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Abstract
Continual intake of high-fat foods, coupled with limited physical activity, can lead to
metabolic inflexibility. Eventually, this may lead to significant health issues such as obesity, insulin
resistance, cardiovascular disease, and other chronic diseases. Metabolic flexibility of human skeletal
muscles is influenced by changes to mitochondrial, nuclear, and cytosolic proteins, in part as a result
of posttranslational modifications (PTMs). O-linked β-D-N-acetylglucosamine, known as O-GlcNAc,
has recently been identified as an important posttranslational modification that responds to nutrient
sensing and cellular stress. Unlike other PTMs, O-GlcNAc has only two cycling enzymes. Because
of its novelty, little research has been performed on the role of O-GlcNAc in human skeletal muscle
and metabolic flexibility. The purpose of the current study was to establish the effects of a 5-day
high-fat diet on skeletal muscle O-GlcNAcylation. In the proposed study, 13 non-obese, sedentary,
college-aged males consumed a controlled diet for two weeks followed by a high-fat diet composed
of 55% fat, 30% carbohydrate, and 15% protein. Muscle biopsies were taken from the vastus lateralis
both fasted and four hours after a high-fat meal, following both the control diet and the high-fat diet.
Western blot analysis was used to assess global O-GlcNAc and protein concentrations of O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA) in whole-homogenates and isolated mitochondria from
skeletal muscle. Results were analyzed using independent, two-tailed t-tests and 2-way ANOVA
analysis with repeated measures and Bonferroni corrections; a p-value was set to α less than or equal
to 0.05. It was found that O-GlcNAc and OGT levels remained stable, although fasting levels of
OGA significantly decreased after the 5-day high-fat diet. It is possible that healthy individuals are
capable of maintaining normal levels of O-GlcNAc and its cycling enzymes, but there is still more to
learn about O-GlcNAc and its role in metabolic flexibility.
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Chapter 1: Introduction
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Introduction
In order to help maintain circulating glucose levels, skeletal muscle must have the ability
to sense and respond to various nutrient levels and metabolic needs. This is referred to as
metabolic flexibility, which is defined as the ability to adjust substrate oxidation in response to
changing metabolic demands and substrate supply1. This capacity may be hindered by obesity,
poor nutrition, and lack of physical activity, resulting in the development of metabolic
inflexibility, the inability to switch between substrates for oxidation, and could potentially
contribute to diseases such as type-II and cardiovascular disease2.
Posttranslational modifications (PTMs) play an essential role in nuclear, cytoplasmic, and
mitochondrial protein regulation, allowing proteins to function in a variety of ways. Although it
was not discovered until the early 1980s, the addition of O-linked-β-D-N-acetylglucosamine
(referred to as O-GlcNAcylation) is an important PTM found throughout the cell. O-GlcNAc is
the final end product of the hexosamine biosynthetic pathway (HBP)3, and is important for
proper nutrient sensing and stress regulation by maintaining proper cell signaling and
transcription rates4. It is created as a result of several components from fatty acid, glucose, and
amino acid metabolism. As a result, it is a high-energy molecule that is greatly dependent on
HBP flux and other metabolic pathways. Abnormal amounts of O-GlcNAc can lead to impaired
function of many proteins, which may result in metabolic inflexibility as one consequence3.

Statement of the Problem
Throughout the United States and other parts of the developed world, decreased levels of
physical activity coupled with an increase intake of a “Westernized diet”, characterized by a high
intake of fatty, processed foods and low intake of fruits, vegetables, and nutrient-dense foods,
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has added to the multitude of health problems seen today, such as obesity, cardiovascular disease,
and specific autoimmune diseases5. This change in nutrition and physical activity has caused a
nationwide health epidemic and an increase to detrimental bodily changes.

Significance of the Study
With its discovery less than forty years ago

4,6-8

, little research on O-GlcNAc has been

completed using human subjects. Additional research on this posttranslational modification will
yield new knowledge into its role in nutrient sensing and effects on metabolic processes in
humans. Specifically, it will focus on the effects of acute high fat feeding on global O-GlcNAc
levels, and the cycling enzymes associated with it, in both skeletal muscle homogenates and
isolated mitochondria.

Specific Aims
1. To measure the changes to levels of global O-GlcNAc in the skeletal muscle
homogenates following five days of high-fat feeding.
a. Hypothesis: Five days of high-fat feeding (>50% fat intake per day) will increase
global O-GlcNAcylation in the skeletal muscle.
2. To measure the changes to global levels of O-GlcNAc transferase in the skeletal muscle
homogenates and isolated mitochondria following five days of high-fat feeding.
a. Hypothesis: Five days of high-fat feeding (>50% fat intake per day) will increase
global levels of the O-GlcNAc transferase enzyme in the skeletal muscle and its
mitochondria.
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3. To measure the changes to global levels of O-GlcNAcase in the skeletal muscle
homogenates and isolated mitochondria following five days of high-fat feeding.
a. Hypothesis: Five days of high-fat feeding (>50% fat intake per day) will decrease
global levels of the O-GlcNAcase enzyme in the skeletal muscle and its
mitochondria.

