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Abstract: Glycogen storage disorders (GSDs) are a group of inherited metabolic disorders characterized by
defects in enzymes involved in glycogen metabolism. Deficiencies in enzymes responsible for glycogen
breakdown and synthesis can impair mitochondrial function. For instance, in GSD type II (Pompe disease),
acid alpha-glucosidase deficiency leads to lysosomal glycogen accumulation, which secondarily impacts
mitochondrial function through dysfunctional mitophagy, which disrupts mitochondrial quality control
generating oxidative stress. In GSD type III (Cori disease), the lack of the debranching enzyme causes glycogen
accumulation and affects mitochondrial dynamics and biogenesis by disrupting the integrity of muscle fibers.
Malfunctional glycogen metabolism can disrupt various cascades thus causing mitochondrial and cell
metabolic dysfunction through various mechanisms. These dysfunctions include altered mitochondrial
morphology, impaired oxidative phosphorylation, increased production of reactive oxygen species (ROS), and
defective mitophagy. The oxidative burden typical of GSDs compromises mitochondrial integrity and
exacerbates the metabolic derangements observed in GSDs. The intertwining of mitochondrial dysfunction and
GSDs underscores the complexity of these disorders and has significant clinical implications. GSD patients
often present with multisystem manifestations, including hepatomegaly, hypoglycemia, and muscle weakness,
which can be exacerbated by mitochondrial impairment. Moreover, mitochondrial dysfunction may contribute
to the progression of GSD-related complications, such as cardiomyopathy and neurocognitive deficits.
Targeting mitochondrial dysfunction thus represents a promising therapeutic avenue in GSDs. Potential
strategies include antioxidants to mitigate oxidative stress, compounds that enhance mitochondrial biogenesis,
and gene therapy to correct the underlying mitochondrial enzyme deficiencies. Mitochondrial dysfunction
plays a critical role in the pathophysiology of GSDs. Recognizing and addressing this aspect can lead to more
comprehensive and effective treatments, improving the quality of life of GSD patients. This review aims to
elaborate on the intricate relationship between mitochondrial dysfunction and various types of GSDs. The
review presents challenges and treatment options for several GSD
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1. Background

Glycogen storage disorders (GSDs) are a group of inherited glycogen metabolic disorders caused
by deficiency of enzymes involved in the synthesis or degradation of glycogen. Most GSDs are
congenital and can present at any age from newborn to adulthood [1]. GSDs primarily affect the liver
and skeletal muscles, where glycogen is predominantly stored, however, depending on the specific
enzyme deficiency and its distribution across various tissues, other organs, including heart, kidneys,
and brain can also be affected [2-4]. GSDs classified according to the specific enzyme deficiency and
the affected organ like GSD 0a, GSD 0b, GSD I, GSD II (Pompe disease), GSD III, GSD 1V, GSD V,
GSD VI, GSD VII, GSD IX, GSD X, GSD XI (lactate dehydrogenase subunit A deficiency), GSD XII,
GSD XIII, phosphogluco-mutase 1 deficiency—congenital disorder of glycosylation (PGM1-CDG;
previously called GSD XIV), GSD XV, Fanconi-Bickel syndrome (FBS) and phosphoglycerate kinase
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(PGK) deficiency [1,4]. Mitochondria are essential organelles known for their role in ATP production
through OXPHOS, regulation of cellular metabolism, and involvement in apoptosis. Impairment in
mitochondrial function can have widespread effects on cellular energy status and metabolic
homeostasis [2,5,6]. In GSDs, mitochondrial dysfunction can exacerbate the metabolic derangements
caused by impaired glycogen metabolism, leading to a more complex pathological conditions and
influencing disease outcomes [7-9]. Mitochondrial dysfunction has emerged as a critical component
in the pathology of various GSDs. The abnormal accumulation or deficient production of glycogen,
primarily in the liver and muscles, resulting in a spectrum of clinical manifestations. Although
traditionally the focus has been on the direct consequences of enzyme deficiencies on glycogen
metabolism, recent studies have shed light on the significant role of mitochondrial dysfunction in the
progression and severity of GSDs. One of the most extensively studied GSDs with respect to
mitochondrial dysfunction is GSD type II (Pompe disease) [10]. Pompe disease results from
mutations in the acid alpha-glucosidase (GAA) gene, leading to the accumulation of glycogen within
lysosomes. This lysosomal storage disorder primarily affects muscle cells, including cardiac and
skeletal muscles. Recent research has indicated that secondary mitochondrial dysfunction plays a
pivotal role in the disease's pathophysiology. The accumulated glycogen disrupts normal cellular
processes, leading to mitochondrial swelling, reduced mitochondrial membrane potential, and
impaired OXPHOS. These mitochondrial abnormalities contribute to the muscle weakness and
respiratory complications characteristic of Pompe disease. Similarly, GSD III (Cori disease) is caused
by a deficiency in the debranching enzyme amylo-1,6-glucosidase, accumulating abnormal glycogen
with shorter outer branches. This condition not only affects liver and muscle tissues but also shows
a significant impact on mitochondrial function. Studies have demonstrated that patients with GSD
I exhibit reduced activities of mitochondrial respiratory chain complexes, increased oxidative stress,
and altered mitochondrial morphology. These mitochondrial impairments are believed to contribute
to the muscle weakness, cardiomyopathy, and hepatic dysfunction observed in GSD III patients
[11,12]. The interplay between glycogen storage and mitochondrial dysfunction is also evident in
GSD V, (McArdle disease) caused by deficiency in myophosphorylase, an enzyme crucial for
glycogen breakdown in muscle cells [13]. The inability to mobilize glycogen during exercise leads to
muscle cramps, fatigue, and, in severe cases, rhabdomyolysis. Recent studies have highlighted that
mitochondrial dysfunction, characterized by decreased mitochondrial biogenesis and impaired
oxidative metabolism, exacerbates the exercise intolerance seen in McArdle disease. Mitochondrial
dysfunction has emerged as a critical component in the pathophysiology of several GSDs, influencing
the clinical manifestations and therapeutic approaches.

