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Introduction 
Skeletal muscle accounts for 40-50% of the human body weight and is the organ of 
movement. The muscle contraction generates the movement, and this phenomenon is 
fueled by ATP hydrolysis. To ensure its function, skeletal muscle needs to match its 
energy production with energy demand. Within a muscle, each fiber exhibits distinct 
metabolic and contractile characteristics that enable it to perform specific functions. 
Slow fibers, such as type I, base their ATP production on oxidative metabolism. Mixed 
fibers, such as type IIa, produce ATP through both oxidative and glycolytic metabolism. 
Finally, fast fibers such as type IIX and IIB rely primarily on glycolytic metabolism. Slow 
and mixed fibers produce less strength but are more endurant, as their rate of ATP 
consumption is moderate and their metabolism can sustain this consumption over time. 
Consequently, endurant muscles such as the soleus (SOL) are predominantly composed 
of slow fibers. In contrast, fast fibers can produce more strength, but their endurance is 
limited, as their rate of ATP consumption is too high to be sustained by glycolysis over an 
extended period. Therefore, muscles with a burst activity, such as the gastrocnemius 
(GAST), are mainly composed of fast fibers.  

The fiber composition determines the phenotype. SOL muscle can be considered as a 
slow phenotype, mainly composed of type I and IIa, whereas GAST can be considered as 
a fast phenotype, essentially composed of type IIX and IIB. As a plastic tissue, skeletal 
muscle can adapt its phenotype in response to various stimuli. For example, endurance 
training induces a fast-to-slow phenotypic shift, whereas inactivity will favor expression 
of the fast phenotype. The phenotypic shift is driven by several signaling pathways, 
among which, AMP-activated protein kinase (AMPK) has been highlighted as an 
important player. Upon a rise in ADP or AMP concentration, AMPK is acutely activated 
to stimulate metabolism and match the increasing energy demand, especially in fast 
muscles, which are more prone to developing energetic debt upon exercise. However, 
long-term AMPK activity promotes atrophy and fast-to-slow phenotypic shift. 

The creatine kinase (CK) system is an essential contributor to muscle energetics. CK 
catalyzes a bidirectional reaction: it can regenerate ATP from ADP using phosphocreatine 
(PCr) as a phosphate source, or conversely, use ATP to phosphorylate creatine (Cr) and 
form PCr. CK is an essential ATP buffering system that maintains an adequate ATP 
concentration near ATPases. Its enzymatic activity is extremely rapid, and the high 
concentrations of PCr in muscle enable it to rapidly compensate for sudden ATP 
depletion during muscle contraction.  

Several models have been developed to evaluate the importance of the CK system in 
muscle function, either by knocking out the expression of CK, disturbing its activity, or 
suppressing the endogenous Cr biosynthesis. Overall, disturbing the CK system has been 
shown to affect energetics (ATP concentration), induce muscle atrophy, and a fast-to-slow 
phenotypic shift, associated with higher AMPK activity. However, energetics and muscle 
consequences vary considerably depending on the experimental model employed. 
Absence of Cr seems to induce a more severe phenotype than the absence of CK. 
Nevertheless, mice deficient in Guanidinoacetate N-methyltransferase (GAMT KO) and 
L-Arginine: Glycine amidinotransferase (AGAT KO), which both lack endogenous Cr 
biosynthesis, exhibit different degrees of severity in muscle atrophy and metabolic shift. 
Moreover, muscles respond differently to Cr deficiency, with the fast GAST muscle being 
more severely affected than the slow SOL muscle. The exact effect of Cr deficiency on 
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Abbreviations 
2DG 2-Deoxy-D-glucose 
β-GPA Beta-guanidopropionic acid 
ACC Acetyl-CoA carboxylase 
AGAT L-Arginine: Glycine amidinotransferase 
AICAR 5-aminoimidazole-4-carboxamide-1-β-4-ribofuranoside 
AK Adenylate kinase 
AMPK AMP-activated protein kinase 
Arg Arginine 
B-CK Brain creatine kinase 
CaM Calmodulin 
CaMKIV Calcium/calmodulin-dependent protein kinase IV 
CaMKKβ Calcium/calmodulin-dependent protein kinase kinase 2 
CaN Calcineurin 
CK Creatine kinase 
Cr Creatine 
CREB cAMP Response Element Binding protein 
CrT Creatine transporter 
EDL Extensor digitorum longus 
ERα Estrogen receptor alpha 
FADH2 Flavin adenine dinucleotide 
FOXO3a Forkhead box protein 03a 
GAA Guanidinoacetic acid 
GAMT Guanidinoacetate N-methyltransferase 
GAST Gastrocnemius 
Gly Glycine 
GS Glycogen synthase 
HDAC4 Histone deacetylase 4 
HPLC/MS High-Performance Liquid Chromatography / Mass Spectrometry 
LDH Lactate dehydrogenase 
LKB1 Liver kinase B1 
MaFbx Atrogin-1 
M-CK Cytosolic creatine kinase 
MEF2 Myocyte enhancer factor-2 
MHC Myosin heavy chain 
Mis-CK Sarcomeric mitochondrial creatine kinase 
mTOR Mammalian Target of Rapamycin 
mtTFA Mitochondrial transcription factor A 
MuRF1 Muscle RING finger 1 
MyoD Myoblast determination protein 1 
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NFATc1 Nuclear Factor of activated T-cells c1 
NMR Nuclear Magnetic Resonance 
p38 p38 mitogen-activated protein kinase 
PCr phosphocreatine 
PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
PLA Plantaris 
Pi Inorganic phosphate 
RyR Ryanodine receptors 
Ser Serine 
SERCA Sarco/Endoplasmic reticulum calcium ATPase 
SIRT1 NAD+-dependent deacetylase sirtuin-1 
SOL Soleus 
SR Sarcoplasmic reticulum 
STBD1 Starch-binding domain 1 
Thr Threonine 
ULK1 Unc-51 like autophagy activating kinase 1 
UPS Ubiquitin-proteasome system 
YY1 Ying Yang 1 
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1 Muscle energetics  
Muscle is the predominant tissue type in the human body. Muscle tissues are involved in 
various physiological functions essential for human survival, particularly movement, 
blood circulation, and respiration. Skeletal muscles alone represent 40–50% of the total 
body weight and are specialized for movement. They also play a central role in the 
regulation of the whole-body metabolism and serve as the main protein reservoir.  

Skeletal muscle is a tissue with a high and fluctuating energy demand due to muscle 
contraction. Cellular energy is supplied through ATP hydrolysis, necessitating the 
maintenance of stable ATP concentrations over time. This section examines the principal 
ATP-consuming and ATP-generating processes within skeletal muscle tissue.  

1.1 ATP hydrolysis and main ATPases in skeletal muscle 
Muscles are highly dependent on ATP hydrolysis. The ATP consists of an adenosine group 
bound by three phosphate groups. Hydrolytic cleavage of one phosphate group produces 
ADP and inorganic phosphate (Pi) (ATP+H2O→ADP+Pi+H+), releasing energy utilized in 
numerous biological processes. More rarely, ADP can also be hydrolyzed into AMP and 
Pi to produce energy (ADP+H2O→AMP+Pi+H+). Additionally, two ADP can also be 
converted into ATP + AMP by adenylate kinase (AK) activity (1). 

ATP hydrolysis is fundamental for muscle contraction. Upon electrical activity, Ca2+ is 
released from the sarcoplasmic reticulum (SR) in the cytoplasm by Ryanodine Receptors 
(RyR). The resulting increase in cytoplasmic Ca²⁺ concentration leads to Ca²⁺ binding  
to troponin C, triggering a conformational shift in tropomyosin. This tropomyosin 
displacement exposes myosin-binding sites on actin filaments, enabling binding by 
myosin heavy chain (MHC) heads. Subsequently, MHC heads undergo a power stroke 
that generates force and causes filament sliding, resulting in muscle shortening. 
Following each power stroke, MHC heads require ATP binding and hydrolysis to detach 
from actin and reinitiate the cross-bridge cycle (2, 3). The speed of the MHC head cycle 
greatly determines the power generated and is highly dependent on its isoforms (4).  
The fast myosin heavy chain isoforms (IIX and IIB), have a faster cycle (faster activity) and 
therefore consume more ATP per second than the slow isoforms (I and IIa) (4, 5).  
The increased ATP consumption by MHC cross-bridges during contraction represents the 
primary driver of energetic fluctuations in skeletal muscle. Muscle relaxation requires the 
removal of cytoplasmic Ca²⁺, which must be pumped back into the SR. This process is 
ensured by Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA) pumps, which are 
major consumers of ATP. Indeed, SERCA pumps have been estimated to account for  
40-50% of the ATP consumption at rest (6) and 30–40% during contraction (7). Other 
ionic pumps, such as Na+/K+, essential for regulating membrane potential, have been 
estimated to consume nearly 2% of total ATP during contraction (8). Consequently, 
muscle contraction represents the principal ATP-consuming process in skeletal muscle, 
and ATP depletion directly compromises muscular activity. 

