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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 |, base their ATP production on oxidative metabolism. Mixed
fibers, such as type lla, 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 | and lla, 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






Abbreviations

2DG 2-Deoxy-D-glucose

B-GPA Beta-guanidopropionic acid

ACC Acetyl-CoA carboxylase

AGAT L-Arginine: Glycine amidinotransferase

AICAR 5-aminoimidazole-4-carboxamide-1-B-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
CaMKKB 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

ERa Estrogen receptor alpha

FADH2 Flavin adenine dinucleotide

FOX03a 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
NMR
p38
PCr
PGCla
PLA

Pi

RyR
Ser
SERCA
SIRT1
SOL
SR
STBD1
Thr
ULK1
UPS
YY1

Nuclear Factor of activated T-cells c1

Nuclear Magnetic Resonance

p38 mitogen-activated protein kinase
phosphocreatine

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
Plantaris

Inorganic phosphate

Ryanodine receptors

Serine

Sarco/Endoplasmic reticulum calcium ATPase
NAD*-dependent deacetylase sirtuin-1
Soleus

Sarcoplasmic reticulum

Starch-binding domain 1

Threonine

Unc-51 like autophagy activating kinase 1
Ubiquitin-proteasome system

Ying Yang 1

Explanations of abbreviations used in the thesis.
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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+H20->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+H20->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, Ca%* is
released from the sarcoplasmic reticulum (SR) in the cytoplasm by Ryanodine Receptors
(RyR). The resulting increase in cytoplasmic Ca%* 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 (l1X and 1IB), have a faster cycle (faster activity) and
therefore consume more ATP per second than the slow isoforms (I and lla) (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 Ca?*, 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 B-oxidation (28). B-oxidation is a metabolic
process that degrades the long chains of fatty acids into acetyl-CoA, NADH, and FADH,.
Acetyl-CoA will be used in the Krebs cycle, as previously explained, whereas NADH,
and FADH, 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, | 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, | 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):

e 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).

e Type lla: 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).

e TypelIX: 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).

e Type lIB (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 AMPKa2 upon an endurance training program reduces the shift from IIB
to lIX and lla (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 (PGCla).

AMPK/PGCla axis:

AMPK directly and indirectly interacts with PGCla. AMPK directly phosphorylates PGCla
at Thr'”7 and Ser®, which increases its nuclear localization and leads to PGCla binding
its own promoter, thereby enhancing PGCla expression (123). In addition, AMPK
increases NAD*-dependent deacetylase sirtuin-1 (SIRT1) activity, which deacetylates
PGCla and greatly increases its transcriptional activity (124-126). PGCla 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 PGCla
expression and activity promotes mitochondrial biogenesis and the development of
oxidative metabolism in muscle.

PGCla overexpression is also known to shift the MHC composition from fast isoforms
IIB and IIX to slow isoforms lla and | (130-135). PGCla 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-lIx 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).

PGCla gene promoter can be bound by MEF2 itself, thereby increasing PGCla
expression, whereas PGCla interaction with MEF2 is associated with an increased
transcription of slow fibers gene (136-138, 149, 150). Therefore, PGCla 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/PGCla axis is a signhaling
pathway able to induce a fast-to-slow phenotypic shift, by modifying the metabolism
toward oxidative and MHC expression toward slow isoforms. PGCla 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 Ca**/CaM/CaMKIV/CREB/PGC1la axis

Muscle phenotype is strongly determined by daily muscle activity (151). Upon electrical
activity, Ca®* is released from the SR into the cytoplasm through RyRs to trigger
contraction. This Ca?* is pumped back into the SR by SERCA pumps, inducing muscle
relaxation. Ca?* transients are nerve-derived signals regulating contraction, whose
frequency and amplitude also inform the tissue about muscular activity.

One important Ca?* sensing protein is Calmodulin (CaM). CaM consists of two lobes
able to bind two Ca?* ions each. The rise of Ca?* 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 CaMKKB (152, 153). The binding
of CaM on CaMKIV induces its partial activation, allowing CaMKKpB (also an upstream
kinase of AMPK) to phosphorylate on Thr'%, 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 Ser'33in the brain and in muscle (149, 157-160). Once
phosphorylated, CREB binds to the PGCla 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
CaMKKp 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/PGCla axis has been suggested as a
nerve-derived pathway that could induce a fast-to-slow phenotypic shift in muscle,
especially linking Ca?* with mitochondrial biogenesis. However, the poor expression of
CaMKIV and CaMKKp in muscle suggests a minor importance in physiological conditions.
This signaling pathway is represented schematically in Figure 2.B.

2.3.3 The Ca**/CaM/CaN/NFATc1/MEF2 axis

Another nerve-derived pathway that mediates MHC shift in muscle is
Ca?*/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).