Basic Assumptions
1. The in vivo characteristics of the skeletal muscle and its mitochondria have been
maintained throughout the protein analyses.

Limitations
1. There are a limited number of subjects in the human clinical study (13 participants).
2. All subjects are male, healthy weight individuals (body mass index (BMI) >18 and <30),
with sedentary lifestyle (< 2 days, 20 min/day of low-intensity physical activity), and
exhibit a limited range in adiposity.
3. All skeletal muscle and mitochondria are derived solely from the vastus lateralis muscle.
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Chapter 2: Review of the Literature
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Background of O-GlcNAc
O-GlcNAc remained virtually undetected until 1983, when it was unintentionally
discovered while probing for N-acetylglucosamine remnants in living lymphocytes9. It functions
as an intracellular monosaccharide, with its addition to the serine or threonine residues of
intracellular proteins9. While it is most commonly found on nuclear and cytosolic proteins, it can
be found in nearly all intracellular compartments, including the mitochondria4,6,8,10. Currently,
over one thousand proteins are known to be O-GlcNAcylated, which fall under a wide array of
physiological functions, including nutrient sensing, neural development, and stress response4,8.
Recent research suggests that stress and nutrient availability are two factors that can
affect baseline O-GlcNAc levels11. Varying levels of thermal and osmotic stress have been
shown to increase global O-GlcNAc, and hyperthermia increases O-GlcNAc transferase
activity11. Both OGT and O-GlcNAc are required for thermotolerance, and low, short-term levels
of them may be lethal to the cell11.
Quantifying O-GlcNAc
Although O-GlcNAcylation is an abundant modification with large versatility, there are
several reasons that research on this PTM has been difficult. First of all, it degrades relatively
faster than the proteins it modifies, and has a half-life of one minute or less12,13. In particular, the
transfer enzyme, O-GlcNAc transferase, quick removes the sugar modification, making it
difficult to quantify the glycosyl transfer as it occurs14. Originally, O-GlcNAc was characterized
and measured through the use of mass spectrometry and affinity isolation strategy. However,
considering that the enzymes responsible for both O-GlcNAcylation and phosphorylation target
many similar protein and protein sites, both of these PTMs are often chemically removed in
similar fashion. Lastly, O-GlcNAc has relatively low stoichiometry and high lability, making it
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difficult to detect15. It has recently been made easier to characterize O-GlcNAc through other
methods such as quadruple time-of-flight and electron transfer dissociation mass spectrometry1517

.

O-GlcNAc Cycling Enzymes
O-GlcNAcylation is often compared to phosphorylation, as both of these additions
modify many of the same proteins in similar manners. However, hundreds of enzymes possess
the ability to phosphorylate18. There are only two enzymes responsible for cycling O-GlcNAc
throughout the cell: O-GlcNAc transferase and O-GlcNAcase. OGT modifies proteins and
transcription factors by adding O-GlcNAc to their serine/ threonine residues, while OGlcNAcase removes the sugar addition18.
O-GlcNAc Transferase
OGT modifies various proteins and transcription factors12 by moving the O-GlcNAc
molecule via a bi-bi mechanism. During this process, UDP-GlcNAc binds to the active site of
OGT, alongside a peptide molecule, forming a ternary substrate complex. At this point, the UDP
molecule is able to break off, and the O-GlcNAc glycopeptide is formed and can head to its
destined target. Lazarus et al. were the first to provide a complete understanding of the
mechanics behind the OGT enzyme14. They provided evidence that OGT uses an electrophilic
migration mechanism to transfer O-GlcNAc to its target, rather than hydrolysis. This transfer
method relies on proper substrate positioning and additional stabilization from the
serine/threonine resides being targeted. It is also important that the acetamide group of GlcNAc
rotates during product conversion, in order to allow it to contact the β-phosphate oxygen14. In all,
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the process of removing the UDP substrate and forming the final O-GlcNAc product via OGlcNAc transferase is complex yet necessary for proper protein modification.
OGT has high substrate specificity and is functional in many different ways. Lubas and
Hanover expressed human OGT in Escherichia coli to determine the capabilities of OGT without
competing endogenous activity12. Several important findings came from this study, including the
importance of the tetratricopeptide repeats (TPRs) found in OGT. This 34-amino acid repeat is
responsible for structural formation of OGT, with eleven TPRs in rat OGT and nine in humans.
This study concluded that the first three repeats are important for proper O-GlcNAc transfers,
although removal of the first six repeats does not affect catalysis of the OGT molecule, and
actually promotes autoglycosylation. It was also shown that recombinant OGT in vitro is capable
of modifying other enzymes involved in retaining appropriate insulin response, such as glycogen
synthase kinase-3 and casein kinase II. Overall, the complex structure of OGT and its ability to
autoglycosylate are significant in regulating OGT and its substrate specificity. In response, this
could lead to harmful cellular changes, such as improper addition of O-GlcNAc and insulin
resistance12.
O-GlcNAcase
Opposing the function of OGT is O-GlcNAcase, which removes the O-GlcNAc moiety
from its protein targets. The molecular structure and expression of OGA differs slightly from its
counterpart. In order to look at its structural origin, Martin et al. created bacterial OGA within a
Bacteroides thetaiotaomicron model, looking specifically at five peptide targets for OGA19. It
has been determined that O-GlcNAcase has similar conformational changes and contact energies
between its various substrate targets, therefore proving that it lacks the substrate specificity
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found in OGT. This allows for substantial internal flexibility and tolerance for various
polymorphisms to occur during the removal of O-GlcNAc19.
OGT/OGA Interplay
Activity of the O-GlcNAc cycling enzymes relies largely on O-GlcNAc homeostasis20.
Influences on O-GlcNAc levels will create fluctuations to OGT and OGA as well. Cells altered
by the OGA inhibitor Thiamet-G (TMG) express increased global O-GlcNAc alongside a
gradual decline in OGT expression. Cells with overexpression of OGA display a decrease in
global O-GlcNAc levels and small increase in OGT. In contrast, overexpression of OGT causes
elevated O-GlcNAc alongside a small increase in OGA protein expression within the cell20.

