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Abstract: O-GlcNAcylation is an atypical, dynamic and reversible O-glycosylation that is critical and
abundant in metazoan. O-GlcNAcylation coordinates and receives various signaling inputs such
as nutrients and stresses, thus spatiotemporally regulating the activity, stability, localization and
interaction of target proteins to participate in cellular physiological functions. Our review discusses
in depth the involvement of O-GlcNAcylation in the precise regulation of skeletal muscle metabolism,
such as glucose homeostasis, insulin sensitivity, tricarboxylic acid cycle and mitochondrial biogenesis.
The complex interaction and precise modulation of O-GlcNAcylation in these nutritional pathways
of skeletal muscle also provide emerging mechanical information on how nutrients affect health,
exercise and disease. Meanwhile, we explored the potential role of O-GlcNAcylation in skeletal
muscle pathology and focused on its benefits in maintaining proteostasis under atrophy. In general,
these understandings of O-GlcNAcylation are conducive to providing new insights into skeletal
muscle (patho) physiology.
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1. Introduction

Various post-translational modifications (PTMs) continuously and dynamically am-
plify the proteome to produce a wide variety of protein forms and their biological functions,
thereby harmonizing the proteome with the needs of the organism [1–3]. Glycosyla-
tion is one of the most widespread and abundant PTMs in living organisms, encom-
passing different types involving complex metabolic networks [4,5]. O-GlcNAcylation
is a dynamic, reversible and atypical O-glycosylation that involves only the binding of
a single N-acetylglucosamine (GlcNAc) to the serine and threonine residues of the tar-
get protein via a β-configuration O-glycosidic bond [6]. O-GlcNAc transferase (OGT)
and O-GlcNAcase (OGA) are the only pair of mutually antagonistic process enzymes
for protein O-GlcNAcylation [7]. OGT transfers GlcNAc from UDP-N-acetylglucosamine
(UDP-GlcNAc) to the hydroxyl groups in the threonine and serine residues of the target
proteins [8]. In contrast, OGA hydrolyzes GlcNAc from the O-GlcNAcylated proteins [9].
See Figure 1 for a schematic diagram of the O-GlcNAcylation process. Coordination of OGT
and OGA accurately and rapidly modulate the O-GlcNAcylation cycle of thousands of
proteins [10]. It is the biological properties of OGT and OGA that allow the rapid addition
and removal of reversible GlcNAc multiple times during the life cycle of the target proteins
that confer the high kinetics of O-GlcNAcylation [11,12]. UDP-GlcNAc is the only donor
substrate providing the required GlcNAc for O-GlcNAcylation [13]. UDP-GlcNAc is pro-
duced from the hexosamine biosynthetic pathway (HBP) controlled by the input of glucose,
glutamine, acetyl-CoA and uridine triphosphate (UTP), making it a sensor molecule for
fluctuations in these macromolecules [14]. It is the physiological property of UDP-GlcNAc
that endows O-GlcNAcylation with a unique high sensitivity to nutrient availability and
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thus serves as a critical nutrient sensor for the metabolism of carbohydrate, amino acid,
lipid and nucleotide [15]. Meanwhile, O-GlcNAcylation senses external environmental
disturbance and internal adverse stimulation, acts as a stress receptor integrating signaling
pathway inputs from different partners, and generates spatiotemporal-specific adaptive
molecules and physiological responses by targeting multiple substrates [16,17].
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knowledge that glycosylation occurs only in the endoplasmic reticulum and Golgi 
apparatus [19]. It also shows that almost all functions of proteins in regulating various 
cellular processes are covered. This importance is reflected again by the of OGA and OGA 
defects lethality [20,21]. O-GlcNAcylation affects the function, activity, stabilization, 
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regulation of a series of cellular biological processes such as immunity [22,23], 
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PTMs such as phosphorylation, acetylation, ubiquitination, methylation, and so on [39]. 
In particular, the abundance and cycle time scales of O-GlcNAcylation are very similar to 
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Figure 1. Protein O-GlcNAcylation homeostasis is maintained by its only pair of process enzymes,
OGA and OGT. To date, thousands of proteins have been identified as O-GlcNAcylated, and these
proteins are diverse including enzymes, transcription factors, signaling proteins, mitochondrial
proteins, among others. O-GlcNAcylation homeostasis of these proteins is precisely and rapidly
regulated only by OGT and OGA. Faced with mild stress and acute adverse stimulation, OGT and
OGA form a “buffer” to make O-GlcNAcylation fluctuate adaptively within the “optimal zone”.
Strong stress or chronic adverse stimulation beyond the buffer threshold of OGT and OGA results in
O-GlcNAcylation levels exceeding the optimal zone. Both hyper- and hypo-O-GlcNAcylation beyond
the “buffer region” lead to cellular dysfunction and other harmful effects.

O-GlcNAcylation exists in almost all living organisms, and it is distributed in almost
all human tissues, even in saliva and urine [18]. O-GlcNAcylation occurs in almost all cel-
lular compartments, and its first discovery in 1984 overturned the conventional knowledge
that glycosylation occurs only in the endoplasmic reticulum and Golgi apparatus [19]. It
also shows that almost all functions of proteins in regulating various cellular processes are
covered. This importance is reflected again by the of OGA and OGA defects lethality [20,21].
O-GlcNAcylation affects the function, activity, stabilization, localization and chaperone
interactions of target proteins, thereby participating in the regulation of a series of cellu-
lar biological processes such as immunity [22,23], inflammation [24], autophagy [25,26],
apoptosis [27], stemness [28,29], transcription [30], translation [31], signal transduction [32],
mitochondrial function [33], epigenetics [10,34], chromatin remodeling [35], metabolic
reprogramming [36] and cellular stress responses [37,38]. Meanwhile, O-GlcNAcylation
has surprisingly extensive crosstalk with other PTMs such as phosphorylation, acetylation,
ubiquitination, methylation, and so on [39]. In particular, the abundance and cycle time
scales of O-GlcNAcylation are very similar to those of phosphorylation and thus form a
yin–yang relationship that may be co-occurring or competing and negatively or positively
affect each other through their interaction [40,41]. In addition, O-GlcNAcylation homeosta-
sis is essential for the maintenance of the normal physiological function of cells, tissues and
organs. Abnormal O-GlcNAcylation levels are closely associated with the pathogenesis and
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progression of various diseases such as neurodegenerative diseases [42], cardiovascular
diseases [43,44], aging [45], obesity [46,47], amyotrophy [48], cancers [49], diabetes and
diabetic complications [50].

To date, thousands of O-GlcNAcylated proteins have been identified in skeletal muscle,
including contractile proteins, structural proteins, cytoskeletal proteins and sarcolemma
protein as well as metabolic enzymes, transcription factors and signaling proteins and
mitochondrial proteins [51–55]. This suggests a unique and central physiological role for
O-GlcNAcylation in skeletal muscle. Recent data also suggest that O-GlcNAcylation is
involved in different cellular processes in skeletal muscle such as regulation of contractile
and structural properties, maintenance of energy metabolic homeostasis, and mediation
of insulin resistance [48,56,57]. Meanwhile, O-GlcNAcylation plays a potential role in
many diseases related to skeletal muscle defects such as neuromuscular diseases and
amyotrophy [58,59]. What we are interested in is that fast and slow skeletal muscles have
different fine characteristics of O-GlcNAcylation during rest, exercise or muscle atrophy [60].
However, these effects and features of O-GlcNAcylation are neglected or underestimated.
This review highlights the spatiotemporal regulation of O-GlcNAcylation and promotes
metabolic flexibility in skeletal muscle to maintain energy metabolic homeostasis. Mean-
while, this review emphasizes some consensus on the effects of exercise frequency, intensity,
type and duration on O-GlcNAcylation and its process enzymes. In addition, this re-
view discusses the potential role of O-GlcNAcylation in skeletal muscle-related disorders.
These understandings of O-GlcNAcylation contribute to provide emerging insights into
the (patho)physiology of skeletal muscle.

2. O-GlcNAcylation Is an Essential Metabolic Modulator in Skeletal Muscle Physiology

Skeletal muscle fibers are very abundant and metabolically active, particularly during
exercise [61]. Skeletal muscle accounts for approximately 40% of the total body weight of
mammals and contains up to 75% of total body proteins and 30% of the resting metabolic
rate in adults [62]. Skeletal muscle is the main contributor of metabolic changes caused
by exercise. Maximum exercise increases the whole-body metabolic rate 20 times higher
than the resting value, while the adenosine triphosphate (ATP) conversion rate in working
skeletal muscle is more than 100 times higher than that at rest [63]. The metabolic flexi-
bility of skeletal muscle allows it to increase energy supply and provide sufficient “fuel”
for contraction [64,65]. The importance of carbohydrate as a fuel source in exercise has
been known, and the main source of these carbohydrate is glycogen reserve of skeletal
muscle during exercise [66,67]. In addition, skeletal muscle actively secretes myogenic
protein to exert autocrine, paracrine or endocrine functions to convey its energy demand to
other organs, including adipose tissue, the liver, pancreas, cardiovascular system, brain,
bone and skin, thus causing crosstalk [68,69]. O-GlcNAcylation plays a decisive role in
skeletal muscle glucose homeostasis as a cellular trophic sensor by participating in gly-
colysis [70,71], tricarboxylic acid (TCA) cycle [36], insulin signaling [72,73] and glycogen
metabolism [74,75].