Based on an extensive literature search using keywords like mitochondrial dysfunction in GSDs,
mitochondrial impairment and GSDs, metabolic disorders and GSDs, mitochondria-related
myopathy, and autophagy in GSDs, we went through the literature and following major
abnormalities related to mitochondrial dysfunction across different GSDs have been reported. This
review provides an extensive overview of mitochondrial dysfunction in GSDs, discussing the
underlying mechanisms, clinical implications, and potential therapeutic strategies.

2. Glycogen storage disorders (GSDs) an overview

GSDs primarily affect the liver and skeletal muscles due to the high abundance of glycogen in
these tissues. Glucose and glycogen convert into one another via synthesis or degradation through
various steps in the glycogen metabolism pathways chiefly in the liver and skeletal muscles,
catalyzed by different metabolic enzymes. Mutations in genes encoding individual enzymes in the
glycogen metabolism pathway led to GSDs, depending on the enzyme defect and its relative
expression in the liver, skeletal muscle as well as in the kidney, heart, and brain also, clinical
manifestations of GSDs vary from one disorder to the other. Liver GSDs are commonly caused by
fasting hypoglycemia and/or hepatomegaly, muscle GSDs are present in one of two different ways:
exercise intolerance with rhabdomyolysis or fixed muscle weakness without rhabdomyolysis. GSDs
are categorized based on the specific enzyme deficiency and the resultant metabolic abnormalities,
details are summarized in (Table 1).
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Table 1. Enzyme defects with clinical features and epidemiology in GSDs.
Disorders (common Gene/ . .. . .
name) Enzyme Chromosome/Inherit Clinical manifestation References
ance
. Fasting ketotic hypoglycemia,
GSD 0Oa Glycoge}r}synthase m GYS2/12p12.1/AR reactigve hyperg}ll}ligce%n}i,a and [14,15]
e lactate elevation
Hypertrophic cardiomyopathy
Glycogen synthase in exercise intolerance, and adult-
GSD 0b GYS1/19q13.33/AR , [16,17]
muscle onset myopathy without
cardiomyopathy
Hypoglycemia, lactic acidosis,
GSD Ia.(von Gierke Glucose-6-phosphatase  G6PC/17q21.31/ AR hypertriglyceridemia, [18]
disease) hepatomegaly, renal
dysfunction
GSD Ib Glucose-6-phosphate Neutropenia, neutrophil
translocase SLC37A4/11q23.3/AR dysfunction and inflammatory [19]
bowel disease
GSD II (Pompe disease) alpha-1,4-glucosidase Hypertrophic
’ GAA /17q25.3/AR  cardiomyopathy, hypotonia, [20]
and motor delay
Hypoglycemia, elevated
GSD 1II (Cori or Forbes Glycogen debranching ketosis in hyperlipidemia,
disease) (amylo-1,6 glucosidase) AGL/1p21.2/ AR hepatomegaly, elevated liver [11]
enzyme myopathy, variable
muscle and cardiac phenotype
Hepatosplenomegaly, liver
GSD IV (Andersen or . fiysfur.lction, Progressive
Glycogen branching cirrhosis, cardiomyopathy,
Adult polyglucosan enzyme- amylo (1,4 -1,6) hypotonia, gait difficulty,
body disease) o GBE1/3p12.2/AR N 7 [21-23]
transglucosidase progressive neurogenic
bladder, autonomic
dysfunction, sensory loss and
variable cognitive difficulty
cs0s o e e e
disease) Myophosphorylase PYGM/11q13.1/ AR tachycardia, rhabdomyolysis, [24]
myoglobinuria
Hepatomegaly, hypoglycemia,
GSD 6 (Hers disease) Liver glycogen with ketosis, elevated liver
phosphorylase PYGL/14g22.1/ AR transaminases, [25,26]
hyperlipidemia, osteoporosis,
liver fibrosis
Hemolytic anemia, muscle
. Muscle weakness, exercise-induced
GSD 7 (Tarui disease) phosphofructokinase =~ PFKM/12q13.11/ AR muscle cramping, exertional [27,28]
Myopathy,
gout/hyperuricemia
GSD 9A1 (formerly  Alpha-2 subunit of liver Hepatomesalv. erowth
GSD 8) phosphorylase kinase ~ PHKA2/Xp22.13 XL patomega’y. & [29]

retardation, motor
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developmental delay.
Hypercholesterolemia,
hypertriglyceridemia, elevated
liver enzymes; fasting
hyperketosis
Beta subunit of liver and Short stature, hepatomegaly,
GSD 9B (GSD IXb) muscle phosphorylase ~ PHKB/16q12.1/ AR diarrhea, muscle [3,30]
Weakness, hypotonia
Heoati
GSD 9C (GSD IXc) epatic and Growth retardation,
testis isoform — .
. PHKG2/16p11.2/AR  hepatomegaly, hypotonia; [31,32]
gamma subunit of .
. cognitive delay
phosphorylase kinase
Muscle weakness, exercise-
Alpha subunit of muscle induced muscle pain &
GSD 9D (GSD IXd) phosphorylase kinase =~ PHKA1/Xq13.1/XL stiffness, muscle atrophy, [3,29,31]

elevated CK

Exercise intolerance with
cramp or pain,
rhabdomyolysis,
myoglobinuria,
hyperuricemia, coronary