The Role of O-GlcNAc in the Hexosamine Biosynthetic Pathway
O-GlcNAcylation occurs as an endpoint to the hexosamine biosynthetic pathway (HBP)21.
This pathway takes place in the Golgi apparatus and endoplasmic reticulum on nascent proteins,
and can also occur on cytosolic, nuclear, and mitochondrial proteins22. It creates uridine
diphospho-N-acetylglucosamine (UDP-GlcNAc) by combining amino acid, glutamine, acetylCoA (from fatty acid oxidation), glucose, and uridine. The high-energy of UDP-GlcNAc allows
it to become the end donor for O-GlcNAc transferase, which transfers O-GlcNAc to its various
targets, and O-GlcNAcase, the enzyme responsible for the removal of O-GlcNAc21. Roughly 25% of intracellular glucose will enter and into HBP and begin the production of UDP-GlcNAc,
although this number is heavily dependent on nutrient availability23.
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Nutrient Sensing via O-GlcNAcylation
Because of its role in the hexosamine biosynthetic pathway, O-GlcNAc is modulated by
the flux of glucose in the cells. Rumberger et al. found that certain lipogenic enzymes (cultured
from rat adipocyte cells), including fatty acid synthase, acetyl-CoA carboxylase, and glycerol-3phosphate dehydrogenase all increased in response to high levels of glucose, glutamine, and
glucosamine24. This suggests that prolonged hyperglycemia may have a deleterious effect in the
hexosamine biosynthetic pathway, by increasing the amount of substrates available for it.
Subsequently, this would increase O-GlcNAc production, which may ultimately lead to the
development of various diseases, such as type-II diabetes and dyslipidemia by disrupting glucose
and lipid homeostasis24.
While O-GlcNAc production depends largely on cellular glucose levels, free fatty acid
availability also contribute to the HBP, thereby contributing to O-GlcNAc expression25. Rats
exposed to hyperlipidemic conditions for three and seven hours had impaired insulin sensitivity,
as well as an increase in accumulation of end products of the hexosamine biosynthetic pathway,
including UDP-GlcNAc25. This hints at the idea that HBP, and ultimately O-GlcNAc production,
may lead to insulin resistance due to greater carbon flux within the cell25.