2.1. O-GlcNAcylation Is an Extremely Sensitive Sensor for the Nutrition Availability in Skeletal
Muscle via the HBP

It has been a popular view for many years that the cellular O-GlcNAcylation cycle
is strictly controlled by HBP flow and UDP-GlcNAc concentration [76]. The HBP is a
conventional branch of the glucose metabolic pathway and its flow varies with extracellular
glucose level. See Figure 2 for the detailed process of HBP [77]. Initially, extracellular
glucose is transported into the intracellular through glucose transporter 1–4 (GLUT1-4) [78].
Therefore, the O-GlcNAcylation cycle is strictly controlled by the flow of glucose through
the HBP. Subsequently, intracellular glucose was phosphorylated to glucose-6-phosphate by
hexokinase, and then glucose-6-phosphate was further isomerized to fructose-6-phosphate
by phosphoglucose isomerase [79]. Three to 5% of fructose-6-phosphate was added with an
amino group from a glutamine to synthesize glucosamine-6-phosphate and a glutamate by
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glutamine fructose-6-phosphate amidotransferase-1 [80]. This enzymatic reaction is the rate-
limiting step of HBP, and glutamine fructose-6-phosphate amidotransferase-1 is also the
critical rate-limiting enzyme of HBP. Glutamine is necessary for this enzymatic reaction, but
this restriction is bypassed by glucosamine as an extended supplement [81]. Glucosamine-
6-phosphate acetyltransferase acetylates glucosamine-6-phosphate to N-acetylglucosamine-
6-phosphate using acetyl-CoA [82]. Then, N-acetylglucosamine-6-phosphate is catalytically
translocated to N-acetylglucosamine-1-phosphate by N-acetylglucosamine-phosphate mu-
tase 1. Finally, UTP is then utilized by UDP-N-acetylglucosamine pyrophosphorylase-1
to convert N-acetylglucosamine-1-phosphate into UDP-GlcNAc and release Pi [83]. UDP-
GlcNAc, as the end product of HBP, involves the participation of glucose, glutamine,
uridine, acetyl-CoA and ATP [84]. Therefore, UDP-GlcNAc is sensitive to the fluctuation
of all these nutrients as a “sensor molecule” [85]. The GlcNAc provided by UDP-GlcNAc
is necessary and irreplaceable for O-GlcNAcylation. It is this physiological property that
makes O-GlcNAcylation a major metabolic node that integrates the metabolism of carbo-
hydrates, amino acids, lipids and nucleotides [86]. On this basis, combined with the high
dynamic nature of O-GlcNAcylation, it makes it a highly sensitive and rapidly responsive
metabolic sensor of nutrient availability reporting multiple pathway functional states [87].
Overall, HBP and UDP-GlcNAc link altered metabolisms and O-GlcNAcylation, providing
an important mechanism for cells to perceive and respond to nutritional availability.
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Figure 2. O-GlcNAcylation is linked by the HBP to nutrient availability and thus its regulation of the
complex metabolic network. Two percent to 3% of intracellular glucose enters the HBP and undergoes
a series of chemical reactions to produce the end product UDP-GlcNAc. The UDP-GlcNAc in the
nucleus, cytoplasm and membrane is utilized for O-GlcNAcylation. UDP-GlcNAc makes the dynamic
O-GlcNAcylation extremely sensitive to changes in cellular nutrients used as a sensor of the functional
state of multiple pathways such as glycolysis, TCA cycle, pentose phosphate pathway (PPP), glycogen
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synthesis and catabolism, etc. Meanwhile, the interconversion of intermediates between the HBP,
polyol pathway, fructose, PPP, glycogen, glycolysis and TCA cycle greatly enhanced the nutritional
sensitivity of O-GlcNAcylation. A portion of UDP-GlcNAc is transported to the endoplasmic reticu-
lum and the Golgi apparatus while being used for other O-glycosylation and N-glycosylation. Other
fractions of UDP-GlcNAc are used for the biosynthesis of proteoglycans, hyaluronic acid, glycolipids,
glycolphosphatidylinositol anchoring, etc.

2.2. O-GlcNAcylation Is the Pivotal Modulator of Glucose Metabolic Homeostasis in
Skeletal Muscle

During low-to-moderate-intensity exercise, the main fuel sources supplying skeletal
muscle are glucose and are heavily influenced by insulin and glucose utilization increases
progressively with increasing exercise intensity until near maximum intensity [64]. Several
recent studies have demonstrated that O-GlcNAcylation controls early glucose metabolism
in skeletal muscle [48,72,88,89]. The fuel metabolism and energy homeostasis of skeletal
muscle are greatly dependent on the glucose uptake and disposal. O-GlcNAcylation alters
GLUT4 translocation, prevents GLUT4 phosphorylation, controls GLUT4 downstream sig-
nal transduction, or directly controls vesicle proteins to sustain glucose absorption [90,91].
Meanwhile, O-GlcNAcylation of hypoxia-inducible factor-1 enhances GLUT1 transcription
and thereby regulates glucose uptake [92]. Additionally, O-GlcNAcylated hexokinase IV or
glucokinase upregulates their expression, which is of positive significance in controlling
glucose flow [93]. Similar alterations have taken place in O-GlcNAcylated phosphoglu-
cose isomerase [88]. O-GlcNAcylation of glucose-6-phosphate dehydrogenase at Ser84

enhances its catalytic activity, thereby forcing a shift in glucose flow to the pentose phos-
phate pathway [94]. The O-GlcNAcylation of phosphofructokinase 1 at Ser529 inhibits its
activity and redirects glucose flow into the pentose phosphate pathway, which also reduces
glycolytic glucose flow [71]. The O-GlcNAcylation 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase at Ser172 competes with its phosphorylation to modulate glycolysis [95]. In
fact, almost all enzymes involved in the glycolysis pathway are O-GlcNAcylated such as
fructose-1,6-bisphosphate aldolase and glyceraldehyde-3-phosphate dehydrogenase [7].
Transcription of these enzymes is also mediated by O-GlcNAcylation of Sp1 [96]. Another
critical metabolic enzyme in the glycolytic pathway, phosphoglycerate kinase 1, is also
O-GlcNAcylated at Thr255, which enhances its activity to promote glycolysis and translo-
cation to mitochondria to inhibit the TCA cycle [36]. The downstream phosphoglycerate
mutase and α-enolase were also identified as O-GlcNAcylated, but their functions need to
be further investigated. The O-GlcNAcylation of pyruvate kinase M2 at Thr405 and Ser406

destroys its stability, reduces its activity and causes its nuclear translocation [70]. These
findings imply that O-GlcNAcylation regulates the skeletal muscle’s glycolysis process fun-
damentally [97]. In addition, the terminal lactate dehydrogenase is also O-GlcNAcylated,
indicating that O-GlcNAcylation modulates the utilization of glycolysis end products [88].
Skeletal muscle is the largest glycogen reservoir and has four times the capacity of the
liver [98]. Glycogen synthesis and catabolism contribute to the maintenance of energy
homeostasis in skeletal muscle, and O-GlcNAcylation is a regulator of glycogen metabolism.
For example, the O-GlcNAcylation of glycogen synthase kinase 3β (GSK3β) competes with
its phosphorylation at Ser9 to inhibit its activity [75,99]. Similar regulation also occurs on
the O-GlcNAcylated glycogen synthase (GS) [100]. In addition, OGT indirectly regulates
the global metabolism of skeletal muscle through mediated expression of interleukin-6 and
interleukin-15 [57,101]. Skeletal muscle is also one of the main sites of energy-producing
lipid metabolism. Free fatty acids released by lipolysis in the liver and adipose tissue
have a significant contribution to the substrate supply of muscle contraction during ex-
ercise. The increased HBP flux and O-GlcNAcylation levels are associated with greater
fatty acid oxidation in the heart, possibly through O-GlcNAcylation of CD36 (the fatty acid
transporter) [102]. Similar results were seen in adipocytes and short OGA, a splice variant
of OGA, is associated with lipid droplets. In addition, fatty acids and their derivatives
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may play different regulatory roles on the quality and function of skeletal muscle [61,65].
The O-GlcNAcylation of carbohydrate-responsive element-binding protein, farnesoid X
receptor, sterol regulatory element binding protein 1, perilipin 1, liver X receptor-α, fatty
acid synthase and other proteins is also involved in the regulation of lipid metabolism,
but this information comes from the liver and adipose tissue, etc., rather than skeletal
muscle [46,103–107]. However, the connection of information and energy between skeletal
muscle and other organs or tissues is close and frequent [69]. Therefore, this information is
of certain value for understanding the modulation of O-GlcNAcylation on skeletal muscle
energy homeostasis, but we do not discuss it further.

