogenate palmitate oxidation. These results 

suggest that a 3-day HFD does not result in changes to HSkMC substrate metabolism, and 

a metabolically flexible phenotype measured in SkM homogenates is not retained in 

HSkMCs.   
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INTRODUCTION 

Metabolic flexibility measured as an increase in fatty acid oxidation in response to 

an increased availability of lipids can be seen in healthy individuals46,50,53. A loss of this 

flexibility is seen in individuals with metabolic disease as well as young individuals with a 

family history of metabolic disease46,50,53,130. In support of this, our data in chapter 2 shows 

that metabolic inflexibility can be seen in individuals with overweight prior to the 

appearance of any clinical markers of metabolic disturbance. Together, this suggests that 

metabolic inflexibility is part of the “metabolic signature” that occurs with metabolic 

disease and is an innate component of SkM.  

HSkMCs when cultured have been shown to retain morphological, metabolic, and 

biochemical properties of donors69,70,131,132. For example, individuals with obesity show 

impairments in HSkMC oxidation of glucose, oleate, and palmitate as well as depressed 

rates of glycogen synthesis which is consistent with observations at the SkM tissue and 

whole-body level43,71,72. HSkMCs not only allow an understanding of innate characteristics 

of SkM separate from the influences of extracellular factors but also permit direct 

manipulation of the extracellular environment to highlight differences in metabolism. 

HSkMCs from individuals with obesity retain metabolic inflexibility; when treated with 

100uM oleic acid for 48 hours, HSkMCs from individuals with obesity show fatty acid 

oxidation rates half that of HSkMCs from lean individuals80. HFDs are a commonly used 

approach to assess metabolic flexibility in individuals, and rodent models have shown SkM 

cells retain the effects of a HFD133–135. To the authors’ knowledge, however, no data exists 

to the effect of a HFD on HSkMC outcomes. Thus, the purpose of this study was to assess 
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the impact of a 3-day HFD on HSkMCs and evaluate potential differences in HSkMC 

metabolic flexibility of individuals with overweight but no established metabolic disease.  

 

METHODS 

Participants 

A subcohort of ten participants were chosen from the larger Metabolic Inflexibility is 

related to Elevated Muscle Anaerobic Glycolysis “MetFlex” study (ClinicalTrials.gov 

NCT4320264). A prescreening phone call established participants met inclusion criteria of 

overweight BMI (25-29.9), age (18-55 y/o), weight stable for the past 3 months, and 

physically inactive. Exclusion criteria included smoking, established disease (i.e., cancer, 

uncontrolled hypertension, psychiatric disorder, type 1 or 2 diabetes), and taking 

medication known to influence carbohydrate or lipid metabolism. The experimental 

procedure and associated risks were explained through written and verbal format, and 

informed consent was obtained. The study was approved by the East Carolina University 

and Medical Center Institutional Review Board and was in accordance with the Declaration 

of Helsinki.  

Study Design 

At the screening visit, anthropometrics, a blood draw, and a medical history questionnaire 

were completed. At the first visit, a DEXA scan, 3D body imaging, and maximal cycle 

ergometer exercise test were completed. At the second visit, REE was assessed as well as 

a submaximal cycle ergometer test. At the third visit, a hyperinsulinemic-euglycemic 

clamp, vastus lateralis muscle biopsy, and indirect calorimetry was completed. The fourth 
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and fifth study visits had similar measures of a venous blood draw, a vastus lateralis 

muscle biopsy, and NIRS. Participants consumed a 3-day HFD after the fourth visit and the 

fifth visit was for post-HFD measures. For the diet, participants were instructed to increase 

fat intake up to 70% of their caloric intake. MyFitnessPal was used to track dietary intake 

for 3 days before and during the HFD.  

Hyperinsulinemic-Euglycemic Clamp 

A two-hour hyperinsulinemic-euglycemic clamp was utilized to assess insulin sensitivity 

with modifications from the method of DeFronzo et al107. Participants fasted overnight for 

12 hours and arrived at 0630 at the research facility. Two catheters were placed: the first 

intravenously in an antecubital for insulin and glucose infusion and the second 

retrogradely in a dorsal hand vein for blood sampling. Participants kept this hand in a 60°C 

warming box for arterialized blood sampling. Four samples were obtained at 10-min 

increments to determine fasting glucose and insulin concentration. A primed continuous 

infusion of insulin (Humulin, Eli Lilly, Indianapolis, IN) at a submaximal dosage of 40 μU ⋅ 

m−2 ⋅ min−1 was then initiated; 4 min after the start of insulin infusion, a variable 10-20% 

dextrose (percentage dextrose used depended on availability) infusion was begun. Blood 

samples were obtained every 5 min, centrifuged, and autoanalyzed for arterialized whole 

blood glucose (HemoCue® Glucose 201 System; Brea, CA). Adjustments in glucose 

infusion rate were made as needed to maintain euglycemia. Samples for insulin were 

obtained every 10 min and centrifuged, and plasma was stored at −80°C for subsequent 

analysis. The M-Value was calculated as the quantity of average glucose metabolized per 

unit of plasma insulin concentration per kg of lean body mass. RQ was measured using a 
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canopy hood and metabolic cart (ParvoMedics TruOne 2000; Salt Lake City, UT) during the 

last 30 minutes of the basal and insulin phase of the clamp. 