Muscle phosphoglycerate

GSD 10 (GSD X) mutase PGAM2/7p13/AR [2,33]

arteriosclerosis

Exercise-induced muscle
cramps & pain, uterine muscle
stiffness in pregnancy,
GSD 11 (GSD XI) Lactate dehydrogenase A LDHA/11p15.1/AR psoriatic skin lesions, Elevated  [34-36]
serum CK during
myoglobinuria, with low
serum lactate dehydrogenase

Short stature dysmorphic face,
myopathy; mental retardation;

GSD 12 (GSD XII) Fructose-1,6- delayed puberty; hemolytic

bisphosphate aldolase ALDOA/16p11.2/AR [37,38]

anemia, hepatosplenomegaly;
rhabdomyolysis with febrile
illness

Exercise intolerance, myalgia,

GSD 13 (GSD XI) Beta-enolase ENO3/17p13.2/AR  rhabdomyolysis with fatty [39,40]
infiltration
Weakness, arrhythmias,

GSD 15 (GSDXV) Glycogenin-1 GYG1/3q24/AR skeletal myopathy, [41,42]
cardiomyopathy

Hematological anomalies,
hypoglycemia, growth
retardation and dilated

cardiomyopathy

GSD 14 (Previously

GSDXIV) Phosphoglucomutase-1 ~ PGM1/1p31.3/AR

[43,44]

Postprandial elevations of

Fanconi—Bickel glucose and galactose, fasting

syndrome (GSD XI) SLC2A2 GLUT2/3q262/AR  [WPoslycemia, hepatomegaly, 0
proximal tubular

nephropathy, glucosuria, short
stature
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Nonspherocytic hemolytic
anemia, myopathy with
PGK1 PGK/ Xq21.1/ XL rhabdomyolysis and [47,48]
neurological features,
myopathy, rhabdomyolysis

PGK deficiency

AR = autosomal recessive; XL = X-linked

3. Mitochondrial Metabolic Dysfunction

Mitochondria are essential organelles responsible for energy production through oxidative
phosphorylation (OXPHQOS), regulation of apoptosis, and maintenance of cellular metabolism.
Mitochondria also play a role in calcium homeostasis, reactive oxygen species (ROS) production, and
biosynthesis of certain macromolecules. Mitochondria provide most of the cell’'s oxidative
metabolism and energy production and are the major sites of the tri-carboxylic cycle (TCA cycle),
OXPHOS, and fatty acid [-oxidation [49]. Primary mitochondrial impairment leads to
cardiomyopathy, progressive muscular and neuro-degeneration. OXPHOS involves a series of
oxidation-reduction reactions performed by five protein complexes present in the inner
mitochondrial membrane: complex I (CI) also known as NADH: ubiquinone oxidoreductase accepts
electrons from NADH and reduces ubiquinone (CoQ)), which serves as the substrate for complex III;
complex II (CII) or succinate: ubiquinone oxidoreductase accepts electrons from FADH?2 also reduces
CoQ; complex III (CIII) called ubiquinol: ferricytochrome c oxidoreductase, it transfers electrons from
reduced ubiquinone (ubiquinol) to cytochrome c; complex IV (CIV) also called cytochrome c oxidase
passes electrons from cytochrome c to molecular oxygen (O2), reducing it to form water (H20) and
complex V (CV) known as FoF1-ATP synthetase utilizes the proton gradient generated by the other
complexes to synthesize ATP from ADP and inorganic phosphate [6,50]. Defective OXPHOS can lead
to an overproduction of reactive oxygen species (ROS) that damage DNA, proteins, and lipid
membranes [51]. Lactate dehydrogenase (LDHD) convert Pyruvate into Lacate and vice versa during
glycogen metabolism, its deficiency causes GSD XI. A case study reported elevated D-lactate levels
due to LDHD cause complex IV deficiency [34]. Mitochondrial disorders may stem from pathogenic
mutations in either mitochondrial DNA (mtDNA) or nuclear DNA (nDNA), giving rise to diverse
inheritance patterns such as maternal, autosomal dominant, autosomal recessive, and X-linked. These
mutations disrupt normal mitochondrial function, leading to a spectrum of clinical presentations and
inheritance modes that vary in severity and manifestation [52]. Mutations in OXPHOS complexes
proteins can cause severe pathological manifestations from the neonatal period to adult-onset,
including fatal infantile lactic acidosis, infancy/early childhood onset neuropathological disorders
[53], cardiomyopathy, liver disease, and myopathy [54]. Mitochondrial impairment was found in
patients with GSD I, GSD III, GSD VI, and GSD IX by examining enzymatic activities in lymphocytes.
The results revealed significant alterations in enzyme activity profiles across all GSD types. Notably,
reduced activity of succinate dehydrogenase (a component of complex II of the respiratory chain)
and glycerol-3-phosphate dehydrogenase (involved in glycolysis) was observed. Conversely,
increased enzymatic activity of NADH dehydrogenase and lactate dehydrogenase (LDH) was noted
in all GSD types, with the most pronounced changes found in GSD I [55]. These findings provide
evidence of mitochondrial dysfunction in various forms of GSDs, highlighting the complex interplay
between metabolic pathways and mitochondrial function in these disorders (Figure 1). GSDs disrupt
the normal metabolism of glycogen, leading to impaired synthesis, breakdown, and transport of this
essential carbohydrate. Since carbohydrates serve as major energy sources for cells, researchers have
investigated the involvement of mitochondria and other energy-producing pathways in GSD
pathogenesis. A reduction in the use of carbohydrates as fuel and reduced regeneration of
phosphorylated molecules in mitochondria during exercise has been reported [56-58]. GSD Ia patient
fibroblast exhibited a lower concentration of malate, responsible for translocating electrons produced
during glycolysis across the semipermeable inner membrane of the mitochondrion for OXPHOS [59].
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Peripheral lymphocytes from GSD 1 patients have shown decreased activity of succinate
dehydrogenase and NADH dehydrogenase [55]. A previous study has indicated the presence of
indirect markers of TCA cycle and fatty acid oxidation (FAO) overload in the urine and plasma of
GSD Ia patients. [60]. Accumulation of free carnitine and long-chain acylcarnitines, a transporter of
fatty acids into the mitochondria for subsequent [3-oxidation was found and also increased excretion
of various TCA cycle metabolites was observed in urine of GSD I patients [61,62]. The cause of
mitochondrial dysfunction is not fully known, decrease in mitochondrial oxidation could result solely
from reduced mitochondrial content. In GSD Ia animal model of G6pc—/- mice, several mitochondrial
dysfunctions have been identified in the liver, including reduced mitochondrial content, abnormal
morphology, impaired respiration, and disturbed TCA cycle function. Significant abnormalities in
liver mitochondria were observed included reduced mitochondrial content, irregular ultrastructure
of cristae (the internal membranes of mitochondria), and overall morphological alterations.
Additionally, there are indications of disrupted mitophagy, the process by which cells remove
damaged or dysfunctional mitochondria. The ultrastructural analyses of knockout (KO) mice and
knockdown (KD) AML-12 cells show a significant number of damaged mitochondria. The changes
in membrane potential also cause defects in membrane structure, possibly due to altered or
imbalanced incorporation of fatty acids into the mitochondrial membrane [12]. Glucotoxicity or
lipotoxicity due to lipid species such as saturated free fatty acids and ceramides might also mediate
mitochondrial damage, it is possible that the excessive intracellular carbohydrates or lipids could
lead to mitochondrial dysfunction [63,64]. Mitochondrial dynamics, including fusion and fission, are
crucial for maintaining mitochondrial function and integrity [65]. In several GSDs, abnormal
glycogen accumulation disrupts these processes, in GSD III, the accumulation of structurally
abnormal glycogen affects mitochondrial morphology, leading to impaired fusion and fission. This
results in dysfunctional mitochondria that are less efficient in energy production and more prone to
oxidative damage., [12]. Progressive skeletal muscle hypotonia and cardiac hypertrophy are classical
manifestations of infantile-onset Pompe disease [66]. Mitochondria play a crucial role in cellular