NFATc1l 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, NFATc1l 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/NFATcl
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 (UM 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
Mi,-CK KO Quads No Toxidative =PGCla | (199)
(subtle)
Mi,-CK KO = SOL No Pglycolytic (200)
. =PCr
Mis-CK KO GAST — ATP (201)
- =PGCla
M-CK KO GAST "“,’::\';2"6 +44% | (196)
AMPK

GAST, “Moxidative
M-ckKo soL in GAST (202)

GAST, Moxidative
M-ckko soL in GAST (203)

=PCr

M-CK KO GAST —ATP (201)

=PCr M oxidative
B 204
M-CK KO GAST - ATP (204)

=PCr M oxidative
B 198)
M-CK KO — ATP (198)
CK KO GAST M mito (205)

-11% 11B
M oxidative +200% IIX
CK KO = GSAOS:’ Y;IéoB/VZOL J glycolytic in GAST (206)
? in GAST No IIX in
SOL

GAST, Y\;/E:z/WSOL “oxidative

CK KO = EDL, —27‘V0EDL = glycolytic (207)
soL ’ in GAST
-24% PCr

201
CK KO GAST +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 (PGCla); AMP-activated protein kinase (AMPK).

4.2 CrT-deficient and B-GPA-treated models

Other models directly impacting Cr concentration in muscle have been studied. B-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 B-GPA, significantly accumulate this
analogue in the muscle, thereby reducing the efficiency of the CK system. B-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/PGCla
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
-90% Cr
221
GAMT KO GAST PGAA No (221)
{4 PCr
-359 219
GAMT KO 35% 1 PGAA No (219)
GAST
W M oxidative
GAST -34% GAST = glycolytic
GAMT KO -26% ! -29% SOL SOL (220)
SOL . I
(minor when Moxidative
W/BW) 1 glycolytic
(subtle)
0 PCr
222
GAMT KO PGAA (222)
w ’I"[‘?)ﬁif;tive
~76% GAST LU glycolytic
o 0,
AGAT KO -41% GAST, 37% SOL SOL (220)
SOL (W/BW no L
M oxidative
atrophy for - alvcolvtic
soL) = glycoly
+75%
223
AGAT KO AMPK (223)
- +60%
AGAT KO M oxidative PGCla (224)
-30% 0Cr +250%
225
AGATKO BMI 0 GAA AMPK (225)
-97% Cr
AGAT KO -99% PCr -34% FS M oxidative (226)
-47% ATP

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 (PGCla); 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 B-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/PGCla 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 PGCla 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 PGCla 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 Ca%*-related upstream
kinase CaMKKp. Given that fast and slow muscles diverge in their metabolic stability
(230-233), but also in their daily Ca®* 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, Ca*-related signals are well known to induce profound changes in muscle
phenotype (Figure 2). Direct links between energetics and Ca®* 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 Ca?*/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, | used the following methods:

e Western blot, all Publications.

e  Muscle transversal slices immunostaining, Publication Ill, IV, and VI.

e Cellular fractionation was used to separate cytosolic, mitochondrial and nuclear
fraction, Publication IV.

e Rat CaMKKB (calcium/calmodulin-dependent protein kinase kinase 2) and
mutant AMPKa2 (AMP-activated protein kinase a2) K45R recombinant proteins
were produced in E.Coli and purified with HisTrap FF affinity chromatography,
Publication II.

e In vitro and homogenate CaMKKB phosphorylation of mutant AMPKa2 K45R,
Publication II.

e  AGAT (L-Arginine: Glycine amidinotransferase) KO mice, Publication IV, and V.

e  GAMT (Guanidinoacetate N-methyltransferase) KO mice, Publication IlI.

e (C2C12 cell culture, Publication VI.

e  HPLC/MS of ATP, ADP, and AMP from muscle samples, Publication II.