2.3. O-GlcNAcylation Is the Precise Spatiotemporal Regulator of Insulin Signal Transduction in
Skeletal Muscle

Skeletal muscle is the main tissue for glucose treatment under insulin-stimulated
conditions and thus plays a pivotal role in blood glucose control and systemic metabolic
homeostasis [108]. It has long been generally recognized that there is a strong correlation be-
tween the excessive HBP flow and UDP-GlcNAc level and skeletal muscle insulin resistance
and diabetic pathology [109–111]. The concentration of UDP-GlcNAc and HBP flow have a
significant impact on OGT’s catalytic activity [112]. Meanwhile, co-infusion of insulin and
glucosamine resulted in increased HBP flux and UDP-GlcNAc levels enhancing overall
O-GlcNAcylation levels and many O-GlcNAcylated proteins on skeletal muscle [113,114].
Interestingly, almost all of the major effector molecules of the insulin signaling path-
way are O-GlcNAcylated, such as insulin receptor substrates-1 (IRS-1), phosphoinositide
3-kinase (PI3K), 3-phosphoinositide-dependent kinase-1 (PDK-1), protein kinase B (AKT),
and forkhead box O1 (FoxO1). Therefore, it is self-evident that this chronically elevated
O-GlcNAcylation disrupts the insulin signal transduction in skeletal muscle [115]. That
is, the mechanism of HBP-induced skeletal muscle insulin resistance is that the increased
O-GlcNAcylation of participants in insulin signaling disrupts the balance of its antagonism
with phosphorylation on these proteins to negatively regulate insulin signaling [40,116]. See
Figure 3 for more details. Insulin receptor binds to insulin to make itself phosphorylated on
the cytomembrane under normal physiological conditions, which cause subsequent signal
cascade [117]. Subsequently, IRS-1 is phosphorylated, resulting in PI3K activation [118].
Then, activated PI3K produces phosphatidylinositol-3,4,5-trisphosphate (PIP3) on the cy-
tomembrane, which binds to AKT and PDK1 [119,120]. AKT is phosphorylated at the Thr308

by PDK1 to activate [121]. Downstream target proteins are phosphorylated by activated
AKT for activation or inhibition [122]. Phosphorylation inhibition of downstream GSK3β
and GS promotes glycogen synthesis [74]. FoxO1 phosphorylation inhibits gluconeogenesis
gene transcription, thereby reducing gluconeogenesis [123]. Membrane translocation of
GLUT4 is promoted to glycolysis and glucose uptake [124]. Ultimately, these pathways
make the elevated glucose return to homeostasis [125]. However, PIP3 also recruits OGT
to the cytomembrane through the strong interaction with the phosphoinositide-binding
domain of OGT under diabetes or another insulin-insensitive state such as the prolonged
postprandial response [126]. Meanwhile, OGT is phosphorylated and enhances its activity
through IR [127]. Subsequently, OGT catalyzes the dynamic O-GlcNAcylation of IRS, PDK1,
AKT, FoxO1 and other insulin signal molecules [128,129]. The O-GlcNAcylation of IRS-1 at
Ser1101 and IRS-2 at Ser1149 inhibits their phosphorylation at the same site, resulting in the
attenuation of insulin signal [128]. The O-GlcNAcylation of AKT at the Thr305 and Thr312

inhibits its phosphorylation at Thr308 through disrupting the interaction between AKT
and PDK1 [130]. The O-GlcNAcylations of PI3K and PDK1 are also implicated in insulin-
signaling attenuation. In fact, the precise control of insulin-signaling players by dynamic
antagonism of phosphorylation and O-GlcNAcylation goes far beyond this. For example,
O-GlcNAcylation of protein-tyrosine phosphatase 1B regulates its phosphatase activity and
affects insulin signaling, thus causing insulin resistance [131,132]. O-GlcNAcylation of S6
kinase beta1 inhibits its phosphorylation and mTORC1 signaling, thereby causing insulin
resistance [133]. In addition, O-GlcNAcylation of cAMP-response element binding protein
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(CREB) crosstalk with its phosphorylation [134,135]. O-GlcNAcylation of CREB-regulated
transcription coactivator 2 at Ser70 and Ser171 inhibits the phosphorylation of these two
sites, thereby facilitating their nuclear translocation and binding to CREB [136].
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Figure 3. Spatiotemporal regulation of O-GlcNAcylation on insulin signal transduction of skeletal
muscle. Skeletal muscle is the major insulin-sensitive tissue, responsible for about 75% of insulin-
stimulated glucose uptake in the whole body, which is critical for glucose homeostasis and energy
metabolism. The harmonious balance between O-GlcNAcylation and phosphorylation is necessary
for the normal operation of insulin signaling under normal physiology, and the disruption of this
homeostasis leads to the impairment of insulin-signaling cascade. O-GlcNAcylation has been de-
scribed as protecting cells from acute stress but harmful to chronic and persistent stress in various
organs or tissues. For example, almost all insulin-sensitive tissues have a hyper O-GlcNAcylation
level and many related complications are under hyperglycemia. This adverse effect is achieved
through impaired glucose utilization or glucose toxicity paradigms and may lead to the progres-
sion of a variety of diseases. Therefore, chronic elevation of O-GlcNAcylation is considered as a
mechanism for the development of insulin resistance.
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2.4. O-GlcNAcylation Is the Pivotal Maintainer of the TCA Cycle and Mitochondrial Homeostasis
in Skeletal Muscle

Skeletal muscle is rich in mitochondria and relies heavily on oxidative phosphorylation
to generate energy [137]. During vigorous exercise, intramuscular oxygen consumption
and local blood flow increased significantly by more than 30-fold and the estimated TCA
cycle flux increased by 70- to 100-fold [138]. Many studies have shown that changes in cel-
lular O-GlcNAcylation levels alter mitochondrial function, especially under stress [139,140].
Mitochondrial OGT, one of the OGT splice variants, has a unique mitochondrial target-
ing sequence [141]. Although these data have shown that mitochondrial proteins are
targets of O-GlcNAcylation, O-GlcNAcylation studies were initially hampered by the
unclear mechanism of UDP-GlcNAc translocation to mitochondria. It was once thought
that OGT in mitochondria was rare or even non-existent. This obstacle was overcome by
Gerald W. Hart in 2015, whose study found that the mitochondrial pyrimidine nucleotide
carrier 1 is responsible for efficient transport of radioactive 3 H UDP-GlcNAc into mito-
chondria [45]. This study also demonstrates the presence of mitochondria-specific OGA,
which also proves the existence of an active O-GlcNAcylation cycle. This O-GlcNAcylation
biology’s founder has once again advanced the understanding of O-GlcNAcylation in
mitochondria. Subsequently, O-GlcNAcylation on many mitochondrial respiratory chain
complexes was identified such as complex I, II, and IV, which led to a decrease in their
activity and mitochondrial calcium and cellular ATP content [142]. Meanwhile, eleven
O-GlcNAcylated proteins were identified in mitochondria, all of which are metabolic
enzymes involved in the TCA cycle and ATP synthesis [143]. It should be emphasized
that almost all metabolic enzymes involved in the TCA cycle on mitochondrion are also
O-GlcNAcylated such as pyruvate dehydrogenase, aconitase, isocitrate dehydrogenase,
α-ketoglutarate dehydrogenase, succinyl-CoA ligase, succinate dehydrogenase and malate
dehydrogenase, except for citrate synthase and fumarase [88,144]. Further, two proteomic
studies identified up to hundreds of mitochondrial proteins as targets of O-GlcNAcylation,
most of which are involved in a variety of biological processes such as oxidative phos-
phorylation, urea cycle, fatty acid oxidation and calcium regulation [145–147]. These data
emphasize the importance of O-GlcNAcylation as a regulatory molecule of mitochondrial
metabolism and respiration. Meanwhile, O-GlcNAcylation modifies a variety of mitochon-
drial proteins to change the motility, morphology and quality of mitochondria [148]. For
example, O-GlcNAcylation of peroxisome proliferators-activated receptor γ coactivator
α is beneficial to maintain mitochondrial biogenesis [149]. O-GlcNAcylation of Milton in
response to the glucose availability mediates changes in neuronal mitochondrial mobil-
ity [150]. Meanwhile, O-GlcNAcylation of dynamin-related protein 1 at Thr585 and Thr586

inhibits its phosphorylation at Ser637, which promoted its translocation to mitochondria
and increased fragmentation as well as decreased membrane potential [151–153]. These
data have demonstrated that O-GlcNAcylation is closely related to mitochondrial function.
On the other hand, O-GlcNAcylation should play an important role in mitochondrial
oxidative stress. For example, Increased O-GlcNAcylation levels mediated by glucosamine
treatment and OGT overexpression attenuated hydrogen peroxide-induced mitochondrial
membrane potential and enhanced the recruitment of the anti-apoptotic protein B-cell
lymphoma-2 (Bcl-2) to mitochondria [154]. In addition, a subsequent study demonstrated
that Bcl-2 is O-GlcNAcylated [155]. O-GlcNAcylation of 8-oxoguanine DNA glycosylase
impairs mitochondrial DNA damage repair under oxidative stress [156]. O-GlcNAcylation
of voltage-dependent anion channel 1 attenuates oxidative stress-induced loss of mitochon-
drial membrane potential [157]. O-GlcNAcylation of superoxide dismutase 2 has a similar
effect [158].
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3. The Fine Characteristics of O-GlcNAcylation, Skeletal Muscle Fibre Types
and Exercises