Other Roles of O-GlcNAc
Transcriptional Regulation
O-GlcNAc is an important modification for the regulation of various transcription factors.
One of its targets include specificity protein 1 (Sp1), which can bind to the promoter region of
VEGF-A, a proangiogenic protein that can contribute to serious health issues such as diabetesassociated retinopathy26. It has been found that increased O-GlcNAc levels, due to OGA
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inhibition and hyperglycemic conditions, can lead to greater activity of the VEFG-A promoter
region, allowing for increased binding to Sp126. Another target of O-GlcNAc includes the
Forkhead Box Other-1 (FoxO1) transcription factor, which helps to decrease insulin-induced
hepatic glucose production (via decreased expression of the glucose 6-phosphatase gene)27.
Increased O-GlcNAc modification to this gene has been proven to increase the transcriptional
power of FoxO1, which could create toxic levels of cellular glucose27. In these cases, the
nutrient-sensing power of O-GlcNAc interplays with its ability to modify transcription factors,
causing metabolic and cellular harm.
Neural Development
In terms of neural development, O-GlcNAc is important in ensuring proper cellular
formation and healthy aging process. Postnatal cerebellar neurons and aging brain cells cultured
from mice were found to have similar levels of O-GlcNAc, regardless of life stage28. Similarly,
O-GlcNAc modifications have recently been found to help maintain gene expression and
memory formation in the brain29. A recent study focused on the importance of these
modifications in cultured mice neurons. Phosphorylation of cyclic-AMP-response element
binding protein (CREB) has important implications in transcription and appropriate nervous
system activity. Rexach et al. looked to determine if O-GlcNAc modifications were equally
important for neuronal maintenance29. Using a polyethylene glycol mass tag to shift molecular
weight of several O-GlcNAcylated species, followed by immunoblotting, it was found that OGlcNAc modifications are critical suppressors of CREB activity, by regulating its activity levels
alongside phosphorylation. In return, this regulates gene expression of several genes, such as
Bdnf, Wnt2, and c-fos, which are all important for memory formation and brain development29.
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Cell Cycle
Together with its role in transcriptional regulation and nutrient-sensing capabilities, OGlcNAc helps to support cycles of cell proliferation and death30. One of its roles includes the
regulation of DNA fragmentation factor 45 (DFF45), an endonuclease inhibitor that helps to
regulate oligosomal fragmentation of DNA by binding to the active endonuclease, DNA
fragmentation factor 40 (DFF40), thereby controlling nuclear apoptosis, or programmed cell
death30. Johnson et al. focused on the effects of O-GlcNAc modification in the induction of T
cell apoptosis30. Using the OGA inhibitors O-(2-acetamido-2-deoxy-D-glycopyranosylidene)
amino-N-phenylcarbamate (PUGNAc)) and glucosamine (GlcN) to inhibit O-GlcNAc removal
on human T-lymphocytes, this study found that DNA fragmentation was reduced as a result of
increased O-GlcNAc on these immune cells. This indicates that O-GlcNAc is important in
preventing inadvertent nuclear apoptosis30.
It is essential, however, that O-GlcNAc levels are maintained, because high amounts can
cause harm and create intensified cellular migration31. Cultured human ovarian carcinoma cell
lines (OVCAR3) exposed to PUGNAc and TMG (potent OGA inhibitors) have shown increased
ability to migrate throughout the cell. Additionally, the cancer cells HO-8910PM displayed a
similar increase in migration after OGT was silenced via short interference to the RNA. In both
of these ovarian cell types, E-cadherin, a protein involved in cell migration and signal
transduction, is also O-GlcNAcylated. Altering levels of O-GlcNAc in either direction affects the
activity of this protein in a potentially harmful manner. In total, O-GlcNAcylation of these
ovarian cancer cells may enhance migration, and increase their ability to invade healthy cells31.
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Role in Disease
Insulin Resistance
As previously mentioned, O-GlcNAc production relies greatly on nutrient availability32.
Roughly 2-5% of intracellular glucose enters into the hexosamine biosynthetic pathways23.
Although this is a relatively small portion of total intracellular glucose, it is enough to create
detrimental effects if too much total? glucose is present23. It has recently been discovered that
overexpression of O-GlcNAc through specific phosphoinositide signaling events links OGlcNAc transferase insulin resistance, and could eventually lead to type-II diabetes33.
Phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) is an essential facilitator of insulin
signaling, by catalyzing the PI(3)K-Akt pathway, which leads to the synthesis and storage of
macronutrients. O-GlcNAc is able to bind tightly to PI(3,4,5)P3 because of their similar
homologies. This allows PI(3,4,5)P3 to mediate OGT translocation to the cell’s plasma
membrane, and subsequently, increases O-GlcNAc33.
3T3-L1 adipocytes exposed to high levels of glucose display increased levels of OGlcNAc, in a similar fashion to cells with O-GlcNAcase inhibition via PUGNAc33. In both cases,
high levels of O-GlcNAc inhibited insulin’s ability to phosphorylate Akt at the Thr308 site,
resulting in weakened activity of Akt. Increased O-GlcNAc levels also affected Insulin Receptor
Substrate 1 (IRS1) by increasing its phosphorylation status at several serine sites important in the
insulin signaling process. These results indicate that O-GlcNAc may be involved in weakening
insulin signaling if levels become too high33. In live mice, overexpression of OGT in the liver
disrupts glucose and lipid homeostasis by decreasing the activity of several genes that encode for
insulin-responsive enzymes such as acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase
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(FAS), and glucokinase33. This creates the potential for greater metabolic diseases including
type-II diabetes and dyslipidemia33.
Other Chronic Diseases
Due to its wide array of functions in many cellular processes, abnormal levels of OGlcNAc can lead to cellular harm, inappropriate cell functioning, and if prolonged, metabolic
and chronic diseases18. With its involvement in neuronal development, O-GlcNAc can contribute
to the development of neuromuscular diseases34. Compared to normal functioning skeletal
muscle, elevated levels of O-GlcNAc have been found in human skeletal muscle fibers with
myositis, rabdomyolysis, and several forms of myositis; this may be due to added stress on the
muscle that occurs during muscle degeneration34. In terms of cell regulation, Helix pomatia
agglutin (HPA), a lectin commonly bound to epitopes found in breast cancer cells, has recently
been discovered to bind O-GlcNAcylated transcription factors such as heat shock protein 27
(Hsp27) and enolase 1 (ENO1), creating a stronger capacity to metastasize35. Lastly, up to a 75%
decrease in levels of O-GlcNAcase have been found in brain cells affected by Alzheimer disease,
demonstrating a link between this disease and increased levels of O-GlcNAc36.