Protein synthesis represents another major energy-consuming process in skeletal 
muscle. Performed by ribosomes, translation has been estimated to consume four  
high-energy bonds (1 ATPADPAMP + 2 GTP2 GDP) to fix one single amino acid (aa) 
in prokaryotic cells (9, 10). Given that muscles express a significant number of large 
proteins, such as MHC (~1,959 aa) or Titin (~34,550 aa), muscular hypertrophy constitutes 
one of the most energetically demanding processes in skeletal muscle. Furthermore, 
some proteins require continuous replacement due to their relatively short half-lives.  
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increases the ATP yield of the initial glycolysis, the mitochondrial processing is much 
longer, usually estimated to be ~2–3 times slower than glycolysis (27). Pyruvate oxidation 
following glycolysis is a mixed metabolic strategy employed either during contraction or 
at rest. Its use will greatly depend on the muscle activity.  

The final metabolic strategy, commonly termed “oxidative metabolism,” occurs 
exclusively within mitochondria, requires oxygen, and is based on fatty-acid substrate. 
Fatty acids are taken up by mitochondria for β-oxidation (28). β-oxidation is a metabolic 
process that degrades the long chains of fatty acids into acetyl-CoA, NADH, and FADH₂. 
Acetyl-CoA will be used in the Krebs cycle, as previously explained, whereas NADH,  
and FADH₂ will feed the electron transport chain to produce proton motive force 
(electrochemical gradient for H+). Proton motive force will ultimately be used by the ATP 
synthase to rephosphorylate ADP into ATP (26). For a fatty acid of sixteen carbon, such 
as palmitic acid, its metabolism will provide 106 ATP, which is the highest yield from all 
metabolic strategies. However, this system is slow, making it unable to follow sudden 
needs for ATP. Therefore, this strategy will be favored at rest or during low-intensity 
muscular activity (29). 

Muscle metabolic strategies are used in different ways depending on the need for ATP. 
When the demand is sudden and high, anaerobic or mixed strategies will be preferentially 
used, while at rest or low intensity exercise, ATP will be produced mainly by oxidative 
metabolism. This specialization of metabolism makes it possible to cope with variations 
in ATP consumption. In the muscle, each fiber has a metabolic specialization that supports 
the energy consumption of its contractile properties.  In the next section, I will introduce 
the different fiber types, their metabolic and contractile characteristics, and how a 
muscle can be specialized by changing its fiber composition.  
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2 Muscle plasticity: phenotypes and phenotypic shift 
Skeletal muscle is a fascinating organ. Fascinating for its level of specialization and its 
capacity for adaptation, also called muscular plasticity. The specialization is what allows 
the scalene muscles to constantly hold your head up, while your quadriceps will 
inevitably tire when climbing a couple of floors. The plasticity, or capacity for adaptation, 
is what enables an ultramarathon runner to become a bodybuilder, and vice versa. These 
contrasting functional requirements necessitate different muscle phenotypes and distinct 
adaptive mechanisms. In this section, I will define the different muscle phenotypes and 
examine the signaling pathways that induce fast-to-slow phenotypic shift. 

2.1 Skeletal muscle phenotypes 
Skeletal muscles are composed of muscle fibers, which are long, polynucleated cells. 
Most of the space is occupied by contractile units (sarcomeres) arranged in series and in 
parallel, which shorten during contraction. It is in the sarcomeres that contractile proteins, 
myosin heavy chain (MHC), actin, and tropomyosin are located (30). Mammalian muscle 
fibers are classified into four main types, based on their MHC isoform composition (31, 32): 

• Type I: known as the “slow-oxidative” or “slow-twitch” fiber. They are 
composed of MHC1, which has a slow rate of ATP use (4, 33), and base their 
metabolic strategy on oxidative ATP production (30). 

• Type IIa: known as “mixed”, or “fast-oxidative”. They are composed of MHC2a, 
which has a moderate rate of ATP use (4, 33) and employs a mixed metabolic 
strategy (25, 34). 

• Type IIX: known as “fast-glycolytic” or “fast-twitch” fiber. They are composed 
of MHC2X, which has a high rate of ATP use (4, 33), and are mostly based on 
anaerobic glycolysis strategy for ATP production (35). 

• Type IIB (only in animals): the fastest fiber, also known as “fast-glycolytic” or 
“fast-twitch” fiber. They are composed of MHC2B, which has a very high rate 
of ATP use (4, 33), and are mostly based on anaerobic glycolysis strategy for 
ATP production (35). 

Each fiber type exhibits specific excitation threshold, contractile and metabolic 
properties, which determine its size, strength, endurance, rate of ATP utilization and 
production (30, 36–40), all summarized in Table 1. 
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shown some subtle changes in MHC composition (115, 117, 120). One study showed that 
suppression of AMPKα2 upon an endurance training program reduces the shift from IIB 
to IIX and IIa (116). Furthermore, AMPK suppression has been shown to prevent the MHC 
shift toward a slower phenotype in C2C12 cells following arginine and procyanidin B2 
treatments (121, 122). Therefore, while AMPK-induced mitochondrial biogenesis is well 
established, its capacity to promote MHC shifts toward slower isoforms remains to be 
confirmed. However, both mitochondrial biogenesis and expression of slow MHC 
isoforms are driven by the same transcription factor: Peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC1α). 
 

AMPK/PGC1α axis: 
AMPK directly and indirectly interacts with PGC1α. AMPK directly phosphorylates PGC1α 
at Thr177 and Ser538, which increases its nuclear localization and leads to PGC1α binding 
its own promoter, thereby enhancing PGC1α expression (123). In addition, AMPK 
increases NAD+-dependent deacetylase sirtuin-1 (SIRT1) activity, which deacetylates 
PGC1α and greatly increases its transcriptional activity (124–126). PGC1α activity 
promotes the transcription of nuclear mitochondrial genes coding for COX4, ATP 
synthase, and mitochondrial Transcription Factor A (mtTFA), a key activator of 
mitochondrial DNA transcription and replication (127–129). Hence, increasing PGC1α 
expression and activity promotes mitochondrial biogenesis and the development of 
oxidative metabolism in muscle.  

PGC1α overexpression is also known to shift the MHC composition from fast isoforms 
IIB and IIX to slow isoforms IIa and I (130–135). PGC1α can interact with myocyte 
enhancer factor-2 (MEF2) (136–138), which is the main transcription factor binding the 
slow fibers gene promoters (139–141). MEF2 belongs to the myogenic regulatory factor 
(MRF) family, which also includes myoblast determination protein 1 (MyoD). These 
factors work concurrently to shape muscle phenotype. MyoD is highly expressed in fast 
fibers (142), and its upregulation increases the proportion of type IIB-IIx fibers in mouse 
muscle (143). Conversely, MyoD KO mice exhibit a shift of fast fibers towards a slower 
phenotype (142, 144). While MEF2 expression seems even between fast and slow fibers 
(145), increasing its activity or expression promotes the expression of slow fibers (145). 
In skeletal muscle, MyoD appears naturally more active, and its constant inhibition (146), 
or high and sustained MEF2 activity, may be required for expression of the slow 
phenotype (147, 148).  

PGC1α gene promoter can be bound by MEF2 itself, thereby increasing PGC1α 
expression, whereas PGC1α interaction with  MEF2 is associated with an increased 
transcription of slow fibers gene (136–138, 149, 150). Therefore, PGC1α overexpression 
promotes the shift and maintenance of the slow phenotype through its interaction with 
MEF2 and by increasing mitochondrial biogenesis. 

In summary, the energetic-derived activation of the AMPK/PGC1α axis is a signaling 
pathway able to induce a fast-to-slow phenotypic shift, by modifying the metabolism 
toward oxidative and MHC expression toward slow isoforms. PGC1α is the central  
key transcription factor, whose expression and activity are modulated directly by  
AMPK or indirectly through SIRT1. The signaling pathway is represented schematically in 
Figure 2.A. 
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2.3.2 The Ca2+/CaM/CaMKIV/CREB/PGC1α axis 
Muscle phenotype is strongly determined by daily muscle activity (151). Upon electrical 
activity, Ca2+ is released from the SR into the cytoplasm through RyRs to trigger 
contraction. This Ca2+ is pumped back into the SR by SERCA pumps, inducing muscle 
relaxation. Ca2+ transients are nerve-derived signals regulating contraction, whose 
frequency and amplitude also inform the tissue about muscular activity.  