Skeletal muscle is a heterogeneous cell population consisting of different types of
muscle fibers that is classified as slow-twitch muscle fibers (type I) or fast-twitch muscle
fibers (types IIa, IIx, and IIb) according to the contractile property of “time-to-peak tension”
or “twitch” characteristics [159]. The heterogeneity allows the same muscle to be used for a
variety of tasks, from continuous low-intensity activities (such as postures), to repetitive
submaximal contractions (such as exercise), to fast and intense maximal contractions (such
as jump, kick) [160]. Each muscle fiber type has its own specific and unique contribution to
respond to functional needs in the best way [161]. Type I is heavily dependent on oxidative
metabolism for the continuous work, and Type I has a red appearance due to its rich
myoglobin and oxidizing enzymes [162]. Type II is characterized by glycolytic metabolism
for the phased work, but types IIa, IIx and IIb have different degrees of oxidation and
glycolytic capacity. This also leads to the intermediate appearance of type IIa and the
white appearance of type IIx and IIb [163]. Meanwhile, type IIb is mainly exist in rodents,
and types IIa and IIx are classified in humans [164]. It is the metabolic and morphologi-
cal phenotype of each skeletal muscle fiber type coupled with the essential regulation of
O-GlcNAcylation on skeletal muscle metabolic homeostasis and structural and contractile
properties leading to the unique fine characteristics of O-GlcNAcylation in each type of
skeletal muscle fiber [48,72,144,165,166]. In fact, the modulation of O-GlcNAcylation, OGT
and OGA in each muscle fiber type is completely different, which may be attributed to
the patterns of metabolic and molecular responses unique to each skeletal muscle fiber
type [167]. For example, the global O-GlcNAcylation was much higher in slow-twitch
muscle at rest [72,168]. Meanwhile, the O-GlcNAcylation process enzyme and glutamine
fructose-6-phosphate amidotransferase in soleus were higher than those in the extensor
digitorum longus muscle, and so were their activities [168,169]. The O-GlcNAcylation
pattern of each muscle fiber type is also differentiated in health and in diseases such as
atrophy and aging [170–172]. For example, the overall level of O-GlcNAcylation in soleus
was decreased under the disuse atrophy model. The activities of OGT and OGA in atrophic
soleus muscle increased and decreased respectively at the later stage of this model [169].
Changes of O-GlcNAcylation in each muscle fiber type during exercise are more complex
and unpredictable. The global O-GlcNAcylation in both slow- and fast-twitch muscle levels
were unchanged during a single acute exercise, and its fine regulation was only observed
on some specific myofilament proteins such as myosin light chain 2 [168,173]. This fine
regulation was reversed after recovery. Confusingly, another study showed that the same
acute exercise increased the overall O-GlcNAcylation, regardless of slow- or fast-twitch
muscle [174]. This confusion is attributed to the differentiation of O-GlcNAcylation on
the metabolic flexibility and glucose utilization and oxidative stress of skeletal muscle in
the short term [64,175,176]. Chronic exercise involves the adaptation and remodeling of
skeletal muscle [60]. Due to skeletal muscle plasticity, muscle fibers remodel their structural
and functional properties and protein homeostasis in response to the different environ-
mental conditions imposed on them, such as nerve stimulation pattern, load intensity,
substrate availability and hormone signal changes [177–180]. Meanwhile, the changes of
mechanical strain, calcium flux, ATP turnover, redox balance, ROS production and oxy-
gen pressure caused by contraction are all related to the activation of signal transduction
cascades that regulate skeletal muscle plasticity [181,182]. A series of changes in myosin
isoforms, protein turnover, metabolism, mitochondrial function, intracellular signaling or
transcription occur during skeletal muscle remodeling [183]. These processes also have
the close participation of O-GlcNAcylation [184–188]. The muscle fiber type is genetically
determined during development, and the adaptive “transformation” of muscle fiber type
from one to another is still hotly debated [189]. The regulatory effect of O-GlcNAcylation
on differentiation and myogenesis have been demonstrated [89,190–192]. For example,
the global O-GlcNAcylation reduced in early myogenesis before myoblast fusion and the
inactivation of OGA severely interferes with the expression of myogenin and myogenic
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regulatory factor 4, which indicate that the terminal differentiation program of skeletal
myogenesis is negatively regulated by O-GlcNAcylation [193]. Hyper O-GlcNAcylation
of myocyte-specific enhancer factor 2c at Thr9 inhibits its DNA binding affinity to the
myogenin promoter to attenuate skeletal muscle differentiation [194]. This negative regula-
tion was also eliminated by hypo O-GlcNAcylation of myocyte-specific enhancer factor
2d [195]. Skeletal muscle regeneration and repair can provide functional recovery during
chronic exercise [196]. O-GlcNAcylation contributes to a self-renewal ability of muscle
satellite cells after acute injury and plays a pivotal role in ensuring the health and function
of skeletal muscle [196]. Although the changes of O-GlcNAcylation still largely depend on
the skeletal muscle fiber type and exercise program, there is still a long way to go to reach a
consensus. Another awkward situation is that the nodes of O-GlcNAcylation associated
with exercise have been studied more in cardiac muscle and smooth muscle than in skeletal
muscle [60,197]. We do not discuss further here.

4. O-GlcNAcylation, Autophagy and Skeletal Muscle Pathology

There is abundant evidence to support the potential role of O-GlcNAcylation in the
skeletal muscle pathology [88,198]. For example, the global O-GlcNAcylation level in
skeletal muscle is increased and its localization is abnormally altered in some human
neuromuscular diseases such as muscular dystrophy, myositis and rhabdomyolysis [199].
Abnormal changes of the global O-GlcNAcylation level abnormal change under amy-
otrophic lateral sclerosis, and the progression of this disease is may be attributed to
the O-GlcNAcylation of the tail domain of neurofilament protein M in spinal cord tis-
sue [200,201]. The O-GlcNAcylation of gigaxonin at Ser272 and Thr277 mediates intermedi-
ate filament proteostasis and turnover to regulate human giant axonal neuropathy [202].
UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) is a bifunc-
tional enzyme critical for sialic acid biosynthesis [203]. GNE mutations cause GNE myopa-
thy such as hereditary inclusion body myopathy and distal myopathy with rimmed vac-
uoles, and O-GlcNAcylation of GNE at Thr743 cooperates with the phosphorylation at the
same site to affect its efficiency and activity of GNE [204]. However, the abnormal overall
O-GlcNAcylation levels is the major pathogenic factors in skeletal muscle atrophy [48,205].
For example, disruption of OGA activity mediates hyper O-GlcNAcylation, leading to
muscle atrophy [58]. The possible underlying mechanisms of O-GlcNAcylation with regard
to skeletal muscle atrophy are the following pathways: (1) as we previously discussed,
O-GlcNAcylation seems to play a negative regulatory role on myogenesis as well as differ-
entiation; (2) as we previously discussed, the differential regulation of O-GlcNAcylation on
metabolism, signal transduction and stress response; (3) the regulation of O-GlcNAcylation
on skeletal muscle contraction and structural properties such as calcium affinity, which
is the most discussed topic at present. For details, please read to reference [56]; (4) the
regulation of O-GlcNAcylation on synthesis and decomposition such as preventing protea-
some degradation and mediating autophagy process and maintaining proteostasis [206],
and this is what we need to discuss below. Skeletal muscle constantly finely regulates the
movement and posture of the body, especially in daily exercise and physical activity, which
produce a large amount of ROS to disrupt the normal physiological functions [207,208].
Therefore, skeletal muscle must not only efficiently recycle damaged or aged organelles
and accumulated protein aggregates, but also efficiently decompose proteins to meet the
energy requirements [209]. Autophagy, as a nutritional mechanism, is essential for remov-
ing aging and damaged cellular components, decomposing unallocated nutrient reserves
and remodeling cellular structure [210]. The critical role of proper autophagic flux for
skeletal muscle function and metabolism cannot be overstated [211]. Indeed, autophagy
has been considered as an emerging metabolic regulatory pathway in skeletal muscle,
and its role in skeletal muscle metabolism and atrophic diseases has been extensively
studied [212,213]. In skeletal muscle autophagy signal transduction, mTOR, AMPK, AKT
and FoxO3, as important central trophic effectors, regulate autophagy process according
to nutritional status, and their interaction with OGT is inseparable [214–217]. Given the
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critical role of O-GlcNAcylation in these processes, O-GlcNAcylation may affect autophagy
flux and proteostasis to regulate skeletal muscle mass and proteolysis [206]. For example,
O-GlcNAcylation regulates autophagy flux and proteasome activity in the face of protein
toxicity challenges [218]. A similar role in huntingtin toxicity was observed [219]. It should
be noted that O-GlcNAcylation affects proteasome function and activity as well as assembly
and changes cellular protein homeostasis [220]. O-GlcNAcylation of Rpt2 inhibits its activity
to shut down the proteasome and cause protein accumulation [221,222]. O-GlcNAcylation
of ryanodine receptor 1 increased ubiquitination and proteasomal degradation, thus trig-
gering the cleavage of desmin filaments and the destruction of myofibrils [223]. Meanwhile,
Caenorhabditis elegans bearing null mutations of ogt-1 or oga-1 increases autophagy under
food deprivation-induced starvation [224,225]. Genetic ablation of OGT in mouse livers
also affects autophagic flux under similar deprivation [25,216]. For example, the reduction
of OGT in Drosophila was associated with the increase of autophagy-related gene (ATG)
product and autophagy lysosomes [226]. OGT and O-GlcNAcylation in Caenorhabditis
elegans affect the fusion of autophagosomes and lysosomes [227]. The O-GlcNAcylation
level of synaptosome-associated protein 29 is also affected by nutritional availability, which
eliminates its involvement in soluble N-ethylmaleimide-sensitive factor attachment protein
receptor complex formation and thus disrupts the fusion between autophagosomes and
endosomes/lysosomes [26,228]. Similarly, O-GlcNAcylation of Golgi reassembly stack-
ing protein 55 acts as a tether to promote autophagosome maturation [229]. In addition,
O-GlcNAcylation also participate in autophagy regulation by modifying other pivotal
autophagy regulators such as beclin1, Bcl-2 and UNC-51-like kinase 1 (ULK1) [230]. See
Figure 4 for more details.
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and γ subunits of AMPK, and these modifications increase with increasing AMPK activity. There is 
crosstalk between O-GlcNAcylation and mTOR signaling including their mutual regulation of each 
other’s stability. Meanwhile, OGT regulates autophagy gene expression and autophagy structure 
through AKT and FoxO3. At the initiation of autophagy, ULK1-ATG13-ATG101-FIP200 complex 
and vacuolar protein sorting (VPS34)-Beclin 1 complex coordinate to drive the formation of isolation 
membrane, which is inhibited by mTORC1 and inactivated by Bcl-2 inactivates, respectively. O-