: - 7
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Figure 1: Major mitochondrial dysfunctions in glycogen storage disorders (created with BioRender.com)
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metabolism, patients with hypertrophic cardiomyopathy, disrupted metabolic signaling and
mitochondrial dysfunction have been reported [67]. Damaged mitochondria impair ATP synthase
activity and ATP production by reducing the inner membrane potential, resulting in energy
deficiency and contractile failure in muscle tissues [68].Huang et al. carried out a study in Pompe
disease-specific induced pluripotent stem cell (Pompe disease-iCMs), exhibited a significant
reduction in OXPHOS compared to control- iCMs which was partially ameliorated by treatment with
recombinant alpha-glucosidase (thGAA), An increased basal respiration, maximal respiration, and
spare respiratory capacity, along with a subsequent rise in proton leakage and ATP production was
also observed. Pompe disease-iCMs had a depolarized mitochondrial membrane potential and
elevated reactive oxygen species (ROS) levels relative to Ctrl-iCMs, both of which were also mitigated
by rhGAA treatment. These findings indicate that, in addition to reducing lysosomal glycogen
accumulation, ThGAA can partially restore mitochondrial biogenesis and function, potentially
addressing the cardiac pathology observed in Pompe disease [8] another study reported markedly
swollen cristae and mitochondrial dysfunction, including decreased glycolysis and OXPHOS in
Pompe disease -iCMs [69]. Lim et al. identified mitochondrial dysfunction associated with abnormal
energy metabolism in skeletal muscle biopsies of patients and in animal models of Pompe disease
[70].

3.1. Overproduction of ROS and oxidative stress

Besides ATP production, mitochondria are also a key source of reactive oxygen species (ROS)
[71]. ATP is generated through the electron transport chain (ETC), where high-energy electrons are
transferred to oxygen in a controlled manner. Occasionally, some electrons deviate from this path
and directly react with oxygen, forming superoxide radicals. These superoxide radicals can then be
converted, either enzymatically or spontaneously, into hydrogen peroxide [72]. Hydrogen peroxide
can participate in the Fenton reaction to produce hydroxyl radicals, which are highly reactive and
capable of causing significant damage to cellular structures such as membranes, proteins, enzymes,
and DNA, potentially leading to cell death [73,74]. To mitigate ROS damage, mitochondria possess a
sophisticated antioxidant defense system. Superoxide dismutase (SOD) converts superoxide radicals
into hydrogen peroxide, which is then reduced to water by glutathione peroxidase in the presence of
reduced glutathione. This process effectively reduces the formation of harmful hydroxyl radicals,
thereby scavenging most ROS generated within the mitochondria. Additionally, mitochondria assist
in scavenging ROS originating from other cellular organelles, like peroxisomes [75]. However,
mitochondrial dysfunction can result in excessive ROS production, causing cellular damage. When
ROS production exceeds the capacity of the cellular antioxidant defenses, oxidative stress ensues,
leading to damage of cellular macromolecules and impairment of cellular functions and viability [76].
Oxidative stress is increasingly recognized as a pivotal mechanism in the development of various
diseases, including metabolic syndrome (MetS). Mitochondria are crucial in maintaining appropriate
ROS levels within cells. An increased oxidative stress exacerbates mitochondrial dysfunction by
damaging components of the electron transport chain (ETC) and other mitochondrial constituents, it
enhances mitochondrial fragmentation and further decline in OXPHOS. [77]. Elevated superoxide
and hydrogen peroxide levels can disrupt intracellular signaling pathways, leading to metabolic
changes that promote increased fat synthesis and storage. Therefore, heightened ROS production
may contribute to the pathogenesis of MetS through mechanisms involving oxidative stress and
metabolic reprogramming [78]. All GSD types are groups of inherited metabolic disorders and these
mitochondrial dysfunctions may lead to disease development and progression.