One important Ca2+ sensing protein is Calmodulin (CaM). CaM consists of two lobes 
able to bind two Ca2+ ions each. The rise of Ca2+ concentration leads to saturation of the 
lobes, allowing CaM to interact with a multitude of downstream targets, including 
calcium/calmodulin-dependent protein IV (CaMKIV) or CaMKKβ (152, 153). The binding 
of CaM on CaMKIV induces its partial activation, allowing CaMKKβ (also an upstream 
kinase of AMPK) to phosphorylate on Thr196, making CaMKIV fully active (154–156). 
Active CaMKIV is known to localize in the nucleus and to phosphorylate cAMP Response 
Element-Binding protein (CREB) on Ser133 in the brain and in muscle (149, 157–160). Once 
phosphorylated, CREB binds to the PGC1α promoter, increasing its transcription and 
expression, which promotes oxidative metabolism (149, 160, 161). However, while this 
mechanism is well established in the brain, it is important to note that CaMKIV and 
CaMKKβ are poorly expressed in skeletal muscle tissue (72, 73, 160, 162). Furthermore, 
muscle-based studies have overexpressed CaMKIV, which strongly diverges from 
physiological conditions.  

Therefore, the Ca2+/CaM/CaMKIV/CREB/PGC1α axis has been suggested as a  
nerve-derived pathway that could induce a fast-to-slow phenotypic shift in muscle, 
especially linking Ca2+ with mitochondrial biogenesis. However, the poor expression of 
CaMKIV and CaMKKβ in muscle suggests a minor importance in physiological conditions. 
This signaling pathway is represented schematically in Figure 2.B. 

2.3.3 The Ca2+/CaM/CaN/NFATc1/MEF2 axis 
Another nerve-derived pathway that mediates MHC shift in muscle is 
Ca2+/CaM/CaN/NFATc1/MEF2. Activated CaM can interact with Calcineurin (CaN) in  
the cytosol, with which it forms an active phosphatase complex (163). The primary 
target of the CaM/CaN complex is the dephosphorylation of Nuclear Factor of Activated 
T-cells (NFAT) family proteins (164).  

In muscle, NFAT proteins are mainly cytosolic, but upon dephosphorylation by 
CaM/CaN complex, they relocate and accumulate in the nucleus (165–168). NFATc1 
nuclear accumulation is notably known to interact with MEF2 and enhance its activity 
(139, 169), to inhibit MyoD (170), which increases the expression of slow MHC isoforms 
and reduces fast MHC isoform expression (167, 171–173).  

NFATc1 nuclear accumulation is very dependent on muscle activity, especially  
long-term low-frequency stimulation (166–168, 172), which is characteristic of muscles 
with postural activity, such as SOL. Interestingly, NFATc1 has an activity-dependent 
circadian cycle, predominantly cytosolic during the resting period and predominantly 
nuclear during the active period in mice (174). Additionally, NFATc1 rapidly exits the 
nucleus upon cessation of activity (168). Moreover, inhibition of the CaN/NFATc1 
signaling pathway has been shown to modify the MHC gene expression from the slow 
isoform toward the fast isoforms, highlighting its importance in the maintenance of a 
slow phenotype (168, 170, 172, 173, 175). 
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3 The creatine kinase system 
As previously mentioned, matching ATP production with ATP need/demand is essential 
for muscle function. The sudden need for ATP induced by contraction requires an 
immediate buffering system. In muscle, this function is ensured by the creatine kinase 
(CK) system.  

CK catalyzes the ADP rephosphorylation into ATP from phosphocreatine (PCr) and the 
reverse reaction using ATP to phosphorylate creatine (Cr) to PCr according to the 
following formula: Cr + ATP ↔ PCr + ADP + H+. Through this reversible reaction, the CK 
system acts as an immediate ATP buffer near ATPases (180–182). In most muscles,  
the immediate maximal rate of CK system ATP synthesis is considered higher than both 
glycolysis and oxidative phosphorylation at their maximal capacity (181).  

ATP production sites, such as mitochondria, are not always close to the ATP 
consumption sites. Although ATP diffuses naturally in the muscle cell, its diffusion is 
slowed down by the structural barriers (181–183). Furthermore, as diffusion depends on 
the concentration gradient, low physiological concentrations of ADP (µM range) will 
favor its accumulation near ATPases. This ADP accumulation near ATPases must be 
continuously rephosphorylated to maintain the phosphorylation potential. Consequently, 
CK has been hypothesized as an energy transport system for the phosphate group, 
especially because PCr concentration is higher and diffuses faster than ATP and ADP (181, 
182).  Therefore, the CK system facilitates the energy transport, allowing rapid transfer 
of high-energy phosphate bound across the cellular space and enabling faster diffusion 
with PCr, as illustrated in Figure 3.  

Skeletal muscles mainly express the muscle-specific cytosolic CK (M-CK) isoform and 
the sarcomeric mitochondrial CK (Mis-CK), which is located in the mitochondrial 
intermembrane space (181). However, other CK isoenzymes, such as brain-specific  
(B-CK) or mixed (MB-CK) exist and can be detected in oxidative muscles (184, 185) or 
transiently expressed during skeletal muscle development (181). 

One of the key substrates of the CK system is creatine (Cr). Cr is a ubiquitous  
non-protein amino acid that can be absorbed through food or be endogenously 
synthesized in two steps (Figure 3). The first step occurs in the kidneys, where L-Arginine: 
Glycine amidinotransferase (AGAT) catalyzes the transfer of arginine (Arg) to glycine 
(Gly), to produce ornithine and guanidinoacetic acid (GAA). GAA is then transported  
to the liver, where it is methylated by Guanidinoacetate N-methyltransferase (GAMT)  
to produce Cr (186). Cr travels through the bloodstream and is taken up by organs 
through the creatine transporter (CrT; SLC6A8). While the brain can generate some Cr of 
its own by local concentration of AGAT and  GAMT, skeletal muscles are dependent on 
Cr-uptake from the circulation (187–189). 

To summarize, the CK system is an essential ATP buffering system in skeletal muscle. 
The high PCr concentration and the speed of ADP rephosphorylation by CK, make it the 
most dynamic energetic system in muscle, able to follow brief and significant drops in 
ATP concentration. Consequently, any disturbance of the CK system will compromise 
muscle energetics and function. 
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Figure 3. Creatine (Cr) biosynthesis and involvement in the creatine kinase (CK) system. A. In 
kidneys, L-Arginine: Glycine amidinotransferase (AGAT) catalyzes the transfer of arginine (Arg) to 
glycine (Gly), to produce guanidinoacetic acid (GAA). B. GAA travels to the liver, where 
Guanidinoacetate N-methyltransferase (GAMT) converts it into Cr. C. Cr enters the muscle fibers 
through the creatine transporter (CrT). One phosphate group of ATP produced in mitochondria or 
from glycolysis is transferred onto Cr by sarcomeric mitochondrial CK (Mis-CK) or muscle-specific 
cytosolic CK (M-CK). This reaction produces ADP and phosphocreatine (PCr). Another M-CK will 
transfer the phosphate from PCr onto one ADP, giving ATP and Cr. This reversible reaction near 
ATPases, ATP production sites, and across the cytoplasm enables for the fast diffusion of phosphate 
groups, as PCr diffuses faster than ATP or ADP. PCr near ATPases acts as a phosphate reservoir, 
allowing the immediate rephosphorylation of ADP into ATP when contraction starts, which is 
essential to maintain local phosphorylation potential. Created in  https://BioRender.com. 
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Overall, studies showed that slow muscles exhibit greater dependence on Mis-CK and 
undergo a compensatory shift toward glycolytic metabolism when this isoform is 
suppressed. Conversely, selective suppression of M-CK induces mitochondrial biogenesis, 
which increases total Mis-CK levels and may contribute to the maintenance of PCr and 
ATP concentrations at rest (197, 198). Double KO produces more pronounced effects, 
impacting muscle mass, metabolism, and fast MHC isoform expression. However,  
the current literature remains limited in scope, and information regarding the signaling 
pathways involved and energetics is missing.  

  
Table 2. Literature overview of the muscle consequences of CK-deficient models.  

Model BW Muscle Metabolite Atrophy Metabolism MHC Signaling Ref 

Mis-CK KO  Quads  No ↑oxidative 
(subtle)  = PGC1α (199) 

Mis-CK KO = SOL  No ↑glycolytic   (200) 

Mis-CK KO  GAST = PCr 
= ATP     (201) 

M-CK KO  GAST   ↑oxidative 
↑mito  

= PGC1α 
+44% 
AMPK 

(196) 

M-CK KO  GAST, 
SOL   ↑oxidative 

in GAST   (202) 

M-CK KO  GAST, 
SOL   ↑oxidative 

in GAST   (203) 

M-CK KO  GAST = PCr 
= ATP     (201) 

M-CK KO  GAST = PCr 
= ATP  ↑oxidative 

   (204) 

M-CK KO   = PCr 
= ATP  ↑oxidative 

   (198) 

CK KO  GAST   ↑mito   (205) 

CK KO = GAST, 
SOL  W/BW 

-39% SOL   

↑oxidative 
↓glycolytic 

in GAST 

-11% IIB 
+200% IIX 
in GAST 
No IIX in 

SOL 

 (206) 

CK KO = 
GAST, 
EDL, 
SOL 

 

W/BW 
- 33% SOL 
-27% EDL 

 

↑oxidative 
= glycolytic 

in GAST 
  (207) 

CK KO  GAST -24% PCr 
+10% ATP     (201) 

The percentages were calculated by the author of this thesis and not by the authors of the articles. They are 
approximate (based on mean values) and only indicative. Creatine kinase (CK); Sarcomeric mitochondrial CK KO 
(Mis-CK KO); Muscle-specific cytosolic CK KO (M-CK KO); Double KO Mis-CK/M-CK (CK KO); Bodyweight (BW); 
Quadriceps (Quads); Gastrocnemius (GAST); Soleus (SOL); Extensor digitorum longus (EDL); Phosphocreatine 
(PCr); Weight (W); Mitochondria (mito); Myosin heavy chain (MHC); Peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC1α); AMP-activated protein kinase (AMPK). 