e Record and analysis of Ca?*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 Ca?* release (151), we hypothesized that CaMKKB 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 CaMKK} is poorly expressed in skeletal muscle, but more in the Heart
and even more in the brain (reference sample) (Publication IlI; Figure 9). Despite its low
expression in skeletal muscles, we attempted to measure its basal activity using AMPKa2
K45R mutant recombinant protein as a downstream target. AMPKa2 K45R mutant is an
ideal downstream target, as it is catalytically inactive and does not retro-inhibit CaMKKp
autonomous activity (71). We first produced mutant AMPK K45R and CaMKKp
recombinant proteins in E.Coli and conducted some preliminary tests in vitro and in brain
homogenates. In vitro using recombinant CaMKKp and in the brain homogenate with
endogenous CaMKKB, mutant AMPK K45R was phosphorylated following Ca®
stimulation, and abolished when incubated with STO-609, a specific CaMKKp inhibitor
(Publication II; Supplementary Figure S6-S9). However, when performed in muscle
homogenates, AMPK was not phosphorylated following CaZ* stimulation in GAST, SOL, or
Heart (Publication IlI; Figure 11). Therefore, we concluded that CaMKKp 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 CaMKKB. 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 Il 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 lll; 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 IllI; 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 Ill, 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 Il; 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 lll; 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 IlI; 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 IllI; 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 IlI; 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/PGCla 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 Ill; 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 Il), 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 1V; Table 3). Using the same immunostaining protocol as applied to GAMT
KO mice in Publication Ill, 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 IIl;
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 Ill; Figure 6.A). Enhanced AMPK activity may also contribute
to AGAT KO atrophy. In particular, AMPKal, which is overexpressed in AGAT KO
gastrocnemius (Publication IV; Figure 3.H) and has been shown to limit muscle
hypertrophy (101-105). However, higher AMPKal expression might simply reflect the
phenotypic shift, as oxidative muscle naturally expresses more AMPKal (72) (Publication
Il; 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 lla and | were overexpressed. These results are
supported by immunostained sections of AGAT KO gastrocnemius probed with anti-MHClla
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/PGCla axis is the most potent signaling pathway driving the metabolic and
MHC shift in AGAT KO mice (114, 210, 224). Concomitant with AMPK activation, PGCla
was overexpressed in AGAT KO gastrocnemius (Publication IV; Figure 3.E), which, based
on the literature, suggests the AMPK/PGCla 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 PGCla expression.
The fiber composition shifts toward a slower profile, expressing economical MHC
isoforms, more mitochondria, and highly oxidative to increase the vyield 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 1), 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 Il). When
comparing statistically, p-AMPK of AGAT KO gastrocnemius remains 3.6X higher than WT
soleus (§§8§; 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 CaMKK, which is more expressed in the Heart
than skeletal muscle, although we were unable to detect its activity in WT (Publication
I). 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 Il; 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 a (ERa)
and sex hormones (265—-267). In AGAT KO gastrocnemius specifically, we found a higher
expression of ERa (Publication IV; Figure 3.A). Hence, it remains unclear whether higher
ERa 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 PGCla expression and mitochondrial content (109-111, 116, 118, 268, 269). Previous
work using an AMPKa2 KD model combined with B-GPA treatment showed that PGCla
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 Ill; Figure 2) and increased
oxidative metabolism (220), without AMPK activation (Publication Ill; 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 AMPKal/a2 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 PGCla in the GAST of AGAT KO
mice. Normally, PGC1la is poorly expressed in fast muscle, and its transgenic expression
induces a fast-to-slow phenotypic shift (130, 133, 135, 270). PGCla 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 PGCla vary according to the upstream signal (271). It has been
proposed that AMPK/PGCla 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). PGCla 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
PGCla 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
PGCla accumulating in the nucleus and potentially interacting with MEF2. Another
possibility is that a threshold concentration of PGCla may be required to induce
MHC adaptations. Indeed, many studies mentioning a change in MHC composition
overexpressed PGCla (130, 133, 135), and fast-to-slow phenotypic shift are almost
invariably associated with an increase in PGCla expression. Therefore, we could suggest
a localization or concentration-dependent interaction of PGCla with other downstream
targets. Along this line, chronic AMPK activation increases PGCla 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 Ca?* release: a potential signaling for

MHC shift in AGAT KO gastrocnemius

As mentioned in the literature review, Ca?*-related signaling is a strong determinant of
muscle phenotype, particularly through the Ca?*/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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Ca?* signaling, dephosphorylated NFATc1 is known to translocate into the nucleus to
interact with MEF2. However, we did not find NFATc1 nuclear accumulation (Publication
IIl; 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 CaMKKp expression in the AGAT KO gastrocnemius specifically (Publication
IV; Supplementary Figure S1). Both are Ca®* related proteins and downstream of CaM
(Figure 2), suggesting a potential chronic excess of Ca?* in AGAT KO gastrocnemius. These
results raised many questions regarding why and how AGAT KO gastrocnemius might
experience an excess in Ca%*, and whether this excess could be responsible for the
phenotypic shift.