Figure 4. The main target of O-GlcNAcylation involved in autophagy process of skeletal muscle.
O-GlcNAcylation is involved in almost all processes of autophagy including initiation, nucleation,
expansion and fusion in addition to degradation. First, there is extremely extensive crosstalk between
O-GlcNAcylation and autophagic signal transduction. Activation of AMPK in response to energy
deprivation inhibits mTOR and activates ULK1. Acute activation of AMPK alters the substrate selec-
tivity and nuclear localization of OGT in myotubes, which is closely related to the phosphorylation of
OGT at Thr444 by AMPK. In contrast, OGT catalyzes the O-GlcNAcylation of α and γ subunits of
AMPK, and these modifications increase with increasing AMPK activity. There is crosstalk between
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O-GlcNAcylation and mTOR signaling including their mutual regulation of each other’s stability.
Meanwhile, OGT regulates autophagy gene expression and autophagy structure through AKT and
FoxO3. At the initiation of autophagy, ULK1-ATG13-ATG101-FIP200 complex and vacuolar protein
sorting (VPS34)-Beclin 1 complex coordinate to drive the formation of isolation membrane, which
is inhibited by mTORC1 and inactivated by Bcl-2 inactivates, respectively. O-GlcNAcylation of
ULK1 at Thr754 is essential for ATG14L binding and phosphorylation, allowing the activation of
VPS34 and leading to the production of a phosphatidylinositol 3-phosphate cloud locally. Beclin-1
and Bcl-2 are targets for O-GlcNAcylation. OGT deletion was associated with increased ATG ex-
pression and autophagy lysosomes. Inhibition of OGT significantly increased the level of LC3-II
and LC3 punctate structure, decreased the level of autophagy substrate SQSTM1, and increased
the expression of lysosome-associated membrane protein (LAMP) 1 and 2. These evidences are
sufficient to indicate that O-GlcNAcylatio plays a pivotal role in regulating the expansion of au-
tophagy. Subsequently, O-GlcNAcylation sites of SNAP-29 at Ser2, Ser61, Thr130 and Ser153 disturbed
the SNAP29-syntaxin-17 (STX17)-vesicle-associated membrane protein 8 (VAMP8) complex, which
regulates autophagosome maturation.

5. Conclusions and Perspectives

In the last four decades, O-GlcNAcylation in skeletal muscle physiology has received
increasing attention, but these understandings about its complex regulation and molecular
mechanisms are still inadequate and initial. O-GlcNAcylation is a potential essential reg-
ulator for skeletal muscle glucose homeostasis and insulin sensitivity and mitochondrial
biogenesis. Global O-GlcNAcylation patterns in skeletal muscle vary with rest, exertion
or exercise and fiber type and thus differentially regulate a series of the pivotal signaling
pathways and cellular stress responses as well as skeletal muscle plasticity and adaptation.
A deeper understanding of these precise mechanisms by which O-GlcNAcylation functions
is well worthwhile and a future hotspot. This future direction may lead to new valuable
insights into skeletal muscle metabolism and exercise. O-GlcNAcylation is considered as a
potential emerging mechanism to regulate contractile and structural properties of skeletal
muscle. Future relevant studies should be considered in identifying skeletal muscle O-
GlcNAcylated proteins critical for contractile activity and sarcomere cytoskeleton and their
precise sites, while further focusing on their interactions and the dynamic crosstalk of O-
GlcNAcylation with phosphorylation and other PTMs. The balance of phosphorylation and
O-GlcNAcylation on myosin light chain 2 is a classic excellent example. O-GlcNAcylation
is involved in skeletal muscle pathology in some related diseases such as atrophy, neu-
romuscular disease and insulin resistance, and it remains to be discussed as the cause or
consequence of skeletal muscle impairments. O-GlcNAcylation has been recognized for
mediating proteostasis in skeletal muscle through its benefits in autophagy, apoptosis and
proteasomes. It deserves constant attention and the regulation of O-GlcNAcylation on
myogenesis, differentiation and signaling pathways that maintain synthesis/degradation
balance in skeletal muscle should not be neglected. Over time, further investigation of the
pathological role of O-GlcNAcylation in skeletal muscle will provide the multiple novel
therapeutic targets and the basis for developing new strategies to combat certain skeletal
muscle diseases or metabolic disorders. There is a long way to go, although the future is
bright and ambitious.
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34. Forma, E.; Jóźwiak, P.; Bryś, M.; Krześlak, A. The potential role of O-GlcNAc modification in cancer epigenetics. Cell. Mol. Biol.
Lett. 2014, 19, 438–460. [CrossRef] [PubMed]

35. Na, H.J.; Akan, I.; Abramowitz, L.K.; Hanover, J.A. Nutrient-Driven O-GlcNAcylation Controls DNA Damage Repair Signaling
and Stem/Progenitor Cell Homeostasis. Cell Rep. 2020, 31, 107632. [CrossRef]

36. Nie, H.; Ju, H.; Fan, J.; Shi, X.; Cheng, Y.; Cang, X.; Zheng, Z.; Duan, X.; Yi, W. O-GlcNAcylation of PGK1 coordinates glycolysis
and TCA cycle to promote tumor growth. Nat. Commun. 2020, 11, 36. [CrossRef]

37. Xu, W.; Zhang, X.; Wu, J.L.; Fu, L.; Liu, K.; Liu, D.; Chen, G.G.; Lai, P.B.; Wong, N.; Yu, J. O-GlcNAc transferase promotes fatty
liver-associated liver cancer through inducing palmitic acid and activating endoplasmic reticulum stress. J. Hepatol. 2017, 67,
310–320. [CrossRef]

38. Liu, Y.; Chen, Q.; Zhang, N.; Zhang, K.; Dou, T.; Cao, Y.; Liu, Y.; Li, K.; Hao, X.; Xie, X.; et al. Proteomic profiling and genome-wide
mapping of O-GlcNAc chromatin-associated proteins reveal an O-GlcNAc-regulated genotoxic stress response. Nat. Commun.
2020, 11, 5898. [CrossRef]

39. Schwein, P.A.; Woo, C.M. The O-GlcNAc Modification on Kinases. ACS Chem. Biol. 2020, 15, 602–617. [CrossRef]
40. Hart, G.W.; Slawson, C.; Ramirez-Correa, G.; Lagerlof, O. Cross talk between O-GlcNAcylation and phosphorylation: Roles in

signaling, transcription, and chronic disease. Annu. Rev. Biochem. 2011, 80, 825–858. [CrossRef]
41. Butkinaree, C.; Park, K.; Hart, G.W. O-linked beta-N-acetylglucosamine (O-GlcNAc): Extensive crosstalk with phosphorylation to

regulate signaling and transcription in response to nutrients and stress. Biochim. Biophys. Acta 2010, 1800, 96–106. [CrossRef]
[PubMed]

42. Lee, B.E.; Suh, P.G.; Kim, J.I. O-GlcNAcylation in health and neurodegenerative diseases. Exp. Mol. Med. 2021, 53, 1674–1682.
[CrossRef]

43. Aulak, K.S.; Barnes, J.W.; Tian, L.; Mellor, N.E.; Haque, M.M.; Willard, B.; Li, L.; Comhair, S.C.; Stuehr, D.J.; Dweik, R.A. Specific
O-GlcNAc modification at Ser-615 modulates eNOS function. Redox Biol. 2020, 36, 101625. [CrossRef] [PubMed]

44. Umapathi, P.; Mesubi, O.O.; Banerjee, P.S.; Abrol, N.; Wang, Q.; Luczak, E.D.; Wu, Y.; Granger, J.M.; Wei, A.C.; Gaido, O.E.R.; et al.
Excessive O-GlcNAcylation Causes Heart Failure and Sudden Death. Circulation 2021, 143, 1687–1703. [CrossRef] [PubMed]

45. Banerjee, P.S.; Ma, J.; Hart, G.W. Diabetes-associated dysregulation of O-GlcNAcylation in rat cardiac mitochondria. Proc. Natl.
Acad. Sci. USA 2015, 112, 6050–6055. [CrossRef] [PubMed]

46. Yang, Y.; Fu, M.; Li, M.D.; Zhang, K.; Zhang, B.; Wang, S.; Liu, Y.; Ni, W.; Ong, Q.; Mi, J.; et al. O-GlcNAc transferase inhibits
visceral fat lipolysis and promotes diet-induced obesity. Nat. Commun. 2020, 11, 181. [CrossRef]