REE was measured in the fasted state. Participants were fitted with a canopy hood 

connected to a metabolic cart (Parvo Medic’s True 2400; East Sandy, UT) for the analysis of 

the O2 and CO2 flow to volume ratio. Participants were then instructed to lie quietly in a 

private room for 20 minutes during which inspired and expired respiratory gases were 

collected. A graded maximal exercise test was done on a stationary cycle ergometer 

(Excalibur Sports; Lode, Netherlands). Participants were fitted with a mouthpiece through 

which respiratory gases were used to calculate an exercise respiratory exchange ratio via a 

metabolic cart (Parvo Medic’s True 2400). Participants were additionally fitted with a 10-

lead EKG for the monitoring of heart rate and rhythm during the exercise test. A 5-minute 

warm up was completed, after which the maximal test began. The protocol consisted of 2-

minute stages which started with a workload of 0 Watts; each stage increased in workload 

by 30 Watts. Participants were instructed to maintain approximately 50-70 revolutions per 

minute. Blood pressure and rate of perceived exertion (RPE) on the Borg’s scale of 6-20 

was recorded at the end of each stage, and participants continued until either reaching 

maximal effort (determined by two conditions met out of three: RER of 1.1, RPE >17, and 

peak heart rate within +/- 5% of age-predicted maximal heart rate) or revolutions per 

minute fell below 40. After the maximal test, participants completed an active recovery 

until near resting heart rate and blood pressure were met. Participants also completed a 

submaximal exercise test done on a stationary cycle ergometer. Participants completed a 

5-minute warm up, and then resistance was gradually increased in 6-minute intervals to 



48 
 

reach 65% VO2max while revolutions per minute were maintained at approximately 50-70. 

After the submaximal test, participants completed an active recovery until near resting 

heart rate and blood pressure were met. 

SkM Cell Culture 

A portion of the skeletal muscle biopsy (~50mg) was minced and then digested for 30 

minutes in a 0.25% trypsin/0.068% collagenase type IV solution supplemented with 0.05% 

EDTA and 0.1% BSA at 37°C in a shaking water bath. Digested muscle was pre-plated in a 

60mm dish for 1 hour at 37°C with 5% CO2 for removal of fibroblasts, and then transferred 

into a collagen-coated T-25 in 16% growth media (low-glucose DMEM, 16% FBS, 0.05% 

BSA, 0.1% 50mg/mL Gentamicin, 0.1% 1uM Dexamethasone, 0.1% human EGF, 0.02% 250 

ug/mL Amphotericin B). After 70% confluency, myoblasts were expanded in non-collagen 

coated T-75 cell culture flasks in 10% growth media (low-glucose DMEM, 10% FBS, 0.05% 

BSA, 0.1% 50mg/mL Gentamicin, 0.1% 1uM Dexamethasone, 0.1% human EGF, 0.02% 250 

ug/mL Amphotericin B. At 70% confluency, cells were split to 12-well plates coated with 

collagen type I (Greiner Bio-One; North Carolina, USA) and switched to differentiation 

media (low-glucose DMEM, 2% FBS, 0.2% BSA, 2% penicillin/streptomycin) at 90% 

confluency.  Starting on day 5 of differentiation, myotubes were incubated in serum-

starvation media (low-glucose DMEM with 1% BSA) with or without 250uM oleate:palmitate 

(1:1 ratio) with 2mM carnitine for 24 hours.  All experiments were done on day 6 of 

differentiation and between passages 4-5.  

Flow Cytometry 
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HSkMCs (n=4) were seeded on non-collagen coated plates and grown in 10% growth 

media until 50-70% confluency. HSkMCs were lifted with 0.25% Trypsin-EDTA (Thermo 

Fisher Scientific; Waltham, MA), centrifuged at 350x g for 5 min, and resuspended in 

staining buffer (0.2% BSA in PBS) at a concentration of 1 million cells per 100uL. BD 

Pharmingen Human BD Fc Block (BD Biosciences; Franklin Lakes, NJ) was added and 

solution was incubated for 10 min at RT. Anti-CD56 antibody (Miltenyi Biotec; Bergisch 

Gladback, Germany) concentration was optimized to 0.1uL Ab/100uL cell solution. The 

solution was then incubated for 20 minutes at RT in the dark then washed with cold stain 

buffer twice. DAPI stain was used to assess viability of stained cells and optimized to 

10ng/ml. Assessment of viability and CD56 purity in HSkMCs was performed using a 5-

laser Aurora spectral analyzer with SpectroFlow acquisition software (V2.2; Cytek; 

Fremont, CA)136.   

Substrate Oxidation 

HSkMCs were washed with DPBS and incubated in d-[1-14C] glucose (1.6µCi/ml, 5.0mM 

glucose; Perkin-Elmer) and insulin (100nM), d-[1-14C] palmitate (1.0µCi/ml, 5.0mM 

glucose, 200µM palmitate, 1mM carnitine; Perkin-Elmer), d-[1-14C] palmitate and insulin, 

or d-[1-14C] oleate (1.0µCi/ml, 5.0mM glucose, 200µM oleate, 1mM carnitine; Perkin-Elmer) 

containing media for 2 hours at 37°C. The experimental media was then transferred into a 

customized 48-well trapping plate with grooves fabricated between two continuous wells. 

CO2 in the media was trapped in 1N NaOH with the addition of 70% perchloric acid. 

Complete oxidation of 14C-glucose, -oleate, and -palmitate was measured with liquid 

scintillation counting of the conditioned 1N NaOH. Acidified media from the 14C-palmitate 
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and 14C-oleate wells was collected post-CO2 trapping and centrifuged at 12,000g at 4°C. As 

described previously17,137, an aliquot of the supernatant was used for liquid scintillation 

counting to determine levels of 14C-acid soluble metabolites (ASMs) (i.e., oleoyl-carnitine, 

acetyl-carnitine, acetyl-coenzyme A, and short chain fatty acyl coenzyme A). From 14C-

glucose and 14C-glucose and insulin wells, unacidified media was collected to measure 

non-oxidized anionic glycolytic metabolite production (NOGM) (i.e., lactate) as previously 

published by our group72,137. Briefly, collected media was loaded onto ion-exchange 

cellulose paper, dried, and washed with DPBS four times. Liquid scintillation counting of 

cellulose paper was used to determine 14C-glucose incorporation into NOGMs. Data was 

normalized to total protein content measured by a BCA assay (Pierce Biotechnology, Inc.; 

Rockford, IL) and internal controls.   