Summary
With its discovery less than forty years ago9, there is still much to learn about the
posttranslational modification, O-GlcNAc. Its ability to sense cellular stress and nutrient
availability make it an interchangeable PTM with many important bodily functions. Unlike other
types of PTM, only two enzymes regulate the O-GlcNAc modification: O-GlcNAc transferase,
which adds an O-GlcNAc onto its target proteins, and O-GlcNAcase, which removes the moiety.
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Much of the Western world has grown accustomed to limited physical exercise and a diet
high in fat and processed foods. With a rise in obesity, type-II diabetes, and other chronic
diseases, it is important that research is conducted on the changes that occur to human metabolic
pathways, skeletal muscle, and other cellular processes. Because of its novelty, there is still much
research to be conducted on O-GlcNAc and potential changes to it during times of poor
nutritional status.
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Human Clinical Trial
Participants
Thirteen healthy, non-obese, sedentary (< 2 days, 20 min/day of low-intensity physical
activity) males, aged 18-40 served as participants for the study. Participants were weight stable
(< ± 2.5 kg) for the past 6 months with a BMI > 18 or < 30 kg/m2 and were not under the
influence of any medications known to affect study measures. All participants had blood pressure
< 140/90 mmHg, fasting glucose < 100 mg/dL, LDL cholesterol < 130 mg/dL, total cholesterol <
200 mg/dL, triglycerides < 250 mg/dL, and percentage of habitual calorie intake composed of <
40% fat and 15% saturated fat. Participants were non-smokers with no family history of disease.
All study procedures were approved by the Virginia Polytechnic Institute and State University
Institutional Review Board. Prior to participation all procedures, benefits and any potential risks
associated with the study were explained to participants before written consent was provided.
Experimental Design
Following successful completion of screening procedures, participants underwent a twoweek isocaloric controlled feeding period, followed by a 5-day isocaloric high-fat, high-saturated
fat diet (HFD) (Figure 1). Participants completed a high-fat meal (HFM) challenge (Figure 2),
before and after the 5-day HFD. Muscle biopsies were taken immediately prior to, and 4 hours
after a HFM for assessment of O-GlcNAc, O-GlcNAc transferase, and O-GlcNAcase.

Preenrollment
screening

Two week isocaloric
controlled feeding period

HFM
challenge

5-day
isocaloric HFD

HFM
challenge

Days 1-14

Day 15

Days 16-20

Day 21

Figure 1: Schematic of Study Design Participants completed a pre-enrollment screening prior
to consuming an isocaloric diet for two weeks. Following which, participants completed a HFM
challenge (Figure 2) before starting a 5-day HFD. A HFM challenge was repeated post-HFD.
HFM, high-fat meal; HFD, high-fat, high-saturated fat diet.
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Figure 2: Schematic of HFM Challenge Design Participants fasted for 12 hours overnight prior
to a baseline skeletal muscle biopsy. Participants consumed a HFM and rested for 4 hours before
completing a second follow-up skeletal muscle biopsy. HFM, high-fat meal.
Diet Standardization and Food Delivery Procedures
Both the standardized diet and HFD operated on a 7-day cycle of menus consisting of
meals and snacks with two optional snack modules (± 250 kcals). Diets were planned using
Nutrition Data System for Research (NDSR) software version 2012 (University of Minnesota) by
a registered dietitian. The two-week, isocaloric controlled feeding period required participants to
consume planned meals consisting of approximately 55% carbohydrate, 30% fat (< 10%
saturated fat), and 15% protein. The 5-day isocaloric HFD was composed of planned meals and
contained approximately 55% fat (45% saturated fat equal to 25% of total calories) 30%
carbohydrate, and 15% protein. Diets aimed to provide 3 grams of fiber per 500 kcal (± 5 g). All
meals were prepared in the Department of Human, Nutrition, Foods and Exercise metabolic
kitchen. Participants ate breakfast in the Laboratory for Eating Behavior and Weight
Management every day and took the remaining food for the day with them. Daily energy needs
were determined using the Harris-Benedict equation (Institutes of Medicine). Four-day food
records were used to confirm that habitual diets contained less than 40% of total calories from fat.
Participants were weighed in each day at the lab prior to breakfast. A trend of > 1.0 kg weight
loss or gain was offset by adding or subtracting 250 kcal food modules with the same
macronutrient composition as the overall diet. All uneaten items were returned to the metabolic
18

kitchen for weighing. Participants were not permitted to consume any caffeine or alcohol for the
duration of the study.
HFM Challenge
Participants arrived at the laboratory following a 12-hour overnight fast. Biopsies of the
vastus lateralis muscle were taken before and 4 hours after a HFM. A HFM consisted of two
Jimmy Dean sausage, egg, and cheese biscuits containing 768 kcal, composed of 53.9 g fat (25.5
g saturated fat), 44.2 g carbohydrate and 25.7 g protein. Participants were required to consume
the HFM within 10 minutes and remain seated and awake for the duration of the meal challenge.
Following the initial biopsy participants were fitted with an intravenous catheter in the
antecubital vein for baseline and hourly blood sampling. Pre and post biopsies were taken from
separate legs.