4.2 CrT-deficient and β-GPA-treated models 
Other models directly impacting Cr concentration in muscle have been studied. β-GPA 
serves as a Cr analogue but demonstrates poor substrate efficiency, being utilized by CK 
at only 1% of the rate of Cr (208). Mice treated with β-GPA, significantly accumulate this 
analogue in the muscle, thereby reducing the efficiency of the CK system. β-GPA 
treatment substantially impairs muscle energetics, resulting in decreased PCr and ATP 
availability (Table 3). Muscle atrophy has been reported despite a lower impact on body 
weight. Interestingly, the fast muscle phenotype is significantly altered, resulting in a  
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where fast muscles appear to be more affected than slow muscles by CK system 
deficiency. In AGAT KO, results indicate a potential activation of the AMPK/PGC1α 
pathway. Nevertheless, none of these studies specified the muscle fiber types examined. 

 
Table 4. Literature overview of the muscle consequences of creatine-deficient GAMT KO and AGAT 
KO mice. 

Model BW Muscle Metabolite Atrophy Metabolism MHC Signaling Ref 

GAMT KO  GAST -90% Cr 
↑PGAA No    (221) 

GAMT KO -35%       ↓ PCr 
↑PGAA No    (219) 

GAMT KO -26% GAST, 
SOL  

W 
-34% GAST 
-29% SOL 

(minor when 
W/BW) 

GAST 
↑oxidative 
= glycolytic 

SOL 
↑oxidative 
↑ glycolytic 

(subtle) 

  (220) 

GAMT KO   0 PCr 
↑PGAA     (222) 

AGAT KO -41% GAST, 
SOL  

W 
-76% GAST 
-37% SOL 

(W/BW no 
atrophy for 

SOL) 

GAST 
↑↑oxidative 
↓↓ glycolytic 

SOL 
↑oxidative 
= glycolytic 

 

  (220) 

AGAT KO       +75% 
AMPK 

(223) 

AGAT KO     ↑oxidative  +60% 
PGC1α 

(224) 

AGAT KO -30% 
BMI  0 Cr 

 0 GAA    +250% 
AMPK 

(225) 

AGAT KO   
-97% Cr 

-99% PCr 
-47% ATP 

-34% FS ↑oxidative   (226) 

The percentages were calculated by the author of this thesis and not by the authors of the articles. They are 
approximate (based on mean values) and only indicative. Guanidinoacetate N-methyltransferase KO (GAMT 
KO); L-Arginine: Glycine amidinotransferase KO (AGAT KO); Bodyweight (BW); Body mass index (BMI); 
Gastrocnemius (GAST); Plantaris (PLA); Extensor digitorum longus (EDL); Creatine (Cr); Phosphocreatine (PCr); 
Guanidinoacetic acid (GAA); Phospho-guanidinoacetic acid (PGAA); Weight (W); Weight/Bodyweight (W/BW); 
Fiber size (FS);  Myosin heavy chain (MHC); Peroxisome proliferator-activated receptor gamma coactivator  
1-alpha (PGC1α); AMP-activated protein kinase (AMPK). 
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5  What remains unknown? 
Disturbing the CK system affects muscle tissue. However, a decrease in the Cr 
concentration has more severe consequences than affecting one isoform of CK alone. 
Double CK KO (M-CK and Mis-CK) exhibits more pronounced muscle consequences than 
M-CK KO or Mis-CK KO alone, although remaining milder compared to all Cr-deficient 
models. One plausible explanation is that M-CK and Mis-CK models target the muscle CK 
system exclusively, whereas Cr-deficiency affects the whole organism, including other 
organs such as the brain (227). Indeed, several models lacking Cr demonstrate cognitive 
and motor dysfunction (214, 228, 229), which could induce more systemic effects 
influencing the muscle phenotype.  

Overall, studies of β-GPA-treated mice, CrT KO, GAMT KO, and AGAT KO converge 
toward a similar direction: reducing Cr availability impairs muscle energetics, induces 
atrophy, and a fast-to-slow phenotypic shift associated with an overactivation of the 
AMPK/PGC1α pathway in fast muscles (Tables 3 and 4). As previously introduced,  
the AMPK activity affects protein synthesis and promotes catabolic pathways, which could 
lead to muscle atrophy under chronic activation conditions. Furthermore, long-term AMPK 
activation promotes mitochondrial biogenesis through PGC1α and potentially induces a 
shift in MHC composition (Figure 2). The chronic activity of AMPK in Cr-deficient models 
could explain all phenotypic changes observed. However, several pieces of the puzzle are 
missing from GAMT KO and AGAT KO mice. First, information on the MHC composition is 
unavailable for both models. Second, the signaling is puzzling in AGAT KO. Studies reported 
AMPK activation (223, 225), whereas others show higher PGC1α expression (224), which 
together could be a responsible signaling for phenotypic adaptations. Third, atrophy and 
phenotypic adaptation seem to be more pronounced in fast than slow muscle in AGAT KO 
mice (220), thereby the signaling might also be muscle-dependent. Finally, comprehensive 
signaling pathway analysis is lacking for GAMT KO mice, which, despite complete creatine 
deficiency, exhibit milder phenotypic consequences compared to AGAT KO mice (220) or 
CrT KO. Therefore, this thesis aims to determine the muscle phenotype, atrophy, and 
signaling in fast and slow muscles from Cr-deficient AGAT KO and GAMT KO mice.  

As previously established, AMPK activation could serve as the initial trigger for the 
signaling cascade in Cr-deficient muscle. AMPK activation resulting from disturbance of 
energetics in Cr-deficient mice is a logical consequence. However, muscle consequences 
in Cr-deficient mice seem to be different according to the muscle phenotype. AMPK 
regulation is complex, and as mentioned before, its activation does not always need the 
presence of AMP or ADP (66–70, 83). This is especially true for the Ca2+-related upstream 
kinase CaMKKβ. Given that fast and slow muscles diverge in their metabolic stability 
(230–233), but also in their daily Ca2+ release (151, 234), we speculated that basal AMPK 
activity and regulation may differ according to the muscle phenotype. Looking into the 
literature, we were surprised to see that this question has never been addressed.  
To better understand the link between AMPK activity and muscle phenotype, this thesis 
also aims to delve deeper into the activation of AMPK between the muscle phenotypes. 

Lastly, Ca2+-related signals are well known to induce profound changes in muscle 
phenotype (Figure 2). Direct links between energetics and Ca2+ signaling have been 
poorly explored in skeletal muscle physiology. Based on new findings (235), and through 
experiments in collaboration with Dr. Florian Britto (Institut Cochin, Paris, France),  
this thesis aims to test several aspects of a new potential regulatory mechanism for  
fast-to-slow phenotypic shift by energetics.   
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Aims of the thesis 
• To compare the activation of the AMPK pathway in fast muscles (GAST and EDL) 

and slow muscles (SOL and Heart) in WT mice.  
• To determine the state of atrophy, phenotype, and AMPK signaling of the 

gastrocnemius (GAST) and soleus (SOL) muscles in GAMT KO. 
• To determine the state of atrophy, phenotype, and AMPK signaling of the 

gastrocnemius (GAST) and soleus (SOL) muscles in AGAT KO mice. 
• To test several aspects of a new potential mechanism by which energetic stress 

triggers higher Ca2+/NFAT signaling and induces fast-to-slow phenotypic shift.  
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Methods 
Detailed information can be found in the methods section of each publication. As a part 
of this thesis, I used the following methods: 
 

• Western blot, all Publications. 
• Muscle transversal slices immunostaining, Publication III, IV, and VI. 
• Cellular fractionation was used to separate cytosolic, mitochondrial and nuclear 

fraction, Publication IV. 
• Rat CaMKKβ (calcium/calmodulin-dependent protein kinase kinase 2) and 

mutant AMPKα2 (AMP-activated protein kinase α2) K45R recombinant proteins 
were produced in E.Coli and purified with HisTrap FF affinity chromatography, 
Publication II. 

• In vitro and homogenate CaMKKβ phosphorylation of mutant AMPKα2 K45R, 
Publication II. 