Glycogen Synthesis 

Insulin-stimulated glycogen synthesis was measured in HSkMCs as an index of insulin 

sensitivity as previously published from our laboratory75,137,138. HSkMCs were incubated in 

media containing d-[1-14C] glucose (1.6µCi/ml, 5.0mM glucose; Perkin-Elmer) with or 

without insulin (100nM) for two hours, washed twice with DPBS, and then lysed with 0.5% 

SDS. An aliquot of the lysate was combined with carrier glycogen (1mg) and denatured at 

100°C for one hour. Ice-cold ethanol was then added to the denatured lysates, and 

samples spun overnight at 4°C for glycogen precipitation. The next day, glycogen pellets 

were centrifuged at 11,100x g for 15 minutes at 4°C, washed with 70% ethanol, and 

centrifuged again. The glycogen pellets were then resuspended in dH2O, and the 
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incorporation of 14C-glucose into glycogen was determined with liquid scintillation 

counting. 

Immunoblotting 

HSkMC lysates were used for immunoblot analysis as described previously132,137. Briefly, 

HSkMCs were treated with or without insulin (100nM) for 10 min then harvested in lysis 

buffer (M-PER; Thermo Fisher Scientific; Waltham, MA) supplemented with protease and 

phosphatase inhibitors (Sigma-Aldrich; St. Louis, MO). Lysates were sonicated for 5 sec, 

spun end-over-end for 2 hours at 4°C, and spun at 15,000 x g for 15 minutes. Supernatant 

was collected and total protein content was measured using a BCA assay (Pierce 

Biotechnology, Inc). Lysates were aliquoted at identical protein concentrations and 

combined with Laemmli Sample Buffer (Bio-Rad; Hercules, CA) and 5-5’-Dithiobis (2-

nitrobenzoic acid) (Sigma-Aldrich). Lysates used to probe for OXPHOS complex V were 

supplemented with 1% Triton X-100 (Sigma-Aldrich). Samples were separated using SDS-

PAGE with 7.5% or 8-16% Tris-HCl gels and transferred to nitrocellulose membranes for 

probing with appropriate antibodies. Primary antibodies were used: citrate synthase (CS) 

(ab96600; Abcam; Cambridge, MA; 1:1000 dilution), peroxisome proliferator-activated 

receptor γ coactivator α (PGC1α) (SAB2500781; Sigma-Aldrich; 1:500 dilution), and total 

OXPHOS (ab110411; Abcam; 1:1000 dilution). Following overnight incubation with primary 

antibodies, membranes were probed with IRDye secondary antibodies (LI-COR 

Biosciences; Lincoln, NE) and scanned (Odyssey; LI-COR Biosciences). Protein expression 

was normalized to β-actin protein expression and a gel-to-gel control sample.  

Statistical Analyses 
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Participants were grouped by metabolic flexibility in SkM homogenate tissue assessed by a 

3-day HFD. If palmitate oxidation increased with the HFD, participants were stratified to 

the FLEX group. If palmitate oxidation decreased with the HFD, participants were stratified 

to the INFLEX group. Participants who had <15% change in palmitate oxidation were not 

included.  

Unpaired or paired two-tailed t-test or two- or three-way ANOVA with Bonferroni correction 

were used to determine statistical significance. Factors were group (FLEX vs INFLEX) and 

condition (pre-HFD vs post-HFD). When significance was detected for either main effects 

or interactions between group and condition, a two-tailed t-test was performed for 

distinguishing meaningful differences. If data was not normally distributed, a Wilcoxon test 

was used. Associations between variables were tested using a Pearson correlation for 

normally distributed data or a Spearman correlation for non-normally distributed data. 

Statistical significance was set as p≤0.05. GraphPad Prism was used for all statistical 

analyses. All data were expressed as mean ± SEM. 

 

RESULTS 

Participant Characteristics and Diet 

Participant characteristics are reported in Table 3.1. FLEX and INFLEX participants did not 

differ in age, BMI, or any whole-body measure of metabolic status. On average, 

participants consumed 39.3% ± 6.4 of their calories from fats before the diet and 

increased to 55.1% ± 11.1 calories from fat on the HFD (Figure 3.1A). Participants 

significantly increased their percentage of calories from fats on the HFD while decreasing 
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their percentage of calories from protein and carbohydrates (Figure 3.1B). FLEX and 

INFLEX did not differ in % calories from carbohydrates, fats, or protein before or on the 

HFD (Figure 3.1C).  

Lipid metabolism of HSkMCs does not differ with a 3-day HFD 

HSkMCs were initially tested for purity of CD56, a reliable molecular marker of myoblasts 

in SkM139. Flow cytometry revealed HSkMCs had an average purity of 94% for CD56 [Figure 

3.6 (Supplemental Data)].   

As the effect of HFDs has yet to be tested in HSkMCs, the addition of a lipid treatment was 

included. Lipid treatment of HSkMCs has not only been shown to distinguish differences 

between groups and increase substrate oxidation79,80, but in this case, allows us to 

understand the effects of “direct” lipid exposure and “indirect” (dietary lipids) exposure on 

HSkMCs. Overall, there was no diet effect seen on lipid metabolism of HSkMCs, but there 

was a significant 24hFA treatment effect (Figure 3.2A-D). When participants were stratified 

as either FLEX or INFLEX, 24hFA treatment had a significant effect on both palmitate and 

oleate oxidation and partitioning (Figures 3.2E-H). FLEX had higher palmitate oxidation 

than INFLEX before but not after the HFD, and this difference went away with 24hFA 

treatment (Figure 3.2E). Palmitate partitioning did not differ between groups in any 

condition (Figure 3.2F) though FLEX trended towards having higher partitioning towards 

complete oxidation in the untreated condition before the diet (p=0.0952) and after 

(p=0.1508). Groups did not differ in oxidation of oleate (Figure 3.2G), but FLEX had higher 

oleate partitioning towards complete oxidation before the diet in the untreated and 24hFA 

condition (Figure 3.2H).  
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Efficiency of glucose oxidation differs across metabolically flexible and inflexible 

individuals 

Overall, there was neither a diet nor a 24hFA treatment effect seen on glucose metabolism 

of HSkMCs (Figure 3.3A-C), and an insulin effect was only seen in glycogen synthesis 

(Figure 3.3C). When participants were stratified as FLEX or INFLEX, groups did not differ in 

glucose oxidation at any timepoint or condition (Figure 3.3D), but FLEX trended towards 

having higher basal and insulin-stimulated glucose oxidation in both conditions before the 

diet (BASAL: untreated p=0.1173, 24hFA p=0.0952; INSULIN: untreated p=0.1487; 24hFA 

p=0.1294). A significant effect of insulin was seen for the untreated condition only. Before 

the diet, FLEX had higher partitioning towards complete glucose oxidation in both the 

untreated and 24hFA condition (Figure 3.3E), but after the diet, this was only present in the 

insulin-stimulated, 24hFA treated state. INFLEX increased partitioning with the diet but 

only in the basal, 24hFA treated state. Groups did not differ in glycogen synthesis rates 

(Figure 3.3F), but FLEX trended towards having higher insulin-stimulated rates in both the 

untreated (p=0.1664) and 24hFA (p=0.1215) condition before the diet. Post-HFD insulin-

stimulated rates also trended to be higher in FLEX in the untreated condition (p=0.1626). 