3.2. Mitochondrial biogenesis

Mitochondria contain their own DNA, which encodes a few components of the ETC and 22
mitochondrial tRNAs [79]. The majority of ETC components and other mitochondrial machinery are
derived from nuclear genes. Therefore, mitochondrial biogenesis requires coordinated expression of
both nuclear and mitochondrial genes [79,80]. Peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) is a crucial regulator of this process, activating various transcription
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factors like Nuclear respiratory factors (NRF-1 and NRF-2), and estrogen-related receptors (ERRs),
which induce mitochondrial transcription factor A (TFAM) to promote mitochondrial gene
transcription [81,82]. PGC-1a also enhances mitochondrial fatty acid oxidation by co-activating
PPARa and PPARD, leading to increased mitochondrial mass and substrate oxidation [83]. PGC-1a
activation, triggered by elevated AMP (via AMPK) and increased NAD+ (via Sirtuin-1), also reduces
cellular oxidative stress by boosting mitochondrial antioxidant enzyme expression [84,85]. Thus,
PGC-1a is a key target for therapeutic strategies against metabolic syndrome (MetS), focusing on
enhancing mitochondrial biogenesis to improve mitochondrial efficiency and reduce oxidative stress,
providing multifactorial benefits. G6Pase-a deficiency causes glycogen storage disease type 1a (GSD
Ia). In a study using L-G6pc—/— mice, G6Pase-a deficiency in the liver resulted in elevated levels of
inactive, acetylated PGC-1a and mitochondrial dysfunction, as evidenced by reduced basal oxygen
consumption, fewer functional and total mitochondria per hepatocyte, and decreased levels of
mitochondrially encoded cytochrome C oxidase I (MTCO1) in complex IV and mitochondrially
encoded ATP Synthase membrane subunit 6 (MTATP6) in complex V. There was also an increase in
ATP citrate lyase (ACLY) activity and acetyl-CoA levels, which would further promote the
acetylation-based inactivation of PGC-1a. Crucially, hepatic overexpression of Sirtuin-1 (SIRT1), a
NAD+-dependent deacetylase that can deacetylate and activate PGC-1a, normalized acetyl-PGC-1a
levels, restored the expression of ETC components, and increased mitochondrial complex IV activity,
which shows downregulation of SIRT1-PGC-la signaling is a key factor in the mitochondrial
dysfunction observed in GSD Ia [86].

3.3. Autophagy and mitophagy

Cells possess a quality control system to restore mitochondrial function, but when repair is not
possible, the entire organelle is removed via the macroautophagic pathway. Macroautophagy,
commonly known as autophagy, is an evolutionarily conserved process that supplies amino acids
and energy during periods of starvation. In the absence of nutrients, cells utilize their internal
resources by enclosing portions of the cytoplasm in autophagic vesicles (autophagosomes) [87,88].
These vesicles then transport their contents to lysosomes for degradation and recycling. Mitophagy,
an autophagic degradation of damaged mitochondria), is crucial for removing damaged
mitochondria and maintaining cellular homeostasis. Mitophagy plays a crucial role in post-mitotic
cells like neurons, which cannot increase glycolytic ATP production. Eliminating damaged
mitochondria is essential to prevent the buildup of ROS, which inevitably result from dysfunctional
OXPHOS. Accumulation of ROS can further impair mitochondrial function, thereby compromising
the cell's energy homeostasis [89,90]. Mitophagy begins with the accumulation of PINKI, a serine-
threonine protein kinase, on the outer mitochondrial membrane (OMM) when membrane potential
(AWm) is lost. PINK1 then signals mitochondrial dysfunction to PARK?2, a cytosolic E3 ubiquitin
ligase, which facilitates the autophagosomal engulfment of damaged mitochondria, leading to their
degradation in lysosomes. In GSDs, impaired autophagy can lead to the accumulation of
dysfunctional mitochondria, exacerbating oxidative stress and leads to cellular damage [91,92].
Downregulation of the pro-autophagic AMPK signaling and up-regulation of anti-autophagic mTOR
signaling was found to be associated with impaired autophagy. Several signaling pathways,
including the AMPK-mTOR pathway regulate mitophagy and plays a cardioprotective role by
clearing out abnormal mitochondria, thereby preventing oxidative stress and reducing apoptosis in
cardiomyocytes [3,93,94]. Autophagy was induced using either ULK1 overexpression or by
rapamycin treatment to inhibit mTOR led to decreased hepatocyte glycogen and lipid stores in
neonatal G6pc knock-out mice, as well as G6PC-deficient dog of GSD la [95]. In contrast, subsequent
research by Cho et al., in adult liver-specific G6pc knockout mice, indicated that the down-regulation
of SIRT1 and its target gene, FOXO1, played a crucial role in the suppression of autophagy.
Restoration of SIRT1 signaling re-established autophagy but failed to correct other metabolic
anomalies, suggesting that pathways beyond SIRT1 regulation of autophagy are likely disrupted in
GSD Ia [96]. Additionally, this model exhibited minimal dysfunction in mTOR signaling, and
rapamycin treatment did not reinstate autophagy [96]; discrepancies in model type and the age of
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mice used might explain the variations in mTOR signaling observed across these studies. Further
investigation in the adult liver-specific knockout mice suggested that an increased flux of metabolites
through the hexose-monophosphate shunt could influence SIRT1 signaling and reduce hepatic
autophagy [96]. Impaired autophagy may also result in diminished mitochondrial function, as
mitochondria damaged by oxidative stress are unable to undergo removal via mitophagy [97]. Lafora
disease is a glycogen storage disorder caused by mutations in either laforin or malin, in which cells
accumulate polyglucosan bodies (branched polymers of glucose) called Lafora bodies in tissues such
as brain, heart, liver, muscle, and skin [98]. Cell culture studies have demonstrated impaired
mitophagy in fibroblasts lacking laforin suggesting mitochondria could still be targeted for
degradation but could not progress further to mitophagy [99]. Mitochondrial dysfunction due to
excessive ROS activity and oxidative stress and flawed autophagy are common features of many
GSDs. A study of mouse and human models of Pompe disease identified several mitochondrial
defects in cardiac and skeletal muscle myopathy, including profound dysregulation of Ca?*
homeostasis, mitochondrial Ca?* overload, increased reactive oxygen species, decreased
mitochondrial membrane potential, elevated caspase-independent apoptosis, as well as reduced
oxygen consumption and ATP production in mitochondria and concluded that disturbances in Ca?*
homeostasis and mitochondrial abnormalities are early pathogenic changes in Pompe disease [70].