Measurements
Body Mass and Composition
Body weight was measured to the nearest ± 0.1 kg on a digital scale (Model 5002, ScaleTronix, White Plains, NY). Height was measured to the nearest ± 0.1 cm using a stadiometer.
Body composition (total fat and fat-free mass) was analyzed by dual-energy X-ray
absorptiometry (General Electric, Lunar Digital Prodigy Advance, software version 8.10e
Madison, WI).
Muscle Biopsies
Biopsies were taken from the vastus lateralis muscle using a suction-modified Bergstrom
needle technique (Bergstrom, 1962). An area of skin in the region of the vastus lateralis was
shaven and cleansed with a povidine-iodine solution. The skin, adipose tissue and skeletal
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muscle fascia was anesthetized using 10mL lidocaine (1%). The skin was incised (0.75 cm) with
a #10 scalpel, and the fascia fibers were separated with the blunt edge of the scalpel. The
Bergstrom needle (5 mm) was inserted into the vastus lateralis and suction applied. Muscle used
to assess pyruvate dehydrogenase (PDH) activity and metabolic flexibility was immediately
placed in SET buffer (0.25 M Sucrose, 1 mM EDTA, 0.01 M Tris-HCl and 2 mM ATP) and
stored on ice until homogenization (~25 min). Muscle tissue used for western blotting was
placed in ice-cold cell lysis buffer (50 mM Tris-HCl, EDTA 1 mM, NaCl 150 mM, SDS 0.1%,
sodium deoxycholate 0.5%, igepel Ca 630 1%, pH 7.5) with halt protease and phosphatase
inhibitor cocktail (Thermo Scientific, Pittsburg, PA), and 0.1 mM bafilomycin A (Invivogen, San
Diego, CA), then snap-frozen in liquid nitrogen. Protein samples were stored at -80ºC for later
analysis.

Muscle Homogenization
Frozen muscle tissue samples were homogenized in ice-cold lysis buffer containing
0.1mM bafilomycin A1 in a Bullet Blender Homogenizer (Next Advance, NY) using 1.0 mm
Zirconium Oxide beads (Next Advance). Samples were further homogenized with a 23-gauge
needle, and centrifuged at 14,000 g for 15 min at 4°C to remove insoluble components.
Supernatant protein concentrations were determined spectrophotometrically using the
bicinchoninic acid assay (BCA) (Thermo Scientific).

Western Blot Analysis
50 micrograms of protein were loaded on SDS-PAGE gels (Criterion TGX Stain-Free
Gels, Bio-Rad, Hercules, CA), and then activated via ultra violet light exposure (ChemiDoc
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Touch Imaging System, Bio-Rad) prior to transfer. For the isolated mitochondria, 17 micrograms
of protein were loaded into the gels. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes using a Trans-Blot Turbo Transfer System (Bio-Rad), which was then
imaged (Bio-Rad) for quantification of total lane protein. PVDF membranes were blocked for 1
hour at room temperature in 5% non-fat dry milk or 5% bovine serum albumin (BSA) prior to
overnight incubation at 4°C with primary antibodies. Membranes were probed with primary
antibodies against O-GlcNAc (cat # ab2739 – 1:1000 antibody: BSA solution), O-GlcNAc
transferase (SAB2101676 Sigma – 1:1000 antibody: BSA solution), and O-GlcNAcase
(SAB4200267 Sigma – 1:1000 antibody: BSA solution). Following primary antibody incubation,
membranes were incubated for 1 hour at room temperature with HRP-conjugated anti-mouse
(1:6000 antibody: BSA solution) and anti-rabbit (1:20000 antibody: BSA solution) (Jackson
Immuno Research Laboratories, West Grove, PA) secondary antibodies. Proteins were visualized
via chemiluminescence (Clarity Western ECL Substrate, Bio-Rad) and quantified using Image
Lab Software (v5.2.1, BioRad) and normalized to total lane protein content. Molecular weight
was determined by the Precision Plus Protein Unstained Standards (Bio-Rad).

Statistics
2-way ANOVAs with repeated measures and Bonferroni corrections were used to
compare mean differences between pre- and post-HFD time points. Two-tailed, independent ttests were used to compare percent change in O-GlcNAc, and OGA levels between pre- and
post-meal time points, before and after a high-fat diet. All data was expressed as means ±
standard error of the mean (SEM). The significance level was set to α less than or equal to 0.05.
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Subject Characteristics
Subject characteristics are displayed in Table 1. There were no significant changes in
body mass, BMI, lean mass, fat mass, or body fat percentage following either the two-week
controlled feeding period or the 5-day high-fat diet. This allows us to conclude that the current
study was not confounded by body composition changes.

Variable (n=13)

Pre HFD

Post HFD

Age (yrs)

22.2 ± 0.4

--

Height (m)

1.77 ± 0.02

--

BMI (kg/m )

23.1 ± 0.9

23.0 ± 0.8

Body Mass (kg)

72.09 ± 3.2

71.98 ± 2.9

Body Fat Mass (kg)

16.57 ± 2.1

16.28 ± 2.0

Body Fat (%)

22.03 ± 1.7

21.44 ± 1.7

Lean Mass (kg)

54.15 ± 1.7

54.51 ± 1.9

2

Table 1: Body Composition Values are mean ± SEM.

O-GlcNAc in Whole Skeletal Muscle Homogenates
Western blot analysis of O-GlcNAc in whole skeletal muscle homogenates are displayed
and quantified in Figure 3. No changes were noted in response to a five-day high-fat diet.
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Figure 3: Analysis of Global O-GlcNAcylation In each subject sample, four bands of OGlcNAc were detected using western blotting analysis. These were analyzed individually,
although no significant changes were detected in any of the O-GlcNAc bands. P-values are
included for interaction between the high-fat diet and subjects’ metabolic status, as well as for OGlcNAc variation caused by HFD.
24

A slight pattern of increase was noted in subjects, following the 5-day HFD, which
occurred specifically in the fasted state. However, none of the increases showed to be statistically
significant (Figure 4).