Insulin had a significant effect across both conditions. Whole-body insulin sensitivity, or 

the M value, did not correlate with HSkMC glycogen synthesis rates (Table 3.2). 

Whole-body metabolic flexibility associates with glucose handling in HSkMCs 

Whole-body ∆RQ is measured during a hyperinsulinemic-euglycemic clamp as the change 

in RQ from the basal state, when fat oxidation should be predominant, to the insulin-

stimulated state, when carbohydrate oxidation should be predominant. In attempt to 
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measure an “in vitro ∆RQ”, palmitate oxidation was tested with the addition of insulin. This 

was calculated as the percent inhibition of palmitate oxidation with the presence of 

insulin. Overall, there was no diet or 24hFA treatment effect (Figure 3.4A). When 

participants were stratified as FLEX or INFLEX, groups did not differ in rates (Figure 3.4B), 

but FLEX trended towards having higher inhibition of palmitate oxidation by insulin before 

the diet in the untreated condition (p=0.0793). Whole-body ∆RQ did not correlate with any 

measure of “in vitro ∆RQ”. Interestingly, ∆RQ correlated with post-HFD glucose oxidation 

and glycogen synthesis rates across all states and conditions (Table 3.2).  

Mitochondrial content does not change with a 3-day HFD 

Mitochondrial content was assessed using citrate synthase and OXPHOS complex V 

content. Overall, there was no diet effect or 24hFA treatment effect for citrate synthase, 

complex V, or PGC1α expression (Figure 3.5A-C). FLEX and INFLEX did not differ before or 

after HFD in citrate synthase content in the untreated condition (Figure 3.5D). In the 24hFA 

condition, FLEX had lower citrate synthase before and after the HFD (Figure 3.5D). 

Complex V content was higher in FLEX before and after the HFD in the untreated condition 

(Figure 3.5E), but there were no differences between groups in the 24hFA condition. 

Groups did not differ in PGC1α in any condition or state (Figure 3.5F).  

No association seen between HSkMC and SkM tissue palmitate oxidation 

To assess the association between HSkMC and muscle tissue fatty acid oxidation, 

measures of cellular palmitate oxidation were correlated with measures of homogenate 

palmitate oxidation. Both HSkMCs and muscle homogenate samples were derived from 

the same muscle biopsy sample. There was no association between the two levels for 
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complete palmitate oxidation nor partitioning nor the percent change in palmitate 

oxidation with HFD (Table 3.3).    

 

DISCUSSION 

 The metabolic inflexibility phenotype can be seen at the whole-body, SkM 

homogenate, and SkM fiber level50,54,106. Additionally, individuals with obesity and/or T2D 

have been shown to retain this phenotype in HSkMCs140, but it remains unclear if metabolic 

inflexibility can be seen at the cellular level in individuals with overweight. HSkMCs grant 

control over the extracellular environment allowing for insight into the innate properties of 

SkM separate from the metabolic influences of hormones and nervous system control. The 

purpose of this study was to assess the impact of a 3-day HFD on HSkMC metabolism of 

healthy individuals with overweight.  The main findings of the present study were that: 1) a 

3-day HFD does not result in changes to HSkMC metabolism, and 2) the HSkMC phenotype 

of metabolically flexible and inflexible individuals is discordant with the muscle tissue 

phenotype.      

 Three-day HFDs result in changes to whole-body and in vitro muscle substrate 

metabolism and are a useful tool to distinguish differences in metabolic flexibility between 

individuals50,55,56,106,141. To the authors’ knowledge, this is the first study to look at the effects 

of a 3-day HFD in HSkMCs. No differences were seen in palmitate, oleate, or glucose 

oxidation or partitioning with the HFD; glycogen synthesis rates and indices of 

mitochondrial content did not change with the HFD. Additionally, HSkMCs were incubated 

with fatty acids for 24 hours, which has been shown to increase substrate oxidation and 
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distinguish group differences79. With 24hFA treatment, no differences were seen between 

pre- and post-HFD measures. Together, these results suggest that a 3-day HFD is not 

enough of a stimulus to result in adaptations in HSkMC metabolism, and the temporal 

changes of HSkMC metabolism in response to a HFD needs more investigation. Some 

molecular markers have been shown to be affected by a HFD. For example, sirtuin 1 

(SIRT1) regulates lipid oxidative gene transcription through PGC1α, and SIRT1 activity and 

content are shown to be increased with a 3-day HFD58. In the current study, we found no 

changes in PGC1α content with the diet which would suggest no change to SIRT1 and is 

consistent with findings by Bergouigan et al51. However, a limitation of the current study is 

only PGC1α content, and not acetylation, was measured, which has been shown to change 

with short-term HFDs51,142. In the current study, mitochondrial content was assessed using 

citrate synthase and complex V content as markers. Interestingly, in the untreated 

condition, FLEX and INFLEX differed in complex V content but not citrate synthase; in the 

24hFA condition, groups differed in citrate synthase content but not complex V. As the 

differences between FLEX and INFLEX in complex V are unsubstantial and do not align with 

citrate synthase, this suggests these differences are not meaningfully significant and not a 

driving factor for differences between groups. The differences in citrate synthase content 

in the 24hFA condition may suggest that groups may respond differently to metabolic 

stress, but since this is not supported by differences in complex V, more investigation is 

needed for conclusive interpretation. Neither marker was changed with the HFD, which 

aligns with other studies that have shown neither citrate synthase activity and/or content 

19,112,113,141,143–145 nor OXPHOS complex content44,50,113 changes with a HFD. Together, the 
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observation of no differences in any functional measurements of substrate metabolism or 

protein content of PGC1α suggests a 3-day HFD is not a potent stimulus for adaptation in 

HSkMCs. 