3.4. Apoptosis and mitochondrial dysfunction

Apoptosis is a highly regulated form of cell death closely associated with mitochondrial function
which plays a critical role in mitochondrial-associated neurodegenerative diseases [100].
Mitochondria are not limited to energy production through ATP synthesis but also to integrating
essential cellular signaling pathways. In apoptosis, damaged mitochondria can no longer maintain
the proper electrical potential across mitochondrial membranes, thus releasing cytochrome c into the
cytosol, where it binds to proteins that form the apoptosome, activating caspases that execute the cell
program death [101,102]. Mitochondrial Ca?" overload can lead to necrosis or apoptosis [70]. An
increased Ca?* level causes mitochondrial abnormalities, which in turn contribute to muscle damage
and wasting through mitochondria-mediated apoptosis. In G6PC KD cells found a striking decrease
in membrane potential. It was associated with the translocation of cytochrome c into the cytoplasm
and cleavage and activation of caspase 9, a specific marker of the mitochondrial apoptosis pathway
[12] that can cause hepatocellular apoptosis one of the important clinical features of GSD la [103].
Autophagy and apoptosis are two distinct yet interconnected pathways that significantly influence
cell fate. Autophagy is essential for cell survival during periods of starvation and acts as a cellular
cleanup mechanism under various stress conditions. In contrast, apoptosis is a form of programmed
cell death crucial for maintaining cellular homeostasis and eliminating damaged or unnecessary cells.
Decreased mitochondrial membrane potential, reactive oxygen species (ROS) production, calcium
overload, and apoptosis indeed precede the development of autophagic buildup and lipofuscin
accumulation in Pompe disease [70].