47. Petrus, P.; Lecoutre, S.; Dollet, L.; Wiel, C.; Sulen, A.; Gao, H.; Tavira, B.; Laurencikiene, J.; Rooyackers, O.; Checa, A.; et al.
Glutamine Links Obesity to Inflammation in Human White Adipose Tissue. Cell Metab. 2020, 31, 375–390.e311. [CrossRef]

48. Liu, Y.; Hu, Y.J.; Fan, W.X.; Quan, X.; Xu, B.; Li, S.Z. O-GlcNAcylation: The Underestimated Emerging Regulators of Skeletal
Muscle Physiology. Cells 2022, 11, 1789. [CrossRef]

49. Ciraku, L.; Bacigalupa, Z.A.; Ju, J.; Moeller, R.A.; Le Minh, G.; Lee, R.H.; Smith, M.D.; Ferrer, C.M.; Trefely, S.; Izzo, L.T.; et al.
O-GlcNAc transferase regulates glioblastoma acetate metabolism via regulation of CDK5-dependent ACSS2 phosphorylation.
Oncogene 2022, 41, 2122–2136. [CrossRef]

50. Lu, S.; Liao, Z.; Lu, X.; Katschinski, D.M.; Mercola, M.; Chen, J.; Brown, J.H.; Molkentin, J.D.; Bossuyt, J.; Bers, D.M. Hyperglycemia
Acutely Increases Cytosolic Reactive Oxygen Species via O-linked GlcNAcylation and CaMKII Activation in Mouse Ventricular
Myocytes. Circ. Res. 2020, 126, e80–e96. [CrossRef]

51. Pedowitz, N.J.; Batt, A.R.; Darabedian, N.; Pratt, M.R. MYPT1 O-GlcNAc modification regulates sphingosine-1-phosphate
mediated contraction. Nat. Chem. Biol. 2021, 17, 169–177. [CrossRef]

52. Akimoto, Y.; Yan, K.; Miura, Y.; Tsumoto, H.; Toda, T.; Fukutomi, T.; Sugahara, D.; Kudo, A.; Arai, T.; Chiba, Y.; et al.
O-GlcNAcylation and phosphorylation of β-actin Ser(199) in diabetic nephropathy. Am. J. Physiol. Ren. Physiol. 2019, 317,
F1359–F1374. [CrossRef] [PubMed]

http://doi.org/10.1172/jci.insight.127709
http://doi.org/10.1038/s41467-019-11942-y
http://doi.org/10.1016/j.stem.2012.03.001
http://doi.org/10.1074/jbc.AW119.003226
http://doi.org/10.1073/pnas.1813026116
http://www.ncbi.nlm.nih.gov/pubmed/30940748
http://doi.org/10.1126/science.1058714
http://www.ncbi.nlm.nih.gov/pubmed/11269319
http://doi.org/10.1042/BCJ20160092
http://www.ncbi.nlm.nih.gov/pubmed/27048592
http://doi.org/10.2478/s11658-014-0204-6
http://www.ncbi.nlm.nih.gov/pubmed/25141978
http://doi.org/10.1016/j.celrep.2020.107632
http://doi.org/10.1038/s41467-019-13601-8
http://doi.org/10.1016/j.jhep.2017.03.017
http://doi.org/10.1038/s41467-020-19579-y
http://doi.org/10.1021/acschembio.9b01015
http://doi.org/10.1146/annurev-biochem-060608-102511
http://doi.org/10.1016/j.bbagen.2009.07.018
http://www.ncbi.nlm.nih.gov/pubmed/19647786
http://doi.org/10.1038/s12276-021-00709-5
http://doi.org/10.1016/j.redox.2020.101625
http://www.ncbi.nlm.nih.gov/pubmed/32863226
http://doi.org/10.1161/CIRCULATIONAHA.120.051911
http://www.ncbi.nlm.nih.gov/pubmed/33593071
http://doi.org/10.1073/pnas.1424017112
http://www.ncbi.nlm.nih.gov/pubmed/25918408
http://doi.org/10.1038/s41467-019-13914-8
http://doi.org/10.1016/j.cmet.2019.11.019
http://doi.org/10.3390/cells11111789
http://doi.org/10.1038/s41388-022-02237-6
http://doi.org/10.1161/CIRCRESAHA.119.316288
http://doi.org/10.1038/s41589-020-0640-8
http://doi.org/10.1152/ajprenal.00566.2018
http://www.ncbi.nlm.nih.gov/pubmed/31566433


Metabolites 2022, 12, 888 17 of 23

53. Leung, M.C.; Hitchen, P.G.; Ward, D.G.; Messer, A.E.; Marston, S.B. Z-band alternatively spliced PDZ motif protein (ZASP) is
the major O-linked β-N-acetylglucosamine-substituted protein in human heart myofibrils. J. Biol. Chem. 2013, 288, 4891–4898.
[CrossRef] [PubMed]

54. Hédou, J.; Bastide, B.; Page, A.; Michalski, J.C.; Morelle, W. Mapping of O-linked beta-N-acetylglucosamine modification sites in
key contractile proteins of rat skeletal muscle. Proteomics 2009, 9, 2139–2148. [CrossRef]

55. Basu, H.; Pekkurnaz, G.; Falk, J.; Wei, W.; Chin, M.; Steen, J.; Schwarz, T.L. FHL2 anchors mitochondria to actin and adapts
mitochondrial dynamics to glucose supply. J. Cell Biol. 2021, 220, e201912077. [CrossRef]

56. Ramirez-Correa, G.A.; Jin, W.; Wang, Z.; Zhong, X.; Gao, W.D.; Dias, W.B.; Vecoli, C.; Hart, G.W.; Murphy, A.M. O-linked
GlcNAc modification of cardiac myofilament proteins: A novel regulator of myocardial contractile function. Circ. Res. 2008, 103,
1354–1358. [CrossRef] [PubMed]

57. Hu, Y.; Liu, Y.; Yang, Y.; Lv, H.; Lian, S.; Xu, B.; Li, S. OGT upregulates myogenic IL-6 by mediating O-GlcNAcylation of p65 in
mouse skeletal muscle under cold exposure. J. Cell. Physiol. 2022, 237, 1341–1352. [CrossRef]

58. Huang, P.; Ho, S.R.; Wang, K.; Roessler, B.C.; Zhang, F.; Hu, Y.; Bowe, D.B.; Kudlow, J.E.; Paterson, A.J. Muscle-specific
overexpression of NCOATGK, splice variant of O-GlcNAcase, induces skeletal muscle atrophy. Am. J. Physiol. Cell Physiol. 2011,
300, C456–C465. [CrossRef]

59. Stevens, L.; Bastide, B.; Hedou, J.; Cieniewski-Bernard, C.; Montel, V.; Cochon, L.; Dupont, E.; Mounier, Y. Potential regulation of
human muscle plasticity by MLC2 post-translational modifications during bed rest and countermeasures. Arch. Biochem. Biophys.
2013, 540, 125–132. [CrossRef]

60. Myslicki, J.P.; Belke, D.D.; Shearer, J. Role of O-GlcNAcylation in nutritional sensing, insulin resistance and in mediating the
benefits of exercise. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2014, 39, 1205–1213. [CrossRef]

61. Lipina, C.; Hundal, H.S. Lipid modulation of skeletal muscle mass and function. J. Cachexia Sarcopenia Muscle 2017, 8, 190–201.
[CrossRef] [PubMed]

62. Shamim, B.; Hawley, J.A.; Camera, D.M. Protein Availability and Satellite Cell Dynamics in Skeletal Muscle. Sports Med. 2018, 48,
1329–1343. [CrossRef] [PubMed]

63. McGee, S.L.; Hargreaves, M. AMPK-mediated regulation of transcription in skeletal muscle. Clin. Sci. 2010, 118, 507–518.
[CrossRef] [PubMed]

64. Egan, B.; Zierath, J.R. Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell Metab. 2013, 17,
162–184. [CrossRef] [PubMed]

65. Mengeste, A.M.; Rustan, A.C.; Lund, J. Skeletal muscle energy metabolism in obesity. Obesity 2021, 29, 1582–1595. [CrossRef]
[PubMed]

66. Henselmans, M.; Bjørnsen, T.; Hedderman, R.; Vårvik, F.T. The Effect of Carbohydrate Intake on Strength and Resistance Training
Performance: A Systematic Review. Nutrients 2022, 14, 856. [CrossRef] [PubMed]

67. Yang, J. Enhanced skeletal muscle for effective glucose homeostasis. Prog. Mol. Biol. Transl. Sci. 2014, 121, 133–163. [CrossRef]
68. Giudice, J.; Taylor, J.M. Muscle as a paracrine and endocrine organ. Curr. Opin. Pharmacol. 2017, 34, 49–55. [CrossRef]
69. Pedersen, B.K.; Febbraio, M.A. Muscles, exercise and obesity: Skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 2012, 8,

457–465. [CrossRef]
70. Singh, J.P.; Qian, K.; Lee, J.S.; Zhou, J.; Han, X.; Zhang, B.; Ong, Q.; Ni, W.; Jiang, M.; Ruan, H.B.; et al. O-GlcNAcase targets

pyruvate kinase M2 to regulate tumor growth. Oncogene 2020, 39, 560–573. [CrossRef]
71. Yi, W.; Clark, P.M.; Mason, D.E.; Keenan, M.C.; Hill, C.; Goddard, W.A., 3rd; Peters, E.C.; Driggers, E.M.; Hsieh-Wilson, L.C.