 A large strength of the current study was measurement of substrate oxidation at the 

whole-body, SkM homogenate, and HSkMC level in the same individual. To the authors’ 

knowledge, direct comparison of SkM tissue and HSkMC substrate oxidation in individuals 

with overweight has not been studied before. Interestingly, we found no association 

between SkM homogenate and HSkMC palmitate oxidation, partitioning, or the % change 

in palmitate oxidation with HFD. In SkM homogenates before the diet, FLEX showed lower 

palmitate oxidation, while in HSkMCs FLEX showed higher palmitate oxidation and higher 

oleate partitioning. Together, our results suggest that SkM tissue and HSkMCs substrate 

oxidation are not associated in this population, but this may be partly due to the different 

assay conditions between muscle homogenates and HSkMC. The base medium used for 

the 14C-palmitate cocktail with HSkMCs is low-glucose DMEM and thus, measures 

palmitate oxidation in the presence of glucose in intact cells. Meanwhile, the base medium 

used for SkM tissue does not contain glucose resulting in no substrate competition and is 

performed in a homogenized sample. To fully understand the association between HSkMC 

and SkM tissue substrate oxidation, more investigation is needed, and the use of similar 

assay conditions should be utilized. Interestingly, strong positive associations between 

whole-body ∆RQ and HSkMC glucose metabolism were seen; post-HFD glucose oxidation 

and glycogen synthesis in both the untreated and 24hFA treated condition correlated with 

∆RQ. While glucose uptake was not directly measured in HSkMCs, glucose oxidation and 



59 
 

glycogen synthesis are the two primary pathways of glucose disposal in cells. As there is 

increasing evidence for glucose uptake being the primary determinant of insulin-

stimulated substrate handling during a hyperinsulinemic-euglycemic clamp36,38–40, our data 

supports this notion that measurement of ∆RQ via a hyperinsulinemic-euglycemic clamp is 

more indicative of insulin-stimulated substrate handling rather than metabolic flexibility. 

With glucose, FLEX showed a trend for increased oxidation and consistently had 

significantly higher partitioning towards complete oxidation compared to INFLEX. FLEX 

also trended towards having higher glycogen synthesis rates and flexibility to switch from 

palmitate to glucose oxidation with insulin-stimulation. Together, this suggests that FLEX 

HSkMCs have enhanced glucose handling even after a HFD. This is surprising considering 

that participants were stratified to FLEX due to their increase in SkM homogenate 

palmitate oxidation with the HFD, and groups showed no difference in pyruvate oxidation 

in SkM homogenates (Figure 2.3D) and warrants further investigation to understand these 

discrepancies.  

 A limitation of the current study was the small sample size (n=5 per group). While 

similarly small sample sizes have been previously effective at distinguishing group 

differences in HSkMCs74,75,77,79,140, this has been primarily in groups with large phenotypic 

differences (e.g., lean individuals vs individuals with severe obesity). In the current study, 

there were no whole-body differences between FLEX and INFLEX (Table 3.1). Interestingly, 

the primary distinction between FLEX and INFLEX in HSkMCs was in glucose partitioning 

though participants were grouped based off their SkM homogenate change in palmitate 

oxidation with HFD. Our findings of numerous trending p-values (palmitate partitioning, 
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glucose oxidation, insulin-stimulated glycogen synthesis, and change in palmitate with 

insulin addition) suggests there may be clear HSkMC differences between FLEX and 

INFLEX, but a larger sample size is needed to distinguish meaningful differences.  

 In conclusion, the current study found that a 3-day HFD in a population of young, 

relatively healthy individuals with overweight does not result in changes to HSkMC 

substrate handling. Further, when participants were stratified by metabolic flexibility 

measured in SkM homogenate tissue, the HSkMC phenotype was discordant with muscle 

tissue and instead associated with whole-body measures of metabolic flexibility. More 

investigation is needed in this population to result in meaningful conclusions on the effects 

of a 3-day HFD on HSkMC metabolism and to distinguish potential differences in cellular 

metabolic flexibility.  
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Table 3.1. HSkMC donor characteristics. Data presented as mean ± SEM.  
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Figure 3.1. Pre-HFD and HFD composition breakdown of HSkMC donors. (A) Pre-HFD 
and HFD macronutrient breakdown by percentage calories from fats, carbohydrates, and 
protein as logged by participants in MyFitnessPal. Pre-HFD averages taken over three days. 
(B) Pre-HFD to HFD change in percent calories from fats, carbohydrates, and protein. (C) 
Pre-HFD and HFD macronutrient breakdown for FLEX (n=3-4) and INFLEX (n=3-4). Data 
presented as mean ± SEM. *p≤0.05; **p≤0.01.  
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Figure 3.2. Lipid metabolism of HSkMCs is not affected by a 3-day HFD. (A) 14C-
palmitate oxidation from all participants pre- and post-HFD. (B) Partitioning of 14C-
palmitate to complete (CO2): incomplete (ASM) oxidation pre- and post-HFD. (C) 14C-oleate 
oxidation from all participants pre- and post-HFD. (D) Partitioning of 14C-oletate to 
complete (CO2): incomplete (ASM) oxidation pre- and post-HFD. (E) 14C-palmitate 
oxidation of metabolically flexible (FLEX) and inflexible (INFLEX) individuals pre- and post-
HFD. HSkMCs were assessed in the untreated state or after treatment with a 1:1 
palmitate:oleate cocktail for 24 hours (24hFA). (F) Partitioning of 14C-palmitate to complete 
(CO2): incomplete (ASM) oxidation in FLEX and INFLEX participants. (G) 14C-oleate 
oxidation from FLEX and INFLEX participants. (H) Partitioning of 14C-oleate to complete 
(CO2): incomplete (ASM) oxidation in FLEX and INFLEX participants. # denotes significant 
effect of lipid treatment. Data presented as mean ± SEM. *p≤0.05; **p≤0.01. 
  