3.5. Mitochondrial myopathy

GSDs are associated with myopathies and are well-linked to mitochondrial dysfunction. These
myopathies are characterized by muscle weakness and fatigue due to impaired energy production in
muscle cells. The accumulation of glycogen and defective mitochondrial function in muscle tissues
contributes to these symptoms. Muscle weakness and exercise intolerance are common clinical
features of several GSDs, often resulting from mitochondrial dysfunction [104]. In GSD V, muscle
phosphorylase deficiency leads to a lack of glucose availability during exercise, impairing ATP
production and causing muscle fatigue [13]. Similarly, in Pompe disease, the accumulation of
glycogen in muscle cells disrupts mitochondrial function, leading to muscle weakness and
respiratory difficulties(105-107). Skeletal muscle is highly energy-dependent and therefore
particularly susceptible to disorders affecting energy metabolism. ATP is the immediate and essential
source of energy for both contraction and relaxation of muscle fibers. To regenerate ATP, skeletal
muscle uses various substrates, including high-energy phosphate compounds, glucose, glycogen,
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and free fatty acids (FFAs). This regeneration occurs through multiple metabolic pathways, such as
the creatine kinase (CK) reaction, anaerobic glycolysis, the 3-oxidation spiral, and OXPHOS. At rest,
fatty acids (FAs) are the primary source of fuel for skeletal muscle [108], High-intensity exercise relies
on anaerobic glycolysis, the metabolism of glucose to produce ATP. OXPHOS is the main mechanism
of producing ATP during submaximal exercise. OXPHOS metabolizes glycogen, glucose, and FAs to
produce NADH and FADH2, which donate electrons in the mitochondrial electron transport chain
to produce ATP. Defects in ATP production cause muscular disorders which depend on the impaired
specific metabolic pathway. Mitochondrial respiratory chain complexes are essential components of
the mitochondrial respiratory chain and play a major role in generating ATP. Complex V deficiency
had clinical onset in the neonatal period with multiorgan failure leading to cardiomyopathy and
neuromuscular disorders [109]. In a study, an impairment mitochondrial content and biogenesis, a
decrease in OXPHOS complex proteins and activities, together with high muscle NADH but reduced
muscle levels of glucose-6-phosphate and of the glycolytic products pyruvate and lactate were found.
They suggest that the deficiency in oxidative metabolism in McArdle disease might be caused by
reduced levels of OXPHOS substrates and a disruption of the mitochondrial network [13]. Exercise
intolerance in McArdle disease arises from two main mechanisms: the block of anaerobic glycolysis
deprives muscles of energy for isometric exercise, and the block of aerobic glycogen utilization
reduces pyruvate and acetyl-CoA, impairing dynamic exercise. Impaired OXPHOS resulted in
decreased oxygen extraction and maximum oxygen uptake reported in patients with
myophosphorylase deficiency [110]. Dysregulation of mitochondria-mediated Ca? homeostasis and
oxidative stress triggers muscle cell death in a variety of muscular dystrophies [111]. Muscle glycogen
synthase (GYS1) deficiency, which involves in both skeletal and cardiac muscles is a characteristic
feature of GSD 0b, a significant predominance of type I muscle fibers and mitochondrial proliferation
suggestive of mitochondrial myopathy was reported in GYS1 deficient patient. Glycogenin-1, an
enzyme involved in the biosynthesis of glycogen, encoded by the GYG1 gene, and mutations have
been described in GSD XV. Muscle biopsy showed reduced glycogen, mitochondrial proliferation,
and type I fiber predominance [112]; a case report in 7 patients with Glyvogenin-1 deficiency showed
progressive proximal weakness, a myopathic EMG, and polyglucosan bodies in the muscle biopsy
[41]. In GSD V, the enzyme myophosphorylase catalyzes the rate-limiting step in muscle glycogen
metabolism by releasing glucose-1-phosphate from terminal alpha-1,4-glycosidic bonds. Due to a
deficiency of this enzyme, muscle fibers cannot obtain energy from intracellular glycogen stores,
leading to impaired glycolytic flux. Impaired muscle aerobic metabolism is a hallmark of GSD V
characterized by very low levels of peak oxygen uptake (VOzpeak) [113,114]. In, McArdle disease
patients were evaluated with exercise testing, and VO:peak levels were found much lower than in
healthy controls, consistent with impaired oxidative metabolism [115-117]. Muscle biopsy analyses
from two patients revealed loss of mitochondrial and cytoskeleton integrity, particularly in type II
fibers, suggesting that disruption of the mitochondrial network may contribute to the reduced muscle
oxidative capacity in this disease [13]. Hypertrophic cardiomyopathy is a key feature of Pompe
disease manifested by the marked thickening of the ventricular walls and associated hyperdynamic
systolic function with outflow tract obstruction. Disturbed metabolic signalling and mitochondrial
dysfunction are common pathogenic mechanisms of hypertrophic cardiomyopathy [67], this is
obvious to speculate that mitochondria may contribute significantly to the development of cardiac
hypertrophy in patients with Pompe disease. Mitochondrial dysfunction was found to be associated
with aberrant energy metabolism in skeletal muscle biopsy of patients with Pompe disease and
animal models [70]; Huang et al. reported the presence of swollen cristae and mitochondrial
dysfunction including decreased glycolysis and OXPHOS in iPSC-derived from the Pompe disease’s
patients fibroblasts [69]; deformed mitochondria were observed in muscle biopsy and exhibited a
significant decrease in the number of mitochondria, consumption of oxygen, and production of ATP
and a collapse in mitochondrial membrane potential with increased levels of ROS [70]. These findings
support the significant role of mitochondrial dysfunction and impairment in the development of
myopathy in GSDs, however, further research is needed to explore this mechanism fully.

3.6. Mitochondrial dysfunction targeted diagnosis and therapeutic strategies in GSDs
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3.6.1. Diagnosis

Based on expert's opinions clinical practice guidelines have been developed for diagnostic and
therapeutic purposes including most GSD types [11, 23, 31, 66, 118]. Newborn screening (NBS) is a
good option in the diagnosis of GSDs with certain limitations requiring muscle or liver tissue for
functional assays in many GSDs. It often requires metabolite detection, enzyme activity
measurements, or genetic tests using dried blood specimens [119]. NBS is very common in Pompe
disease using enzymatic assay [120]. The diagnosis of mitochondrial dysfunction in glycogen storage
disorders requires an integrative approach combining clinical, biochemical, imaging, histological,
and genetic analyses. This comprehensive evaluation helps to accurately diagnose the underlying
disorder and guide appropriate management and treatment strategies. Detailed patient history,
including family history of metabolic disorders, physical examination to identify symptoms such as
muscle weakness, exercise intolerance, hepatomegaly, and cardiomyopathy will be useful.
Laboratory tests include measuring blood glucose levels, lactate, pyruvate, amino acids, and
acylcarnitines. Elevated lactate and pyruvate levels may indicate mitochondrial dysfunction. Liver
function tests and creatine kinase (CK) levels can help identify liver involvement and muscle damage
[66,121]. Specific enzyme activity assays in muscle or liver biopsy samples to identify deficiencies
related to GSDs (e.g., glycogen synthase, debranching enzyme, branching enzyme). Imaging tests
including magnetic resonance imaging (MRI) and ultrasonography (USG) for liver and abnormalities
in muscle texture and composition, Echocardiography is important for individuals at risk of
cardiomyopathy and arrhythmias such as those with GSD 1, Pompe disease, GSD III or GSD IV.
Histological examination to identify abnormal glycogen accumulation and structural changes, and
Electron Microscopy can provide detailed images of mitochondrial structure to find out
morphological abnormalities. The genomic analysis includes next-generation sequencing (NGS),
targeted gene panels, and whole exome sequencing (WES) to identify mutations and sequencing of
nuclear and mitochondrial genes. This can provide confirmatory and clear picture of the association
of mitochondrial dysfunction with GSDs. Mitochondrial respiratory chain and OXPHOS studies in
which measurement of the activities of respiratory chain complexes (I-IV) and oxygen consumption
rates (OCR) in cells or isolated mitochondria to assess overall mitochondrial function have been
recommended in studies [123-125].