Figure 4: Fasted State O-GlcNAc Analysis Two-tailed t-tests were completed for each OGlcNAc band. None showed significant increases in the fasted state following a high-fat diet
(p>0.05).
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O-GlcNAc Transferase in Whole Skeletal Muscle Homogenates
Figure 5 shows western blot analysis for O-GlcNAc transferase in whole skeletal muscle
homogenates. The predicted molecular weight of OGT was 117 kilodaltons, although it ran
slightly high on the blotting paper during our analysis. No significant changes were detected in
OGT levels following a HFD.

Figure 5: O-GlcNAc Transferase in Whole Skeletal Muscle Homogenates P-values indicate
no significant changes to OGT following a high-fat diet. Metabolic status and interaction
between these two variables also did not cause significant changes to OGT as well.
While there were no changes to overall OGT levels following the high-fat diet, a
downward trend in the fasted state and an upward pattern of increase in the fed state was noted.
In order to take a closer look at these, independent, two-tailed t-tests were used to determine rate
of changes in each metabolic state (Figure 5). No significant changes were noted.
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O-GlcNAcase in Whole Skeletal Muscle Homogenates
As a whole, no significant changes were detected in OGA levels following a HFD
(Figure 6). However, noticeable changes to OGA intensities were seen throughout the fasted
state samples. While there were no significant increases between fed state homogenates, fasted
state individuals experienced a significant decrease in OGA following the five-day high-fat diet
(p=0.05)

Figure 6: Analysis of O-GlcNAcase Differences in expression of OGA in response to a high-fat
meal, before, and after a 5-day high-fat diet. A representative western blot is included. No
significant variation caused by HFD, metabolic status, or interaction between these variables.
Significant decreases were noted in fasted samples following the HFD.
Isolated Skeletal Muscle Mitochondria
Results for OGT and OGA intensities in the skeletal muscle isolated mitochondria were
inconclusive, due to the inability to distinguish bands for these enzymes (Figure 7).
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Figure 7: Western Blots of Isolated Mitochondria Representative western blots for OGT and
OGA. Both were individually probed for, but no prominent bands were noted.
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This present study examined the effects of a five-day high-fat diet on global levels of OGlcNAc in human skeletal muscle homogenates. In addition, O-GlcNAc transferase and OGlcNAcase, the two enzymes responsible for cycling O-GlcNAc throughout the cell, were
examined using western blotting analysis in whole skeletal muscle homogenates and in isolated
mitochondria.

We hypothesized that O-GlcNAc and O-GlcNAc transferase levels would

increase, due to greater nutrient availability. Furthermore, it was hypothesized that O-GlcNAcase
levels would decrease, as this is the enzyme responsible for the removal of O-GlcNAc from the
cell and its protein targets.
It is clear that O-GlcNAc is important for sensing cellular stress and nutrient availability,
and helps to regulate the activity of many enzymes and proteins4,21,37,38. Because of its direct
link with the hexosamine biosynthetic pathway, abnormal levels of O-GlcNAc have been linked
to insulin resistance and could lead to type-II diabetes if not adjusted32,33,39. Increased cellular
glucose through the HBP has been shown to also cause increased lipid synthesis24. In other cases,
it has involvement in maintaining neural health36, transcriptional regulation40, and proper cell
growth and death30. However, most current research involves an increase or decrease to cellular
levels of O-GlcNAc, by inhibiting one of its cycling enzymes, or synthetically placing excess
glucose or other nutrients into the cell. No other studies have attempted to examine the results of
diet and lifestyle change on O-GlcNAc levels in human skeletal muscle.

Major Findings
The major findings of this study are: (1) global levels of human O-GlcNAc are not
significantly affected by a five days of high-fat feeding; (2) OGT levels are not significantly
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altered after a 5-day high-fat diet; (3) OGA levels are significantly decreased after a 5-day highfat diet; (4) OGA showed the most significant decreases in a fasted state.