65 
 

Basal Insulin Basal Insulin
0.0

0.5

1.0

1.5

2.0

G
lu

co
se

 O
xi

da
tio

n
(n

m
ol

/m
in

/m
g)

Untreated 24hFA

†

Inflexible (Pre)

Inflexible (Post)

Flexible (Pre)

Flexible (Post)

Basal Insulin Basal Insulin
0.00

0.05

0.10

0.15

G
ly

co
ge

n 
Sy

nt
he

si
s

(n
m

ol
/m

in
/m

g)

Untreated 24hFA

†

Basal Insulin Basal Insulin
0.00

0.05

0.10

0.15

G
lu

co
se

 P
ar

tit
io

ni
ng

(C
O

2:
N

O
G

M
)

✱ ✱

Untreated 24hFA

✱ ✱✱ ✱

A.

B.

C.

Basal Insulin Basal Insulin
0.0

0.5

1.0

1.5

2.0

G
lu

co
se

 O
xi

da
tio

n
(n

m
ol

/m
in

/m
g)

Untreated 24hFA

Pre-HFD

Post-HFD

Pre-HFD w/24hFA

Post-HFD w/24hFA

Basal Insulin Basal Insulin
0.00

0.05

0.10

0.15

G
lu

co
se

 P
ar

tit
io

ni
ng

(C
O

2:
N

O
G

M
)

Untreated 24hFA

Basal Insulin Basal Insulin
0.00

0.05

0.10

0.15

G
ly

co
ge

n 
Sy

nt
he

si
s

(n
m

ol
/m

in
/m

g)

Untreated 24hFA

†

D.

E.

F.

 
Figure 3.3. Glucose metabolism of HSkMCs is not affected by a 3-day HFD. (A) 14C-
glucose oxidation from all participants pre- and post-HFD. (B) Partitioning of 14C-glucose to 
complete (CO2): incomplete (non-oxidized glucose metabolites; NOGM) oxidation pre- and 
post-HFD. (C) 14C-glucose incorporation into glycogen from all participants pre- and post-
HFD. (D) 14C-glucose oxidation from FLEX and INFLEX participants pre- and post-HFD. (E) 
Partitioning of 14C-glucose to complete (CO2): incomplete (non-oxidized glucose 
metabolites; NOGM) oxidation pre- and post-HFD in FLEX and INFLEX participants. (C) 14C-
glucose incorporation into glycogen from FLEX and INFLEX participants pre- and post-HFD. 
† denotes significant effect of insulin. Data presented as mean ± SEM. *p≤0.05. 
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Figure 3.4. Whole-body metabolic flexibility is not associated with in vitro metabolic 
flexibility. (A) HSkMC percent decrease of 14C-palmitate oxidation with the addition of 
insulin before and after HFD in all participants. (B) Percent decrease of 14C-palmitate 
oxidation with the addition of insulin before and after HFD separated by FLEX and INFLEX. 
(C) Pearson correlation between ∆RQ measured by a hyperinsulinemic-clamp and HSkMC 
percent decrease of palmitate oxidation in the presence of insulin before the HFD. (D) 
Pearson correlation between ∆RQ measured by a hyperinsulinemic-clamp and HSkMC 
percent decrease of palmitate oxidation in the presence of insulin after the HFD. Data 
presented as mean ± SEM.   
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Participant 
Measure 

Post-HFD Measure Correlation 
Coefficient 

P value 

∆RQ Glucose Oxidation (nmol/min/mg) 

Basal 

Basal, 24hFA treated 

Insulin 

Insulin, 24hFA treated 

  

0.7591 

0.7229 

0.6930 

0.7122 

  

0.0289 

0.0427 

0.0567 

0.0474 

  Glycogen Synthesis (nmol/min/mg) 

Basal 

Basal, 24hFA treated 

Insulin 

Insulin, 24hFA treated 

  

0.7952 

0.7350 

0.7641 

0.9067 

  

0.0183 

0.0378 

0.0273 

0.0019 

M Value 
(mg/min/kg 
lean mass) 

Glycogen Synthesis (nmol/min/mg) 

Insulin 

Insulin, 24hFA treated 

 

0.07143 

0.1007 

 

0.9063 

0.8300 

 
Table 3.2. Whole-body metabolic flexibility is associated with post-HFD glucose 
metabolism in HSkMCs. Pearson’s correlation used for normally distributed data, and 
Spearman’s correlation used for non-normally distributed data.  
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Figure 3.5. Markers of mitochondrial content and PGC1a do not differ with a 3-day HFD 
in HSkMCs. (A) Citrate synthase content measured in all participants before and after 
HFD. (B) OXPHOS complex V content measured in all participants before and after HFD. 
(C) PGC1a content measured in all participants before and after HFD. (D) Citrate synthase 
content before and after HFD separated by FLEX and INFLEX grouping. (E) OXPHOS 
complex V content before and after HFD separated by FLEX and INFLEX grouping. (F) 
PGC1a content before and after HFD separated by FLEX and INFLEX grouping. Data 
presented as mean ± SEM. *p≤0.05. 
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Table 3.3. HSkMC measures of palmitate oxidation do not associate with SkM 
homogenate measures of palmitate oxidation from the same individuals. Pearson’s 
correlation used for normally distributed data, and Spearman’s correlation used for non-
normally distributed data.  
  

 

Cellular Measure Homogenate Measure Correlation 
coefficient 

P value 

Palmitate Oxidation 

 

 

Palmitate Oxidation 

Pre-HFD 

Post-HFD 

 

-0.031 

0.55 

 

0.9316 

0.1710 

Palmitate Partitioning 

(CO2:ASM) 

 

% Change in Palmitate 
Oxidation with HFD 

Palmitate Partitioning 

Pre-HFD 

Post-HFD 

 

-0.35 

-0.071 

 

0.3586 

0.9063 

% Change in Palmitate  

 

-0.43 0.2928 
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Figure 3.6. (Supplemental Data) HSkMCs show high purity for CD56. (A) Representative 
flow cytometry images of unstained HSkMCs. (B) Representative flow cytometry images of 
HSkMCs expressing CD56.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 A growing body of evidence suggests that metabolic flexibility is an innate 

component of SkM and part of the metabolic signature seen with metabolic disease. 