• AGAT (L-Arginine: Glycine amidinotransferase) KO mice, Publication IV, and V. 
• GAMT (Guanidinoacetate N-methyltransferase) KO mice, Publication III. 
• C2C12 cell culture, Publication VI. 
• HPLC/MS of ATP, ADP, and AMP from muscle samples, Publication II. 
• Record and analysis of Ca2+ transients, Publication VI. 
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EDL using three different mouse strains (237). Merging these data with the results on the 
expression of LKB1 suggests that differences in AMPK activation between the muscle 
phenotypes likely do not arise from global differences in ATP, ADP, and AMP concentrations.  

Given that SOL and Heart receive more daily electrical activity and therefore more 
continuous Ca2+ release (151), we hypothesized that CaMKKβ activity, which can 
phosphorylate AMPK  independently of AMP (66–70), might be responsible for higher 
AMPK activation in slow muscles. However, this hypothesis turned out to be incorrect. 
First, we found that CaMKKβ is poorly expressed in skeletal muscle, but more in the Heart 
and even more in the brain (reference sample) (Publication II; Figure 9). Despite its low 
expression in skeletal muscles, we attempted to measure its basal activity using AMPKα2 
K45R mutant recombinant protein as a downstream target. AMPKα2 K45R mutant is an 
ideal downstream target, as it is catalytically inactive and does not retro-inhibit CaMKKβ 
autonomous activity (71). We first produced mutant AMPK K45R and CaMKKβ 
recombinant proteins in E.Coli and conducted some preliminary tests in vitro and in brain 
homogenates. In vitro using recombinant CaMKKβ and in the brain homogenate with 
endogenous CaMKKβ, mutant AMPK K45R was phosphorylated following Ca2+ 
stimulation, and abolished when incubated with STO-609, a specific CaMKKβ inhibitor 
(Publication II; Supplementary Figure S6-S9). However, when performed in muscle 
homogenates, AMPK was not phosphorylated following Ca2+ stimulation in GAST, SOL, or 
Heart (Publication II; Figure 11). Therefore, we concluded that CaMKKβ is not involved 
in AMPK activation in muscle tissues, which corroborates a recent study (73). However,  
the mechanism underlying higher AMPK activation in slow muscle remains enigmatic.  

We suggest that this AMPK activity is differently compartmentalized between the 
muscle types and is not related to an overall energetic deficit. Indeed, basal ADP levels 
are similar between fast and slow muscles, but energetic compartmentalization has 
already been demonstrated in cardiomyocytes (238–241), as well as AMPK pools  
(242–245). For example, AK activity, which converts two ADP into ATP + AMP is also 
known to be compartmentalized (241, 246), and its local activity could influence local 
activation of AMPK. In line with this concept, AMPK pools are differently activated upon 
energetic stress. In MEFs and HEK 293 cells, AMPK activity is increased specifically in the 
lysosome, cytosol, and endoplasmic reticulum but not the nucleus or mitochondria upon 
glucose starvation (242, 243). However, the mitochondrial pools are specifically activated 
following a significant increase in AMP concentration in cells and muscle (244). Overall, 
AMPK appears to be more readily activated in lysosomes and cytosol compared to other 
compartments (243–245). Nevertheless, acute stimulation is not exactly basal activity.  
It has been reported several times that AMPK pools are important to induce specific 
mitophagy and coordinate mitochondrial dynamics (93, 244, 247, 248). On this line, basal 
AMPK activation in slow muscles, which are very oxidative, could also participate in 
mitochondrial dynamics independently of global energetics.  

In conclusion, we found that AMPK is naturally more activated in slow than in fast 
muscles. This differential activation could not be explained by a higher expression of LKB1 
or activity of CaMKKβ. We suggest that AMPK activity might be compartmentalized.  
This result also suggests that higher AMPK activity might not only be a cause but also a 
consequence of a fast-to-slow phenotypic shift. On this point, few studies have shown 
that AMPK dephosphorylation occurs upon forced inactivity in slow muscle SOL (249–255). 
This dephosphorylation of AMPK was associated with a decline in oxidative metabolism 
and slow fiber type (250, 253), suggesting that chronic AMPK activation could be 
physiologically required to maintain a slow oxidative phenotype.  
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6.3 GAMT KO mice exhibit subtle changes in phenotype independently 
of AMPK activity 
The main aim of this study was to better understand the muscle consequences of a 
complete absence of Cr using GAMT KO and AGAT KO mice, which both lack endogenous 
Cr biosynthesis. However, these models show differences in severity (220). We first 
investigated the muscle fiber size, MHC composition, and AMPK activity in muscles from 
GAMT KO mice in Publication III.  

We started with the measurement of AMPK activation. Although our results in 
Publication II suggest that its regulation might be more complex than we previously 
thought, its activity remains closely related to energetics and ATP/AMP ratio. In all Cr 
deficient models, a drop in PCr and ATP availability occurs (Table 2 and 3), and should 
be, at least partly, responsible for AMPK activation.  

  In GAMT KO mice, we found no differences in AMPK activation in both GAST and SOL 
muscle compared to WT littermates (Publication III; Figure 1). These results were surprising 
because they would mean that, despite a total lack of Cr, GAMT KO did not experience 
changes in ATP/AMP ratio, suggesting a compensatory mechanism in energetics. One 
possible explanation would be the accumulation of phospho-GAA (PGAA) in GAMT KO 
muscle. PGAA can be used by CK as a Cr analogue and has been shown to partly 
compensate for the loss of Cr in muscle (222). A significant accumulation of PGAA in the 
muscle and plasma of GAMT KO mice has been extensively reported (219, 228, 229, 256, 
257) (Table 4), and some show an equivalent concentration as Cr in WT (222). Although 
CK utilization of GAA is ~100 times slower than Cr (222), its accumulation might 
compensate for the lack of Cr, at least at rest. Therefore, ATP level may decline faster 
than in WT only during muscle activity, which would explain a similar basal level of  
p-AMPK (Publication III; Figure 1). 

GAMT KO muscles previously demonstrated subtle metabolic changes toward 
oxidative metabolism (220). As MHC composition often follows the changes in 
metabolism, we measured the state of MHC composition in GAST and SOL of GAMT KO 
mice. Following peer review feedback after submission of Publication III, we discovered 
that using a standard Western blot protocol was not optimal for the quantification of 
MHC isoforms. The myosin heavy chain migrates very slowly, and most of the extracted 
myosin remained outside the gel during electrophoresis. Therefore, the MHC composition 
results obtained from the Western Blot for GAMT KO and AGAT KO mice are preliminary 
results, being indicative of the relative MHC isoform composition.  

Based on our preliminary results, the MHC composition remains unchanged in GAMT 
KO mice, except for a modest increase in MHC1 expression in GAMT KO gastrocnemius 
(Publication II; Figure 2). This increase in MHC1 expression could corroborate the higher 
oxidative metabolism in GAMT KO gastrocnemius (220). Furthermore, this subtle 
phenotypic shift appears to be independent of basal AMPK activity, although the 
magnitude of the AMPK response in exercising GAMT KO mice remains to be elucidated.   

Finally, we investigated the state of muscle atrophy in GAMT KO gastrocnemius, which 
has been inconsistently reported in the literature (Table 4). As previously shown (220), 
we found that both GAST and SOL weights were reduced in GAMT KO mice, with a more 
pronounced reduction in GAST than SOL (Publication III; Table 1). To characterize this 
atrophy, we immunostained transversal slices of GAST muscle with an anti-Laminin 
antibody. By distinguishing individual fibers, we found no differences in the number of 
fibers between GAMT KO and WT gastrocnemius (Publication III; Figure 3). However,  
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we found a significant reduction in the fiber size, resulting in a reduction of the whole 
muscle cross-sectional area (Publication III; Figure 3). These findings confirm that GAMT 
KO muscles are atrophied. Given that we did not examine additional targets, the exact 
mechanisms underlying this atrophy remain unclear. We can already conclude that the 
muscle did not undergo apoptosis, as indicated by the similar number of fibers 
(Publication III; Figure 3). However, the fiber size could have been reduced by a higher 
activity of autophagy or UPS, and inhibition of protein synthesis, but all independently of 
AMPK. Alternatively, Cr deficiency at a younger age may affect muscle growth. Indeed, 
Cr supplementation in C2C12 cultures was shown to significantly increase the myotube 
size by stimulation of the protein synthesis pathway (258, 259). Moreover, this effect is 
accompanied by an increase in fast MHC expression, overexpression of MyoD, and a 
decrease in MEF2 expression (258, 259). As Cr influences muscle hypertrophy, we could 
speculate that its absence at a younger age may influence the muscle growth and the 
MHC composition observed at adulthood.  