3.7. Current treatment options and therapies

Enzyme replacement therapy (ERT) has been successfully developed for some GSDs, mainly
GSD II (Pompe disease). ERT aims to replace the deficient enzyme, reducing glycogen accumulation
and improving mitochondrial function. Clinical studies have shown that ERT can improve muscle
strength, respiratory function, and cardiac abnormalities in Pompe disease, highlighting its potential
to mitigate mitochondrial dysfunction [38,126]. Gene therapy offers a promising approach to
correcting the underlying genetic defects in GSDs. By delivering functional copies of the deficient
gene, gene therapy can restore enzyme activity, reduce glycogen accumulation, and improve
mitochondrial function. Advanced gene editing techniques, such as CRISPR-Cas9, offer the potential
to precisely correct genetic mutations in GSDs. By targeting the specific mutations responsible for
enzyme deficiencies, gene editing could restore normal enzyme activity and improve mitochondrial
function. Preclinical studies have shown encouraging results in animal models of GSDs, and clinical
trials are underway to evaluate the safety and efficacy of gene therapy in humans [127-129]. Given
the role of oxidative stress in mitochondrial dysfunction, antioxidant therapy has been explored as a
potential treatment for GSDs. Antioxidants, such as coenzyme Q10, vitamin E, and N-acetylcysteine,
can reduce ROS levels and protect mitochondrial function [130,131]. Clinical studies have shown that
antioxidant therapy can improve muscle function and reduce oxidative stress in patients with GSDs.
A study reported that nutritional co-therapy with 1,3-butanediol and multi-ingredient antioxidants
may provide an alternative to ketogenic diets for inducing ketosis and enhancing autophagic flux in
Pompe disease [132]. Metabolic modulation involves altering metabolic pathways to improve energy
production and reduce glycogen accumulation. For instance, ketogenic diets, which are high in fat
and low in carbohydrates, can promote fatty acid oxidation and ketone body production, providing
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an alternative energy source for mitochondria. Clinical studies have shown that ketogenic diets can
improve exercise tolerance and reduce muscle symptoms in patients with GSD V. Mitochondrial-
targeted therapies aim to improve mitochondrial function directly. These therapies include
compounds that enhance mitochondrial biogenesis, such as peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1x) agonists, and agents that improve mitochondrial
dynamics, such as mitochondrial division inhibitor 1 (Mdivi-1). A preclinical study by our group
explore the efficacy and mechanism of action of the polyglucosan-reducing compound 144DG11
(GHF 201) in GBE knockin (Gbeys¥s) mouse model and patient fibroblast of adult polyglucosan body
disease (APBD). 144DGI11 therapy can improve mitochondrial function and reduce disease
symptoms in animal models of GSDs. Lysosomal membrane protein LAMP1 is the molecular target
of 144DG11, which enhanced autolysosomal glycogen degradation by increasing autophagic flux and
lysosomal acidification. 144DG11 increases carbohydrate burn at the expense of fat burn, suggesting
metabolic mobilization of pathogenic polyglucosan, a key feature of APBD and increases glycolytic,
mitochondrial, and total ATP production [22]. Empagliflozin, an inhibitor of the renal sodium-
glucose cotransporter type 2 (SGLT2), improves redox state and oxidative stress, inhibiting reactive
oxygen species (ROS) production, reducing the activity of pro-oxidant agents, and improving
mitochondrial function [133]. Studies reported, that empagliflozin improved symptoms like
neutropenia, hypoglycemia, and inflammatory bowel syndrome in GSD Ib patients [134-136]

4. Conclusion

Mitochondrial dysfunction in glycogen storage disorders (GSDs) represents a critical aspect of
these metabolic diseases, underscoring the complex interplay between cellular energy management
and glycogen metabolism. GSDs, characterized by deficiencies in enzymes involved in glycogen
synthesis or degradation, lead to the accumulation or improper utilization of glycogen in tissues such
as the liver and muscle. This metabolic dysregulation often results in impaired energy production,
within mitochondria. Studies have shown that mitochondrial dysfunction in GSDs manifests through
various mechanisms, including altered mitochondrial biogenesis, disturbed ROS activity, increased
oxidative stress, and impaired OXPHOS. These anomalies resulted in impairing the structure and
function of the mitochondria and contributed to clinical symptoms such as muscle weakness, exercise
intolerance, and hepatic dysfunction, which are very common in GSDs. Furthermore, the intricate
relationship between mitochondrial function and glycogen metabolism suggests that targeting
mitochondrial pathways could offer therapeutic potential for managing GSDs. Advancements in
molecular biology and genetics have provided deeper insights into the mitochondrial disturbances
in GSDs, highlighting the need for comprehensive diagnostic and therapeutic strategies that address
both glycogen metabolism and mitochondrial health. Interventions aiming to restore mitochondrial
function, such as antioxidant therapy, gene therapy, and enzyme replacement therapy, hold promise
but require further research and clinical validation. In conclusion, mitochondrial dysfunction plays a
pivotal role in the pathophysiology of glycogen storage disorders, significantly influencing disease
outcomes and patient quality of life. A multidisciplinary approach that integrates metabolic, genetic,
and mitochondrial-targeted therapies is essential for developing effective treatments for GSDs,
ultimately aiming to improve clinical outcomes and enhance the well-being of affected individuals.
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