However, it remains not well defined how early into the development of metabolic disease 

that metabolic inflexibility can be seen. The primary goal of this study was to test 

metabolic inflexibility in healthy individuals with overweight using a 3-day HFD, and if 

differences were seen, to understand their relationship with muscle fiber type, 

mitochondrial content and function, and SkM metabolism.  

 In summary, in chapter 2 we show that metabolic inflexibility can be seen in 

individuals with overweight despite having healthy blood lipids and no insulin resistance. 

Metabolic flexibility was measured by the change in palmitate oxidation with a 3-day HFD 

with flexible individuals increasing oxidation and inflexible individuals decreasing 

oxidation. Groups did not differ in diet composition before or during the HFD. Additionally, 

changes in palmitate oxidation occurred without any changes to efficiency of palmitate 

oxidation or absolute pyruvate oxidation, and this did not correlate to ∆RQ measured by a 

hyperinsulinemic clamp or muscle fiber type. Flexible and inflexible individuals did not 

differ in mitochondrial function, measured by content, capacity, and varying states of 

respiration, which supports the growing evidence that mitochondrial function is not 

associated with impairments in metabolic flexibility39. In chapter 3, we show that a 3-day 

HFD does not result in changes to HSkMC metabolism measured by substrate oxidation, 

glycogen synthesis, and protein content of mitochondrial markers and PGC1α, and no 



72 
 

effect of the diet is seen even after a 24-hour incubation of HSkMCs with lipids. 

Interestingly, though flexible individuals were defined by their SkM homogenate change in 

palmitate oxidation, HSkMCs of flexible individuals show higher efficiency with glucose 

oxidation and trend towards having glycogen synthesis rates. HSkMCs of flexible 

individuals additionally show trends for higher fatty acid oxidation and partitioning, and 

this occurs without differences in mitochondrial content or PGC1α.  

 

Is an ability to increase fatty acid oxidation a positive adaptation? 

In chapter 2, we show a clear distinction in SkM of individuals with overweight to 

adjust fatty acid oxidation in response to lipid oversupply.  An interesting point of 

conversation is if increasing fatty acid oxidation is a positive adaptation, or if in fact, 

decreasing fatty acid oxidation would be more metabolically beneficial. The suggestion for 

decreased fatty acid oxidation being more metabolically favorable lies in studies showing 

inhibition of fatty acid oxidation results in a reciprocal increase in glucose 

utilization146,147,improved148  or unchanged147 insulin sensitivity, and increased 

mitochondrial biogenesis147, and this occurs despite increases in diacylglycerol149. While 

most of this data has been collected using animal models, some human data exists to 

support this. Timmers et al. show that 5-day etomoxir, a pharmacological inhibitor of 

carnitine palmitoyltransferase I (CPT1), treatment in combination with a 3-day HFD results 

in increased glucose oxidation, decreased fat oxidation, improved HOMA-IR, and 

increased sarcolemma glucose transporter type 4 (GLUT4) content149. However, it is 

important to note that human data is currently limited, and more investigation and long-
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term studies are needed to understand the implications of CPT1 inhibition in humans. 

Fatty acid oxidation can additionally be inhibited through CPT2 and allow for the 

accumulation of long-chain acyl-carnitines rather than acyl-CoAs, which may be more 

metabolically favorable. Pereyra et al. show that a SkM-specific CPT2 knockout model in 

combination with a HFD results in mice that with lower weight and adiposity and improved 

insulin sensitivity and signaling150. Some studies have shown that while initial inhibition of 

fatty acid oxidation results in improved glucose handling, long-term inhibition results in 

whole-body insulin resistance and hepatic steatosis, which is shown to be a predictor for 

the development of T2D independent of glucose disposal rate151,152. Interestingly, Pereyra 

et al., did not see an increase in liver triacylglycerols despite using a 16-week HFD. Work by 

Koves et al. suggests that an ability to increase flux through β-oxidation may reach a point 

at which flux through the TCA cycle and electron transport system is exceeded153,154. At this 

point, incomplete fatty acid oxidation occurs and results in the accumulation of its 

intermediates and subsequent mitochondrial dysfunction and insulin resistance. 

Together, this suggests that an ability to increase fat oxidation may not be a positive 

adaptation. On the other hand, human data has shown an inverse relationship between 

fasting fatty acid oxidation and insulin-stimulated glucose disposal rate in lean individuals 

and those with obesity and T2D suggesting dysregulation of fasting fatty acid oxidation is 

associated with decrements in insulin action105. Dobbins et al. show evidence 

contradicting previously mentioned CPT1 knockout studies and argue that prolonged 

inhibition of fatty acid oxidation results in intramyocellular lipid accumulation and insulin 

resistance155. Intramyocellular lipid content has been shown to be a strong predictor of 



74 
 

insulin resistance in sedentary individuals156–158. A large body of work done in humans 

supports that an ability to increase fatty acid oxidation is protective for insulin action. 

HFDs ranging from 2 days to 6 weeks consistently show that an ability to increase fatty acid 

oxidation results in the preservation or improvement of insulin action rather than 

impairment44,112,159–168. Taken together, while the evidence for inhibition of fatty acid 

oxidation being metabolically favorable is intriguing, a lack of human data currently limits 

considerations for metabolic inflexibility to be a positive adaptation in humans.  

 

Future directions 

 In chapter 2 we show evidence of metabolic inflexibility in SkM of individuals with 

overweight prior to the appearance of any clinical marker of metabolic disease. To the 

authors’ knowledge, this is the first study to use the change in palmitate oxidation with a 

HFD to define metabolic flexibility. Though we show a robust difference between FLEX and 

INFLEX, it remains unclear how this measure extrapolates as an indicator of long-term 

metabolic health and should be validated in future studies. Metabolic flexibility measured 

using whole-body 24h ∆RQ during a HFD has been shown to be an independent predictor 

of weight gain when participants are followed up to 5 years later47,169. With this, we suggest 

longitudinal studies to be a future direction, which would allow for several novel findings. 