Healthy Humans Can Effectively Normalize Levels of O-GlcNAc During Short-Term,
High-Fat Diets
We are the first group to analyze human O-GlcNAc intensity in human skeletal muscle
throughout a controlled feeding study. As a result, there is little comparative evidence within
current and past literature. Dubé et al. examined effects of acute lipid overload on skeletal
muscle flexibility, and determined that lean endurance athletes had greater abilities to adapt in
response to lipid overload than sedentary or overweight individuals41. This study did not assess
O-GlcNAc, but does provide some insight into the effects of hyperlipidemic environments on
human metabolic flexibility41. Although our participants maintained sedentary lifestyles, it is
possible that a healthy weight and normal metabolic status may have aided our participants in
sustaining normal O-GlcNAc levels.
Our results for O-GlcNAc transferase coincide nicely with our O-GlcNAc data. OGT did
not significantly increase in response to a high-fat diet, and was not affected by metabolic status.
Initially, we believed that O-GlcNAc transferase would increase, causing O-GlcNAc to rise, as a
result of greater nutrient flux into the hexosamine biosynthetic pathway. However, there are
several reasons that our original hypothesis was rejected. The gene that codes for O-GlcNAc
transferase is more highly expressed in cells other than skeletal muscle cells, including T-cells,
B-cells, macrophages, and pancreatic beta cells37. There is feasible reason to believe that our
subjects could have experienced increases in OGT and O-GlcNAc during the high-fat diet, but
not specifically in the skeletal muscle.
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O-GlcNAcase Levels May Significantly Decrease Due to Low Nutrient Availability
O-GlcNAcase is the enzyme responsible for the removal of O-GlcNAc from the cell. In
our study, levels of O-GlcNAcase significantly decreased following a high-fat diet. Interestingly,
this effect occurred specifically in fasted individuals. This supports our initial hypothesis,
although it is difficult to compare these results to current literature. Several previous studies have
indicated decreases to O-GlcNAcase transcription activity following inhibition of OGA via
Thiamet-G20. Furthermore, increased O-GlcNAc levels have been shown to increase OGlcNAcase levels, indicating a homeostatic relationship between the protein and enzyme20.
Although O-GlcNAc did not increase following the high-fat diet, decreased OGA levels could
further suggest the ability for OGA to detect and maintain O-GlcNAc homeostasis.

Summary
Overall, data demonstrates that a five-day high-fat diet does not significantly affect total
levels of O-GlcNAc. In terms of metabolic flexibility, this indicates that a short-term high-fat
diet does not drastically affect O-GlcNAc, and its ability to modify proteins, in healthy, young
adult males. To date, this is one of the only current studies to establish nutritional influences on
O-GlcNAc, OGT, and OGA in live human subjects, rather than mice models or other modified
cell cultures. The long-term ramifications of a high-fat diet on skeletal muscle O-GlcNAcylation
still remain unknown. More research should be conducted in order to accurately determine the
overall implications that long-term poor nutrition has on this posttranslational modification.
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Limitations
The major limitation of the current study was our ability to clearly interpret the isolated
mitochondria data. Deciphering O-GlcNAc transferase and O-GlcNAcase levels in the
mitochondria would provide researchers additional information, such as how individual cellular
components of the skeletal muscle cells are affected. Collecting data from less-active skeletal
muscles, such as the triceps brachii, may show decreased O-GlcNAc levels due to lower energy
demands. This study could also be expanded into six or twelve months, with greater spaced
muscle biopsies. Lastly, the sample size was also small, with only thirteen male participants,
whom shared similar health characteristics, including similarities in body mass index, physical
activity levels, and age.

Future Directions
The magnitude of effects that O-GlcNAc has on metabolic flexibility has sparsely been
studied in humans. There are many approaches that have yet to be completed in terms of
quantifying O-GlcNAc, OGA and OGT levels, as well as changes to these levels caused by poor
health. Most current studies that use human data focus on artificial increases to cellular glucose
or other macronutrients, rather than through diet. It would be beneficial to measure O-GlcNAc
and its cycling enzymes using controlled feeding studies. Essentially all O-GlcNAc studies use
mice or other organism models fashioned after human cells. Collecting data from human subjects
will allow future researchers to directly determine ways in which diet can directly affect OGlcNAc in humans. While this study focuses on a short-term high-fat diet, it would be
interesting to see if similar effects are found in a study that mimics a typical “Westernized diet”
high in processed foods, fat, and sugar. To contrast this, performing a study to see if improved
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nutrition changes levels of O-GlcNAc would be be innovative. Manipulation of diet and lifestyle,
in obese or overweight individuals, would help to show if an improved diet stabilizes O-GlcNAc.
Lastly, while participants of this study were all normal weight individuals, it would be interesting
to see how diet affects O-GlcNAc, OGT, and OGA in overweight or obese individuals.
As previously mentioned, there are thousands of O-GlcNAc targets found within the
human body, with the possibility that others are still to be discovered. After determining total
cellular O-GlcNAc, the next step in research is to focus on specific O-GlcNAc targets and other
metabolically involved proteins in order to determine which ones show increases or decreases in
O-GlcNAcylation. In this high-fat study, acetyl-CoA carboxylase, fatty acid synthase, and
malonyl-CoA decarboxylase could be of interest, due to their roles in fatty acid metabolism. It
may be of interest to obtain isolated mitochondrial, nuclear, and/or cytoplasmic samples, and
compare O-GlcNAc targets to whole muscle homogenates in order to see where the greatest
cellular changes occur. In other studies, focusing on enzyme targets involved in the Krebs Cycle,
gluconeogenesis, or other carbohydrate metabolic pathways (i.e., glyceraldehyde-3-phosphate or
pyruvate kinase) could provide further insight into the role of O-GlcNAc in human metabolic
processes.
Another interesting approach in O-GlcNAc research could be to determine if physical
activity influences O-GlcNAc and its cycling enzymes. Exercising muscles require increased
nutrients and calories to efficiently function and reach their maximum capabilities. It is possible
that an increase in physical activity could lead to fluctuating levels of O-GlcNAc due to higher
energy demands and an increase in cellular stress.
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