To summarize, the GAMT KO mice, which are lacking Cr, exhibit muscle atrophy and 
subtle changes in GAST phenotype. Those muscle consequences appear to be independent 
of AMPK activation, suggesting an energetic equilibrium in GAMT KO muscles. Energetics 
of the GAMT KO muscle may be buffered at rest by the use of the PGAA as a Cr analogue. 
Further studies will be necessary to understand how GAMT KO really compensates for 
the lack of Cr and prevents AMPK activation. 

6.4 AGAT KO mice exhibit a deep remodeling of their muscle phenotype 
in a muscle-dependent manner, associated with AMPK/PGC1α axis  
One of the aims of this study was to investigate the signaling and muscle consequences 
in AGAT KO mice. By suppressing the first step of creatine biosynthesis, AGAT KO mice 
do not synthesize Cr nor GAA (225), which may exacerbate the muscle consequences 
compared to GAMT KO. Therefore, we investigated the muscle phenotype of AGAT KO 
mice in Publication IV.  

Following the same approach used for GAMT KO mice, we began by measuring AMPK 
activation in AGAT KO muscles, which exhibit significantly reduced ATP concentrations 
(226). In agreement with previous studies (223, 225), we found that AMPK was more 
activated in AGAT KO skeletal muscle (Publication IV; Figure 3.D and G). However, we 
also found that AMPK activation was muscle-dependent, being significantly increased in 
AGAT KO gastrocnemius but not SOL. In AGAT KO gastrocnemius, AMPK activation was 
~8.5X and phosphorylation ~9X higher than in WT. This higher activation was associated 
with a higher LKB1 expression (Publication III; Figure 3.C), which is the main ATP/AMP 
ratio-dependent upstream kinase of AMPK (59, 61, 62).  Considering our results on the 
basal AMPK activation between the different phenotypes (72) (Publication II), we 
separated the different cell fractions of AGAT KO gastrocnemius to determine in which 
subcellular location this activation takes place (Publication IV; Figure 4). We found that 
AMPK phosphorylation increased specifically in the cytosol of AGAT KO gastrocnemius 
(Publication IV; Figure 4.D). Cytosol is the fraction where contractile proteins sit, and where 
AMPK pools are the most sensitive to energetic stress  (243–245). Hence, data suggest that 
AGAT KO gastrocnemius undergoes an energy-related overactivation of AMPK.  

 Compared to WT littermates, AGAT KO mice exhibit a lower body weight of about 
~50% and lower muscle weights, as shown in Table 3 and Figure 1.A (Publication IV). Fast 
muscle GAST weight was extremely low, about -83% compared to WT, and -41% for the 
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slow muscle SOL. This difference is even more pronounced when normalized by BMI 
(Publication IV; Table 3). Using the same immunostaining protocol as applied to GAMT 
KO mice in Publication III,  we analysed muscle slices of GAST and SOL from AGAT KO 
mice. We found that both GAST and SOL fiber size were reduced in AGAT KO mice, but 
the reduction was much more severe in fast muscle GAST (Publication IV; Figure 1). 
Moreover, GAST atrophy, but not SOL atrophy, can also be explained by a smaller number 
of fibers, suggesting cell apoptosis. This atrophy was associated with a higher activity of 
the UPS system, highlighted by a higher total ubiquitinated proteins (Publication III; 
Figure 6.C and F). We also observed an overexpression of Histone Deacetylase 4 (HDAC4), 
which is well known to promote muscle atrophy (260–264), specifically in AGAT KO 
gastrocnemius (Publication III; Figure 6.A). Enhanced AMPK activity may also contribute 
to AGAT KO atrophy. In particular, AMPKα1, which is overexpressed in AGAT KO 
gastrocnemius (Publication IV; Figure 3.H) and has been shown to limit muscle 
hypertrophy (101–105). However, higher AMPKα1 expression might simply reflect the 
phenotypic shift, as oxidative muscle naturally expresses more AMPKα1 (72) (Publication 
II; Figure 5). Moreover, although experiencing a milder effect, SOL is also atrophied in 
AGAT KO mice but does not exhibit higher AMPK activity. Therefore, the role of AMPK in 
AGAT KO gastrocnemius atrophy remains unclear and could be a combination of both 
AMPK activity and another consequence of Cr deficiency.   

Beyond the atrophy, the gastrocnemius muscle phenotype was profoundly altered in 
AGAT KO mice. Previous work reported a major metabolic shift toward oxidative 
metabolism in GAST but not in SOL (220). Following the same dynamics, our preliminary 
data show that AGAT KO gastrocnemius, but not SOL, massively remodeled its MHC 
composition (Publication IV; Figure 2). Fast isoform MHC IIB was poorly expressed, 
whereas the slower isoforms MHC IIa and I were overexpressed. These results are 
supported by immunostained sections of AGAT KO gastrocnemius probed with anti-MHCIIa 
and anti-MHCI antibodies, which revealed that this change is extensive and is visible in 
terms of fiber composition (Publication IV; Figure 2.A). Furthermore, we observed a 
potential predominance of hybrid fibers, whose staining is fainter but remains visible. 
Finally, it is worth noting that MHC composition changes may occur in a sex-dependent 
manner, with AGAT KO females showing a greater MHC shift compared to males.  
The AMPK/PGC1α axis is the most potent signaling pathway driving the metabolic and 
MHC shift in AGAT KO mice (114, 210, 224). Concomitant with AMPK activation, PGC1α 
was overexpressed in AGAT KO gastrocnemius (Publication IV; Figure 3.E), which, based 
on the literature, suggests the AMPK/PGC1α axis as the responsible pathway for the 
phenotypic adaptation in AGAT KO.  

Overall, the data are consistent with a coherent adaptive response. AGAT KO fast 
muscle GAST, lacking both Cr and GAA, cannot provide enough ATP for its burst activity 
and the high ATP consumption of its MHCIIB. Due to its poor yield and metabolic 
limitations, glycolytic metabolism is chronically overtaken without CK system assistance. 
ATP/AMP ratios are chronically altered, increasing AMPK activity and PGC1α expression. 
The fiber composition shifts toward a slower profile, expressing economical MHC 
isoforms, more mitochondria, and highly oxidative to increase the yield of ATP 
production. However, despite the phenotypic shift observed being rather logical in a 
chronic energy-deprived context, the direct involvement of AMPK in the phenotypic shift 
of AGAT KO gastrocnemius remains debatable. Furthermore, distinguishing between 
AMPK activation resulting from the phenotypic change itself, versus that caused by the 
energy deficit associated with Cr deficiency, remains an unresolved question. 
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6.5 Does AMPK activation in AGAT KO gastrocnemius have an energetic 
origin?  
Although the increase in AMPK activation in AGAT KO gastrocnemius might partly result 
from a phenotypic consequence (Publication II), AGAT KO gastrocnemius exhibits many 
signs of energetic deficit that should lead to AMPK activation: lower ATP concentration 
(226), elevated LKB1 expression, an increase of GLUT4 and p-ACC (223, 225), and a specific 
AMPK cytosolic activity (Publication IV; Figure 4). Nevertheless, we have demonstrated 
that AMPK is naturally more activated in slow oxidative muscles (Publication II). When 
comparing statistically, p-AMPK of AGAT KO gastrocnemius remains 3.6X higher than WT 
soleus (§§§; p < 0.001) (Publication IV; Figure 3.D). Considering that WT soleus is inherently 
a “slower muscle” than the AGAT KO gastrocnemius, AMPK overactivation must, at least 
partly, have an energetic origin. 

In Publication V, we showed that AGAT KO Heart, which is an oxidative muscle, also 
had a higher AMPK activity compared to WT (Publication V; Figure 6.D-F), again 
suggesting causes beyond purely phenotypic effects. However, in contrast with the GAST 
muscle, higher AMPK activation was not associated with an increase in LKB1 expression 
in AGAT KO Heart (Publication V; Figure 6.C). This result is intriguing, as it suggests that 
Cr deficiency induces muscle-specific adaptations in AMPK upstream kinases expression. 
If overexpression of LKB1 participates in AMPK overactivation in AGAT KO gastrocnemius, 
that could suggest that an alternative upstream kinase participates in AMPK activation in 
AGAT KO Heart. This could potentially be CaMKKβ, which is more expressed in the Heart 
than skeletal muscle, although we were unable to detect its activity in WT (Publication 
II). Alternatively, LKB1 expression may already be sufficient in the Heart to phosphorylate 
AMPK, whereas it is not the case for GAST. This is also supported by their expression 
being different in WT mice (Publication II; Figure 7). This difference in LKB1 expression 
also raises questions regarding the potential systemic effects in Cr deficient mice. Indeed, 
in adipocytes, LKB1 expression was shown to be dependent on Estrogen Receptor α (ERα) 
and sex hormones (265–267). In AGAT KO gastrocnemius specifically, we found a higher 
expression of ERα (Publication IV; Figure 3.A). Hence, it remains unclear whether higher 
ERα and LKB1 expression are a cause or a necessary consequence of higher AMPK 
activation in AGAT KO gastrocnemius.  