1) How is the change in SkM homogenate palmitate oxidation with a HFD related to long-

term metabolic health? Assessment of participants’ change in body composition and 

markers of whole-body metabolic health (i.e., HbA1c, blood lipids, fasting lactate) over 

time and their association with SkM homogenate oxidation would validate if this measure 
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of metabolic flexibility is predictive of a metabolic disruption. 2) Is an ability to increase or 

decrease fatty acid oxidation more metabolically favorable? As individuals with overweight 

have an increased likelihood of developing metabolic disease31–33, it is highly likely that 

several of these participants will do so with time. A longitudinal study would allow 

assessment if there is a higher rate of incidence in the FLEX or INFLEX group and provide 

novel human data for this argument.  

The large novelty of our data lies in the population studied – young, healthy 

individuals with overweight. Studies including individuals with overweight primarily consist 

of grouping this population together with individuals with obesity making it unclear if some 

of the metabolic signatures seen with obesity occur at a lower adiposity. In chapter 2, we 

confirm that metabolic inflexibility can be seen prior to the development of obesity, and 

thus arises the question of if metabolic inflexibility can be improved with intervention. Two 

primary interventions have been studied surrounding metabolic flexibility, weight loss and 

exercise, with mixed results. Data surrounding weight loss via dietary intervention as a 

method of improving metabolic flexibility is not compelling. Astrup et al. studied women 

with obesity who underwent weight loss using a dietary intervention to reach a healthy BMI 

and continued to be weight stable for 6 months prior to data collection53. Compared to 

lean counterparts who never had obesity, the women who previously had obesity did not 

increase fat oxidation appropriately in response to a medium- or HFD indicating that 

metabolic inflexibility is not ameliorated by weight loss. Results from Larson et al. confirms 

that in a mix of men and women, weight-reduced individuals show an impaired ability to 

increase fat oxidation170. Together, these studies show that weight loss via dietary 
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intervention is not a viable strategy of increasing metabolic flexibility. Participants in the 

study by Astrup et al. had a confirmed history of metabolic disease and when taken into 

consideration with other data supporting that a family history of metabolic disease is a 

potent factor affecting metabolic flexibility, this strongly points towards metabolic 

inflexibility having a genetic or epigenetic component and being unrelated to body fat 

composition. Exercise interventions, on the other hand, have been shown to be a powerful 

strategy of increasing metabolic flexibility. As outlined in the review by Fritzen et al.45, 

adaptations from exercise training largely act on the same pathways that HFDs impact. For 

example, exercise training results in an increase in fatty acid uptake and oxidation 

capacity, which is similar to the adaptations of metabolically flexible individuals 

undergoing a HFD. Additionally, in mice undergoing a HFD with or without the addition of 

exercise, proteomics reveals a significant overlap between proteins regulated by the HFD 

and exercise171. Thus, exercise training could be a viable strategy for improving metabolic 

flexibility. Indeed, many studies have shown that exercise training results in improvements 

in fatty acid metabolism in metabolically flexible individuals. Battaglia et al. show that in 

individuals with metabolic inflexibility, 7-days of endurance exercise (70% VO2max for 

1h/day) training results in palmitate oxidation increasing to the level of lean individuals pre-

exercise intervention50. Even individuals with extreme obesity (BMI>40) show 

improvements in fatty acid metabolism in response to exercise training; 10-days of 

endurance exercise training (75% VO2max for 1h/day) resulted in palmitate oxidation 

almost doubling that of pre-exercise rates despite no change in body weight172, which 

confirms that exercise training is a successful means of improving metabolic flexibility. 
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Overall, there has been extensive data to outline that metabolic inflexibility is an innate 

component of SkM, exists across a range of metabolic statuses, and can be improved with 

intervention; however, few studies have used a mechanistic approach to address the 

reasons behind these differences in substrate oxidation. We propose that future studies 

utilize transcriptomics and proteomics in a study of metabolically flexible and inflexible 

individuals undergoing a HFD, as this would allow for understanding into the coordinated 

molecular efforts to adjust fat oxidation in conditions of oversupply, and if used in a 

population with overweight, these approaches could help identify targets for intervention 

to slow the development of metabolic disease. A potential cause of metabolic inflexibility 

is an inability to appropriately adapt flux through the TCA cycle153,154. With a HFD, this 

results in a supply that exceeds demand and the unbalanced bioenergetics results in 

insulin resistance and metabolic disease16,173. Zou et al. show that in HSkMCs from 

individuals with extreme obesity, flux through the TCA cycle is impaired resulting in 

depressed TCA cycle intermediates174. To investigate whether this could be a potential 

explanation for substrate handling differences between metabolically flexible and 

inflexible individuals, 13C metabolic flux assays should be implemented in future studies to 

identify the specific points at which substrate oxidation is differentially regulated. 

Additionally, if combined with an exercise intervention, this would help to answer the 

question if increasing demand to match substrate supply ameliorates differences in 

metabolic inflexibility, and if this occurs via similar mechanisms in flexible and inflexible 

individuals.  
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In conclusion, the current study provides several novel findings to contribute to the 

field of metabolic flexibility in humans. First, healthy individuals with overweight exhibit 

metabolic inflexibility which occurs prior to the appearance of any clinical markers of 

metabolic disturbance. Second, despite no differences in whole-body ∆RQ, metabolic 

inflexibility is seen at the SkM level. Together, this exemplifies that metabolic inflexibility is 

an innate component of SkM. Future studies should focus on several unknowns about 

metabolic flexibility. First, whether an ability to increase or decrease fatty acid oxidation is 

a positive adaptation; second, the mechanisms that drive differences in metabolic 

flexibility; third, whether increasing demand to match substrate supply occurs through 

similar mechanisms in individuals with differing metabolic flexibility.  
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