Phosphofructokinase 1 glycosylation regulates cell growth and metabolism. Science 2012, 337, 975–980. [CrossRef] [PubMed]
72. Shi, H.; Munk, A.; Nielsen, T.S.; Daughtry, M.R.; Larsson, L.; Li, S.; Høyer, K.F.; Geisler, H.W.; Sulek, K.; Kjøbsted, R.; et al. Skeletal

muscle O-GlcNAc transferase is important for muscle energy homeostasis and whole-body insulin sensitivity. Mol. Metab. 2018,
11, 160–177. [CrossRef] [PubMed]

73. Durning, S.P.; Flanagan-Steet, H.; Prasad, N.; Wells, L. O-Linked β-N-acetylglucosamine (O-GlcNAc) Acts as a Glucose Sensor to
Epigenetically Regulate the Insulin Gene in Pancreatic Beta Cells. J. Biol. Chem. 2016, 291, 2107–2118. [CrossRef] [PubMed]

74. Liu, Y.; Xu, B.; Hu, Y.; Liu, P.; Lian, S.; Lv, H.; Yang, Y.; Ji, H.; Yang, H.; Liu, J.; et al. O-GlcNAc/Akt pathway regulates glucose
metabolism and reduces apoptosis in liver of piglets with acute cold stress. Cryobiology 2021, 100, 125–132. [CrossRef] [PubMed]

75. Wang, Z.; Pandey, A.; Hart, G.W. Dynamic interplay between O-linked N-acetylglucosaminylation and glycogen synthase
kinase-3-dependent phosphorylation. Mol. Cell. Proteom. MCP 2007, 6, 1365–1379. [CrossRef]

76. Hanover, J.A.; Krause, M.W.; Love, D.C. The hexosamine signaling pathway: O-GlcNAc cycling in feast or famine. Biochim.
Biophys. Acta 2010, 1800, 80–95. [CrossRef]

77. Filhoulaud, G.; Guillemain, G.; Scharfmann, R. The hexosamine biosynthesis pathway is essential for pancreatic beta cell
development. J. Biol. Chem. 2009, 284, 24583–24594. [CrossRef]

78. Richter, E.A.; Hargreaves, M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol. Rev. 2013, 93, 993–1017. [CrossRef]
79. Love, D.C.; Hanover, J.A. The hexosamine signaling pathway: Deciphering the “O-GlcNAc code”. Sci. STKE Signal Transduct.

Knowl. Environ. 2005, 2005, re13. [CrossRef]
80. Ruegenberg, S.; Horn, M.; Pichlo, C.; Allmeroth, K.; Baumann, U.; Denzel, M.S. Loss of GFAT-1 feedback regulation activates the

hexosamine pathway that modulates protein homeostasis. Nat. Commun. 2020, 11, 687. [CrossRef]

http://doi.org/10.1074/jbc.M112.410316
http://www.ncbi.nlm.nih.gov/pubmed/23271734
http://doi.org/10.1002/pmic.200800617
http://doi.org/10.1083/jcb.201912077
http://doi.org/10.1161/CIRCRESAHA.108.184978
http://www.ncbi.nlm.nih.gov/pubmed/18988896
http://doi.org/10.1002/jcp.30612
http://doi.org/10.1152/ajpcell.00124.2010
http://doi.org/10.1016/j.abb.2013.10.016
http://doi.org/10.1139/apnm-2014-0122
http://doi.org/10.1002/jcsm.12144
http://www.ncbi.nlm.nih.gov/pubmed/27897400
http://doi.org/10.1007/s40279-018-0883-7
http://www.ncbi.nlm.nih.gov/pubmed/29557519
http://doi.org/10.1042/CS20090533
http://www.ncbi.nlm.nih.gov/pubmed/20088830
http://doi.org/10.1016/j.cmet.2012.12.012
http://www.ncbi.nlm.nih.gov/pubmed/23395166
http://doi.org/10.1002/oby.23227
http://www.ncbi.nlm.nih.gov/pubmed/34464025
http://doi.org/10.3390/nu14040856
http://www.ncbi.nlm.nih.gov/pubmed/35215506
http://doi.org/10.1016/b978-0-12-800101-1.00005-3
http://doi.org/10.1016/j.coph.2017.05.005
http://doi.org/10.1038/nrendo.2012.49
http://doi.org/10.1038/s41388-019-0975-3
http://doi.org/10.1126/science.1222278
http://www.ncbi.nlm.nih.gov/pubmed/22923583
http://doi.org/10.1016/j.molmet.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29525407
http://doi.org/10.1074/jbc.M115.693580
http://www.ncbi.nlm.nih.gov/pubmed/26598517
http://doi.org/10.1016/j.cryobiol.2021.02.008
http://www.ncbi.nlm.nih.gov/pubmed/33651993
http://doi.org/10.1074/mcp.M600453-MCP200
http://doi.org/10.1016/j.bbagen.2009.07.017
http://doi.org/10.1074/jbc.M109.025288
http://doi.org/10.1152/physrev.00038.2012
http://doi.org/10.1126/stke.3122005re13
http://doi.org/10.1038/s41467-020-14524-5


Metabolites 2022, 12, 888 18 of 23

81. Campbell, S.; Mesaros, C.; Izzo, L.; Affronti, H.; Noji, M.; Schaffer, B.E.; Tsang, T.; Sun, K.; Trefely, S.; Kruijning, S.; et al. Glutamine
deprivation triggers NAGK-dependent hexosamine salvage. eLife 2021, 10, e62644. [CrossRef]

82. Horn, M.; Denzel, S.I.; Srinivasan, B.; Allmeroth, K.; Schiffer, I.; Karthikaisamy, V.; Miethe, S.; Breuer, P.; Antebi, A.; Denzel, M.S.
Hexosamine Pathway Activation Improves Protein Homeostasis through the Integrated Stress Response. iScience 2020, 23, 100887.
[CrossRef] [PubMed]

83. Lam, C.; Low, J.Y.; Tran, P.T.; Wang, H. The hexosamine biosynthetic pathway and cancer: Current knowledge and future
therapeutic strategies. Cancer Lett. 2021, 503, 11–18. [CrossRef]

84. Zachara, N.E.; Hart, G.W. O-GlcNAc a sensor of cellular state: The role of nucleocytoplasmic glycosylation in modulating cellular
function in response to nutrition and stress. Biochim. Biophys. Acta 2004, 1673, 13–28. [CrossRef]

85. Zhao, L.; Shah, J.A.; Cai, Y.; Jin, J. ‘O-GlcNAc Code’ Mediated Biological Functions of Downstream Proteins. Molecules 2018,
23, 1967. [CrossRef]

86. Chatham, J.C.; Nöt, L.G.; Fülöp, N.; Marchase, R.B. Hexosamine biosynthesis and protein O-glycosylation: The first line of
defense against stress, ischemia, and trauma. Shock 2008, 29, 431–440. [CrossRef]

87. Groves, J.A.; Lee, A.; Yildirir, G.; Zachara, N.E. Dynamic O-GlcNAcylation and its roles in the cellular stress response and
homeostasis. Cell Stress Chaperones 2013, 18, 535–558. [CrossRef]

88. Lambert, M.; Bastide, B.; Cieniewski-Bernard, C. Involvement of O-GlcNAcylation in the Skeletal Muscle Physiology and
Physiopathology: Focus on Muscle Metabolism. Front. Endocrinol. 2018, 9, 578. [CrossRef]

89. Wang, X.; Feng, Z.; Wang, X.; Yang, L.; Han, S.; Cao, K.; Xu, J.; Zhao, L.; Zhang, Y.; Liu, J. O-GlcNAcase deficiency suppresses
skeletal myogenesis and insulin sensitivity in mice through the modulation of mitochondrial homeostasis. Diabetologia 2016, 59,
1287–1296. [CrossRef]

90. Guo, X.; Sun, W.; Luo, G.; Wu, L.; Xu, G.; Hou, D.; Hou, Y.; Guo, X.; Mu, X.; Qin, L.; et al. Panax notoginseng saponins alleviate
skeletal muscle insulin resistance by regulating the IRS1-PI3K-AKT signaling pathway and GLUT4 expression. FEBS Open Bio
2019, 9, 1008–1019. [CrossRef]

91. Hawkins, M.; Angelov, I.; Liu, R.; Barzilai, N.; Rossetti, L. The tissue concentration of UDP-N-acetylglucosamine modulates the
stimulatory effect of insulin on skeletal muscle glucose uptake. J. Biol. Chem. 1997, 272, 4889–4895. [CrossRef] [PubMed]

92. Ferrer, C.M.; Lynch, T.P.; Sodi, V.L.; Falcone, J.N.; Schwab, L.P.; Peacock, D.L.; Vocadlo, D.J.; Seagroves, T.N.; Reginato, M.J.
O-GlcNAcylation regulates cancer metabolism and survival stress signaling via regulation of the HIF-1 pathway. Mol. Cell 2014,
54, 820–831. [CrossRef] [PubMed]

93. Baldini, S.F.; Steenackers, A.; Stichelen, S.O.-V.; Mir, A.M.; Mortuaire, M.; Lefebvre, T.; Guinez, C. Glucokinase expression is
regulated by glucose through O-GlcNAc glycosylation. Biochem. Biophys. Res. Commun. 2016, 478, 942–948. [CrossRef] [PubMed]