Considering all available evidence, we propose that AMPK overactivation in AGAT KO 
gastrocnemius may have three origins: a phenotypic origin whose function requires 
clarification, a potential systemic origin, and an energetic origin that could influence the 
muscle phenotype.  

6.6 Is AMPK signaling responsible for the AGAT KO phenotypic shift? 
AMPK activation has been widely described to induce mitochondrial biogenesis (109–114), 
but its involvement in MHC shift is controversial (109, 112, 118, 119).  Indeed, studies on 
various AMPK KO/KD models have reported no changes in the MHC composition (118, 
119, 268). However, many studies have demonstrated a direct impact of AMPK activity 
on PGC1α expression and mitochondrial content (109–111, 116, 118, 268, 269). Previous 
work using an AMPKα2 KD model combined with β-GPA treatment showed that PGC1α 
expression and mitochondrial biogenesis induced by CK system disturbance are an 
AMPK-dependent phenomenon (114). Nevertheless, it should be noted that GAMT KO 
mice exhibited subtle changes in MHC1 expression (Publication III; Figure 2) and increased 
oxidative metabolism (220), without AMPK activation (Publication III; Figure 1). However, 
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as previously mentioned, AMPK activation upon muscle activity could be greater in  
GAMT KO mice, which explains those phenotypic changes. Given the substantial evidence 
in the literature, metabolic adaptation in AGAT KO gastrocnemius should also be AMPK-
dependent. However, we still lack definitive evidence regarding MHC composition changes.  

In collaboration with Dr. Florian Britto (Institut Cochin, Paris, France), Publication VI 
provides additional insights into the role of AMPK in phenotypic adaptation. Plantaris 
(PLA) muscle from muscle-specific double AMPKα1/α2 KO mice was subjected to 
overload training through tenotomy of other hindlimb muscles (SOL and GAST). This 
overload technique is known to induce a moderate fast-to-slow phenotypic shift by 
increasing the daily muscle activity. The fiber type shift induced by overload was similar 
with or without AMPK, whereas the shift in oxidative capacity was abolished (Publication 
VI; Figure 6.A and D). This finding again underscores the importance of AMPK in 
metabolic adaptations while seriously questioning its role in MHC shift.  

Nevertheless, we still observed a higher expression of PGC1α in the GAST of AGAT KO 
mice. Normally, PGC1α is poorly expressed in fast muscle, and its transgenic expression 
induces a fast-to-slow phenotypic shift (130, 133, 135, 270). PGC1α regulation is 
complex. It can be deacetylated, methylated, or phosphorylated by many kinases, which 
increase its half-life or activity (271). Consequently, the transcriptional activity and gene 
subset activated by PGC1α vary according to the upstream signal (271). It has been 
proposed that AMPK/PGC1α interaction may only lead to activation of a gene subset 
related to metabolism, such as GLUT4 and mitochondrial biogenesis, but potentially not 
the MHC composition (271). PGC1α nuclear accumulation during exercise or AIRCAR 
treatment has been suggested as the main mechanism for mitochondrial biogenesis by 
increasing mtTFA expression (117, 123, 272–275). However, one study highlighted that 
PGC1α and mtTFA colocalize in the cytosol and accumulate in subsarcolemmal 
mitochondrial fractions in an AMPK-dependent manner (276). This direct mechanism 
could explain the crucial role of AMPK in mitochondrial adaptation without AMPK-activated 
PGC1α accumulating in the nucleus and potentially interacting with MEF2. Another 
possibility is that a threshold concentration of PGC1α may be required to induce  
MHC adaptations. Indeed, many studies mentioning a change in MHC composition 
overexpressed PGC1α (130, 133, 135), and fast-to-slow phenotypic shift are almost 
invariably associated with an increase in PGC1α expression. Therefore, we could suggest 
a localization or concentration-dependent interaction of PGC1α with other downstream 
targets. Along this line, chronic AMPK activation increases PGC1α expression (123) and 
may contribute to conditioning the tissue for MHC shift, but is maybe not the key 
signaling to trigger contractile adaptations.  

Therefore, AMPK activation in AGAT KO likely mediates the observed metabolic 
adaptations. However, it remains unclear whether AMPK overactivation is involved in the 
MHC shift of AGAT KO gastrocnemius. Consequently, AGAT KO gastrocnemius potentially 
undergoes an alternative signaling pathway able to shift its MHC composition.  

6.7 Energetics induces higher Ca2+ release: a potential signaling for 
MHC shift in AGAT KO gastrocnemius 
As mentioned in the literature review, Ca2+-related signaling is a strong determinant of 
muscle phenotype, particularly through the Ca2+/CaM/CaN/NFATc1/MEF2 pathway 
(Figure 2). Interestingly, we found that NFATc1 expression in the AGAT KO gastrocnemius 
cytosol was 3X higher than in WT littermates (Publication IV; Figure 5.A and B). Following 
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Ca²⁺ signaling, dephosphorylated NFATc1 is known to translocate into the nucleus to 
interact with MEF2. However, we did not find NFATc1 nuclear accumulation (Publication 
III; Figure 5.C). NFATc1 exhibits a circadian cycle (activity-dependent), predominantly 
cytosolic during the day (resting period) and predominantly nuclear during the night 
(active period) in mice (174). Since mice were taken during the day, this timing may have 
contributed to our results. Nevertheless, NFATc1 overexpression was accompanied by an 
increase in CaMKKβ expression in the AGAT KO gastrocnemius specifically (Publication 
IV; Supplementary Figure S1). Both are Ca2+ related proteins and downstream of CaM 
(Figure 2), suggesting a potential chronic excess of Ca2+ in AGAT KO gastrocnemius. These 
results raised many questions regarding why and how AGAT KO gastrocnemius might 
experience an excess in Ca2+, and whether this excess could be responsible for the 
phenotypic shift.  

As highlighted in the literature review, Ca²⁺ dynamics, particularly SERCA function, 
represent a substantial component of total ATP hydrolysis in muscle (6, 7). Based on this 
observation, we wondered whether Cr-deficiency would affect SERCA performance and 
lead to Ca2+ accumulation in the cytoplasm. In Publication V, Ca2+ transients from isolated 
AGAT KO cardiomyocytes were analyzed. AGAT KO cardiomyocytes exhibited similar 
SERCA performances to WT, as indicated by comparable Ca²⁺ concentration decay rates 
(Publication V; Figure 1.F). However, the peak amplitude, rise rate, and duration were 
increased in AGAT KO cardiomyocytes (Publication V; Figure 1.A-E), which means that 
Ca2+ release by RyRs was higher in quantity, faster, and lasted longer at high 
concentration in the cytoplasm. The SR content in Ca2+ was also slightly increased in 
AGAT KO cardiomyocytes (Publication V; Figure 4.B). Collectively, these results indicate 
that Cr-deficiency enhanced Ca²⁺ release by RyR, but did not affect SERCA performances 
in cardiomyocytes. In other words, affecting energetics increases the Ca²⁺ release by RyR 
in cardiac tissue. Nevertheless, the Heart remains different than a gastrocnemius, both 
in the metabolic aspect and the excitation-contraction coupling. Therefore, we wanted 
to test whether the same phenomenon could be observed in fast glycolytic muscle tissue. 

To further investigate this mechanism in a fast glycolytic muscle tissue, we cultured 
C2C12 muscle myotubes on glass coverslips in collaboration with Dr. Florian Britto 
(Institut Cochin, Paris, France). C2C12 myotubes were electrically stimulated with or 
without 2-Deoxy-D-glucose (2DG), a glycolysis inhibitor, and Ca2+ transients were 
recorded. Interestingly, the same phenomenon was observed in C2C12 myotubes 
treated with 2DG, where RyR Ca2+ release was higher under energetically compromised 
conditions (Publication VI; Figure 5.F). Consistent with our findings in AGAT KO 
cardiomyocytes, SERCA performance was maintained in 2DG-treated C2C12 myotubes 
(Publication VI; Figure 5.H). The mechanism underlying increased RyR Ca²⁺ release 
remains enigmatic, particularly given that RyR opening probability is higher with ATP 
binding compared to AMP or ADP (277). Therefore, RyR opening may be modulated 
either through protein kinase phosphorylation or via an alternative, yet unknown 
mechanism. To summarize, similarly to AGAT KO cardiomyocytes, affecting energetics 
did not decrease SERCA performance but increase Ca²⁺ release by RyR in glycolytic 
muscle tissue. 

Our collaborators extended this investigation by treating mice subjected to overload 
with 2DG. They found a disparate increase in NFATc2 expression (Publication VI; Figure 
5.E). But more importantly, 2DG treatment enhanced the fast-to-slow phenotypic shift 
induced by overload (Publication VI; Figure 5.C). These findings suggest that energetics 
participate in the MHC shift, but independently of AMPK (Publication VI; Figure 6.D), 
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Conclusion 
• Basal AMPK activity is higher in slow than fast muscles, and this is not due to 

higher CaMKKβ activity.  
 