94. Rao, X.; Duan, X.; Mao, W.; Li, X.; Li, Z.; Li, Q.; Zheng, Z.; Xu, H.; Chen, M.; Wang, P.G.; et al. O-GlcNAcylation of G6PD promotes
the pentose phosphate pathway and tumor growth. Nat. Commun. 2015, 6, 8468. [CrossRef]

95. Lei, Y.; Chen, T.; Li, Y.; Shang, M.; Zhang, Y.; Jin, Y.; Yu, Q.; Guo, F.; Wang, T. O-GlcNAcylation of PFKFB3 is required for tumor
cell proliferation under hypoxia. Oncogenesis 2020, 9, 21. [CrossRef]

96. Lim, K.; Yoon, B.H.; Ha, C.H. O-Linked N-acetylglucosaminylation of Sp1 interferes with Sp1 activation of glycolytic genes.
Biochem. Biophys. Res. Commun. 2015, 468, 349–353. [CrossRef]

97. Bacigalupa, Z.A.; Bhadiadra, C.H.; Reginato, M.J. O-GlcNAcylation: Key regulator of glycolytic pathways. J. Bioenerg. Biomembr.
2018, 50, 189–198. [CrossRef]

98. Nachit, M.; Leclercq, I.A. Emerging awareness on the importance of skeletal muscle in liver diseases: Time to dig deeper into
mechanisms! Clin. Sci. 2019, 133, 465–481. [CrossRef]

99. Kazemi, Z.; Chang, H.; Haserodt, S.; McKen, C.; Zachara, N.E. O-linked beta-N-acetylglucosamine (O-GlcNAc) regulates
stress-induced heat shock protein expression in a GSK-3beta-dependent manner. J. Biol. Chem. 2010, 285, 39096–39107. [CrossRef]
[PubMed]

100. Parker, G.J.; Lund, K.C.; Taylor, R.P.; McClain, D.A. Insulin resistance of glycogen synthase mediated by o-linked
N-acetylglucosamine. J. Biol. Chem. 2003, 278, 10022–10027. [CrossRef]

101. Zumbaugh, M.D.; Yen, C.N.; Bodmer, J.S.; Shi, H.; Gerrard, D.E. Skeletal Muscle O-GlcNAc Transferase Action on Global
Metabolism is Partially Mediated Through Interleukin-15. Front. Physiol. 2021, 12, 682052. [CrossRef] [PubMed]

102. Laczy, B.; Fülöp, N.; Onay-Besikci, A.; Des Rosiers, C.; Chatham, J.C. Acute regulation of cardiac metabolism by the hexosamine
biosynthesis pathway and protein O-GlcNAcylation. PLoS ONE 2011, 6, e18417. [CrossRef] [PubMed]

103. Guinez, C.; Filhoulaud, G.; Rayah-Benhamed, F.; Marmier, S.; Dubuquoy, C.; Dentin, R.; Moldes, M.; Burnol, A.F.; Yang, X.;
Lefebvre, T.; et al. O-GlcNAcylation increases ChREBP protein content and transcriptional activity in the liver. Diabetes 2011, 60,
1399–1413. [CrossRef] [PubMed]

104. Sodi, V.L.; Bacigalupa, Z.A.; Ferrer, C.M.; Lee, J.V.; Gocal, W.A.; Mukhopadhyay, D.; Wellen, K.E.; Ivan, M.; Reginato, M.J. Nutrient
sensor O-GlcNAc transferase controls cancer lipid metabolism via SREBP-1 regulation. Oncogene 2018, 37, 924–934. [CrossRef]

105. Benhamed, F.; Filhoulaud, G.; Caron, S.; Lefebvre, P.; Staels, B.; Postic, C. O-GlcNAcylation Links ChREBP and FXR to Glucose-
Sensing. Front. Endocrinol. 2014, 5, 230. [CrossRef]

106. Anthonisen, E.H.; Berven, L.; Holm, S.; Nygård, M.; Nebb, H.I.; Grønning-Wang, L.M. Nuclear receptor liver X receptor is
O-GlcNAc-modified in response to glucose. J. Biol. Chem. 2010, 285, 1607–1615. [CrossRef]

http://doi.org/10.7554/eLife.62644
http://doi.org/10.1016/j.isci.2020.100887
http://www.ncbi.nlm.nih.gov/pubmed/32086012
http://doi.org/10.1016/j.canlet.2021.01.010
http://doi.org/10.1016/j.bbagen.2004.03.016
http://doi.org/10.3390/molecules23081967
http://doi.org/10.1097/SHK.0b013e3181598bad
http://doi.org/10.1007/s12192-013-0426-y
http://doi.org/10.3389/fendo.2018.00578
http://doi.org/10.1007/s00125-016-3919-2
http://doi.org/10.1002/2211-5463.12635
http://doi.org/10.1074/jbc.272.8.4889
http://www.ncbi.nlm.nih.gov/pubmed/9030547
http://doi.org/10.1016/j.molcel.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/24857547
http://doi.org/10.1016/j.bbrc.2016.08.056
http://www.ncbi.nlm.nih.gov/pubmed/27520373
http://doi.org/10.1038/ncomms9468
http://doi.org/10.1038/s41389-020-0208-1
http://doi.org/10.1016/j.bbrc.2015.10.096
http://doi.org/10.1007/s10863-018-9742-3
http://doi.org/10.1042/CS20180421
http://doi.org/10.1074/jbc.M110.131102
http://www.ncbi.nlm.nih.gov/pubmed/20926391
http://doi.org/10.1074/jbc.M207787200
http://doi.org/10.3389/fphys.2021.682052
http://www.ncbi.nlm.nih.gov/pubmed/34326778
http://doi.org/10.1371/journal.pone.0018417
http://www.ncbi.nlm.nih.gov/pubmed/21494549
http://doi.org/10.2337/db10-0452
http://www.ncbi.nlm.nih.gov/pubmed/21471514
http://doi.org/10.1038/onc.2017.395
http://doi.org/10.3389/fendo.2014.00230
http://doi.org/10.1074/jbc.M109.082685


Metabolites 2022, 12, 888 19 of 23

107. Wong, Y.K.; Wang, J.; Lim, T.K.; Lin, Q.; Yap, C.T.; Shen, H.M. O-GlcNAcylation promotes fatty acid synthase activity under
nutritional stress as a pro-survival mechanism in cancer cells. Proteomics 2022, 22, e2100175. [CrossRef]

108. Deshmukh, A.S. Insulin-stimulated glucose uptake in healthy and insulin-resistant skeletal muscle. Horm. Mol. Biol. Clin. Investig.
2016, 26, 13–24. [CrossRef] [PubMed]

109. McLarty, J.L.; Marsh, S.A.; Chatham, J.C. Post-translational protein modification by O-linked N-acetyl-glucosamine: Its role in
mediating the adverse effects of diabetes on the heart. Life Sci 2013, 92, 621–627. [CrossRef]

110. Wells, L.; Vosseller, K.; Hart, G.W. A role for N-acetylglucosamine as a nutrient sensor and mediator of insulin resistance. Cell.
Mol. Life Sci. CMLS 2003, 60, 222–228. [CrossRef]

111. Virkamäki, A.; Daniels, M.C.; Hämäläinen, S.; Utriainen, T.; McClain, D.; Yki-Järvinen, H. Activation of the hexosamine pathway
by glucosamine in vivo induces insulin resistance in multiple insulin sensitive tissues. Endocrinology 1997, 138, 2501–2507.
[CrossRef]

112. Arias, E.B.; Kim, J.; Cartee, G.D. Prolonged incubation in PUGNAc results in increased protein O-Linked glycosylation and
insulin resistance in rat skeletal muscle. Diabetes 2004, 53, 921–930. [CrossRef] [PubMed]

113. Walgren, J.L.; Vincent, T.S.; Schey, K.L.; Buse, M.G. High glucose and insulin promote O-GlcNAc modification of proteins,
including alpha-tubulin. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E424–E434. [CrossRef] [PubMed]

114. Yki-Järvinen, H.; Virkamäki, A.; Daniels, M.C.; McClain, D.; Gottschalk, W.K. Insulin and glucosamine infusions increase O-linked
N-acetyl-glucosamine in skeletal muscle proteins in vivo. Metab. Clin. Exp. 1998, 47, 449–455. [CrossRef]

115. Ansari, S.A.; Emerald, B.S. The Role of Insulin Resistance and Protein O-GlcNAcylation in Neurodegeneration. Front. Neurosci.
2019, 13, 473. [CrossRef] [PubMed]

116. Copeland, R.J.; Bullen, J.W.; Hart, G.W. Cross-talk between GlcNAcylation and phosphorylation: Roles in insulin resistance and
glucose toxicity. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E17–E28. [CrossRef]

117. Rojas, F.A.; Hirata, A.E.; Saad, M.J. Regulation of insulin receptor substrate-2 tyrosine phosphorylation in animal models of
insulin resistance. Endocrine 2003, 21, 115–122. [CrossRef]

118. Copps, K.D.; White, M.F. Regulation of insulin sensitivity by serine/threonine phosphorylation of insulin receptor substrate
proteins IRS1 and IRS2. Diabetologia 2012, 55, 2565–2582. [CrossRef]

119. Yudushkin, I. Getting the Akt Together: Guiding Intracellular Akt Activity by PI3K. Biomolecules 2019, 9, 67. [CrossRef]
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