• GAMT KO creatine-deficient mice exhibited subtle changes in GAST muscle mass 
and phenotype independently of AMPK activity. The use of GAA at rest could 
prevent phenotypic adaptations.  

 
• AGAT KO creatine-deficient mice, lacking Cr and GAA, showed a severe atrophy 

and fast-to-slow phenotypic shift in fast muscle GAST. Those changes are 
associated with a GAST-specific activation of LKB1/p-AMPK/PGC1α pathway. 
However, the direct influence of AMPK activity to change MHC composition 
remains questionable.  

 
• Affecting energetics increases RyR Ca2+ release in AGAT KO cardiomyocytes and 

C2C12 myotubes. Through NFAT signaling, this could constitute an alternative 
mechanism linking energetics, Ca2+ signaling, and fast-to-slow phenotypic shift.  
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Lühikokkuvõte 
Energeetikast indutseeritud kiire-aeglase fenotüübilise nihke 
mehhanismide uurimine kreatiinipuudulikkusega hiirtel 
Skeletilihaskude moodustab inimese organismis suurima koe ja tagab keha liikumisvõime. 
Lihas spetsialiseerub oma funktsiooni säilitamiseks, ekspresseerides unikaalseid 
kiutüüpide kombinatsioone, mis määravad selle fenotüübi. Aeglane fenotüüp koosneb 
peamiselt I ja IIa tüüpi kiududest, mis on metaboolselt oksüdatiivsed, toodavad 
väiksemat jõudu, kuid on väsimuskindlad. Vastupidiselt sellele koosneb kiire fenotüüp 
valdavalt IIx ja IIb tüüpi kiududest, mis on metaboolselt glükolüütilised, genereerivad 
suuremat jõudu, kuid on vastuvõtlikumad väsimusele. ATP hüdrolüüs on lihase 
funktsioneerimiseks, eeskätt kontraktsiooniks, hädavajalik ning selle kontsentratsioon 
peab püsima stabiilsena. Lihaskiudude metaboolne spetsialiseerumine on kooskõlas 
müosiini raske ahela (MHC) isoformide ATP tarbimisega, tagades piisava energiavarustuse. 
Energeetilise tasakaalutuse tekkimisel aktiveerivad tõusnud AMP- ja ADP-tasemed 
energeetilise sensori – AMP-aktiveeritud proteiinkinaasi (AMPK). Akuutne AMPK 
aktivatsioon taastab energeetilise tasakaalu, stimuleerides ainevahetust, kuid krooniline 
AMPK aktiivsus on seotud atroofia ja kiire-aeglase fenotüübilise muutusega. 

Lihaskoes toimib ATP-puhversüsteem, mida tuntakse kreatiinkinaasi (CK) süsteemina. 
CK ensüüm katalüüsib ADP refosforüülimist ATP-ks, kasutades fosfokreatiini (PCr), ning 
vastupidist reaktsiooni – kreatiini (Cr) fosforüülimist PCr-ks ATP abil. CK kõrge aktiivsus 
ja lihastes leiduvad suurenenud PCr kontsentratsioonid võimaldavad kiiret ATP languse 
kompenseerimist kontraktsiooni ajal. CK-süsteemi häirumine põhjustab lihasatroofiat 
ning kiire-aeglase fenotüübilisi muutusi, mis on seotud AMPK aktivatsiooniga. Siiski on 
endogeense Cr biosünteesi puudumise energeetika ja lihasspetsiifilised tagajärjed hiirtel 
endiselt halvasti mõistetud. Cr biosünteesi saab pärssida kas guanidinoatsetaadi N-
metüültransferaasi (GAMT KO) või L-arginiin: glütsiini amidinotransferaasi (AGAT KO) 
geenide väljalülitamisega. 

Western blot’i ja immunovärvimise meetodite abil uurisime lihasfenotüüpi, atroofiat 
ja AMPK aktivatsiooni nii kiiretes kaksik-sääremarjalihastes (GAST) kui ka aeglastes 
lestlihastes (SOL) GAMT KO ja AGAT KO hiirtel. Lisaks hindasime AMPK basaalset 
aktivatsiooni ja selle ülesvoolu kinaaside ekspressiooni erinevust kiirete ja aeglaste lihaste 
vahel. Samuti uurisime energeetilise defitsiidi mõju Ca²⁺ dünaamikale stimuleeritud C2C12 
müotuubulites ning mõõtsime Ca²⁺-ga seotud valkude taset AGAT KO hiirtel. 

Käesolevas uuringus esitame tõendid, et AMPK baasaktiivsus on aeglases lihases kõrgem 
kui kiires lihases. Pakume välja, et AMPK aktiivsus võib olla kompartmentaliseeritud, 
kusjuures aktivatsiooni mõjutavad pigem lokaalsed kui globaalsed energeetilised 
tingimused. Kreatiinipuudulikud hiired (GAMT KO ja AGAT KO) näitasid radikaalselt 
erinevaid lihasfenotüüpe. GAMT KO hiirtel esinesid kiires lihases (GAST) ainult väikesed 
muutused massis ja fenotüübis, mis toimusid sõltumatult AMPK aktiivsusest. Seevastu 
AGAT KO hiirtel täheldati rasket atroofiat ja kiire-aeglase fenotüübilist muutust GAST-is, 
mis oli seotud kõrge AMPK aktiivsusega. Oletasime, et guanidinoatsetaadi (GAA) 
kasutamine kreatiini asendajana GAMT KO hiirtel võib takistada AMPK aktivatsiooni ja 
fenotüübilisi kohandumisi. Meie tulemuste ja uute koostööpartnerite (Dr Florian Britto, 
Institut Cochin, Pariis, Prantsusmaa) leidude põhjal arutame AMPK võimalikku rolli 
fenotüübilises nihkes. Lõpuks näitasime, et energeetiline defitsiit võimendab Ca²⁺ 
vabanemist rüanodiiniretseptorite kaudu ning pakkusime välja uue potentsiaalse 
mehhanismi, mis vahendab energeetikast tingitud kiire-aeglase fenotüübilist muutust.
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�
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�
a�̀ b%�� ���a ���%�V� �	��Z�Y��b�����!#
�	��c�������	̀��d�e��Y�������	��
��%&����������()6*2/.33*+,-./+0./,1+=+f3.+/3;+:+/-4,88;8+,=1-232/?+1-.:+6+,*-9,.84*+�>4-1+:+*.-;.1=+<+/=+/-2/?+/+-.3>,30?*24/=�?+/@=+*,/=,?+�gBHEIJKHABCDEFhOSRM�RLQ�̂L��SO��=2.MOS�OSSRT1SS_P�@SO�@S�RL@���̂����	�Y�� %�����
�����̀���Y���%������	���������Y���V� �	��Z�Y��b��̀!���[V�����������W�	
���	
������
���(i/36,/?+=5.-2362/=*.,82*?,/.],-.2/,/=325<,*-5+/-,-.2/296.?6@+/+*?;<621<6,-+1./3*+,-./+@=+f3.+/-jklmnTn 5241+6+,*-1�opqrstHEFhuKBCvAECIrstHEFh_S�Mw�SLQw��S��SO_�=2.MOS�OO��T,U<6+,*-�SSPOP��SO���P����	�Y�� %����������� �	�Y������ X��
��̀!���[V�W�	
���	
������
���(),*=.,3+x<*+11.2/,/=823,-.2/296+x20.@/,1+36,/?+1./,5241+52=+829<4*+3*+,-./+=+f3.+/3;�opqrstHEFhuKBCvAECIrstHEFh_�SMwLO_QwL�P��S�O�=2.MOS�OO��T,U<6+,*-�SSÔ �̂�S�S�_S����	��
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�����ZZ���%���X[���������b�b�̀�VV�'a���X�̀ %�(w45,/6+,*-9,.84*+M3kl�1-.548,-.2/29�|),��@km�,1+,3-.:.-;,/=<621<62*;8,-.2/8+:+829<621<628,5>,/�opqrstHEFh�RRMwNRNQwN̂S�OPPP�=2.MOS�OO��T,U<6+,*-�OPPP��RR���wNRN�NS����	�� &'���ZZ���%(l2=48,-.2/293,*=.,332/-*,3-.8.-;>;-6+<62@<628,5>,/T�\|)k�,*+?48,-25+�AECIJKHOOSMOLNLQOLLS��SO��=2.MOS�OOLOT)}|)|\�kwk�OOO���PR�N�

NO�
��
�	�������
�	!�&�$�����Xb��'�'a���X�̀ %����ZZ���%(m,*?+-./?<621<628,5>,/>;?+/+-*,/19+*./645,/6+,*-9,.84*+�AECI�hBvEF�OS�MPSNQPSR��SS��=2.MOS�OOLOT63ŜS��OS��LN�N�������	��	�W�$����[��[��	��$��  ��#"��X� %�
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