As highlighted in the literature review, Ca?* 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 Ca?* accumulation in the cytoplasm. In Publication V, Ca?* transients from isolated
AGAT KO cardiomyocytes were analyzed. AGAT KO cardiomyocytes exhibited similar
SERCA performances to WT, as indicated by comparable Ca?* 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
Ca?* release by RyRs was higher in quantity, faster, and lasted longer at high
concentration in the cytoplasm. The SR content in Ca®* was also slightly increased in
AGAT KO cardiomyocytes (Publication V; Figure 4.B). Collectively, these results indicate
that Cr-deficiency enhanced Ca?* release by RyR, but did not affect SERCA performances
in cardiomyocytes. In other words, affecting energetics increases the Ca?* 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 Ca?* transients were
recorded. Interestingly, the same phenomenon was observed in C2C12 myotubes
treated with 2DG, where RyR Ca?* 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 Ca?* 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 Ca?* 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 CaMKK 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/PGCla pathway.
However, the direct influence of AMPK activity to change MHC composition
remains questionable.

Affecting energetics increases RyR Ca?* release in AGAT KO cardiomyocytes and

C2C12 myotubes. Through NFAT signaling, this could constitute an alternative
mechanism linking energetics, Ca%* signaling, and fast-to-slow phenotypic shift.

43






14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Finley D. Recognition and Processing of Ubiquitin-Protein Conjugates
by the Proteasome. Annu Rev Biochem 78: 477-513, 2009. doi:
10.1146/annurev.biochem.78.081507.101607.

Lecker SH, Goldberg AL, Mitch WE. Protein Degradation by the Ubiquitin—
Proteasome Pathway in Normal and Disease States. Journal of the American
Society of Nephrology 17: 1807, 2006. doi: 10.1681/ASN.2006010083.

Beckwith R, Estrin E, Worden EJ, Martin A. Reconstitution of the 26S proteasome
reveals functional asymmetries in its AAA+ unfoldase. Nat Struct Mol Biol 20:
1164-1172, 2013. doi: 10.1038/nsmb.2659.

Goldberg AL. Protein degradation and protection against misfolded or damaged
proteins. Nature 426: 895—-899, 2003. doi: 10.1038/nature02263.

Sundberg CW, Fitts RH. Bioenergetic basis of skeletal muscle fatigue. Curr Opin
Physiol 10: 118-127, 2019. doi: 10.1016/j.cophys.2019.05.004.

Taylor DJ, Styles P, Matthews PM, Arnold DA, Gadian DG, Bore P, Radda GK.
Energetics of human muscle: Exercise-induced ATP depletion. Magnetic
Resonance in Med 3: 44-54, 1986. doi: 10.1002/mrm.1910030107.

Chandel NS. Glycolysis. Cold Spring Harb Perspect Biol 13: a040535, 2021. doi:
10.1101/cshperspect.a040535.

Cori CF. The Glucose—Lactic Acid Cycle and Gluconeogenesis. In: Current Topics in
Cellular Regulation, edited by Estabrook RW, Srere P. Academic Press, p. 377-387.

Zhu X, Chen W, Pinho RA, Thirupathi A. Lactate-induced metabolic signaling is
the potential mechanism for reshaping the brain function - role of physical
exercise. Front Endocrinol 16, 2025. doi: 10.3389/fendo.2025.1598419.

Sutton JR, Jones NL, Toews CJ. Effect of pH on Muscle Glycolysis during Exercise.
Clinical Science 61: 331-338, 1981. doi: 10.1042/cs0610331.

Westerblad H, Bruton JD, Lannergren J. The effect of intracellular pH on
contractile function of intact, single fibres of mouse muscle declines with
increasing temperature. The Journal of Physiology 500: 193-204, 1997. doi:
10.1113/jphysiol.1997.sp022009.

Westerblad H, Bruton JD, Katz A. Skeletal muscle: Energy metabolism, fiber
types, fatigue and adaptability. Experimental Cell Research 316: 3093-3099,
2010. doi: 10.1016/j.yexcr.2010.05.019.

Slater EC. Mechanism of Oxidative Phosphorylation. Annual Review of
Biochemistry 46: 1015-1026, 1977. doi: 10.1146/annurev.bi.46.070177.005055.

Kukurugya MA, Rosset S, Titov DV. The Warburg Effect is the result of faster ATP
production by glycolysis than respiration. Proceedings of the National Academy
of Sciences 121: e2409509121, 2024. doi: 10.1073/pnas.2409509121.

Watt MJ, Cheng Y. Triglyceride metabolism in exercising muscle. Biochimica et
Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1862: 1250-1259,
2017. doi: 10.1016/j.bbalip.2017.06.015.

Hargreaves M, Spriet LL. Exercise Metabolism. Human Kinetics, 2006.

45



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Schiaffino S, Reggiani C. Fiber Types in Mammalian Skeletal Muscles.
Physiological Reviews 91: 1447-1531, 2011. doi: 10.1152/physrev.00031.2010.

Blaauw B, Schiaffino S, Reggiani C. Mechanisms Modulating Skeletal Muscle
Phenotype. In: Comprehensive Physiology, edited by Terjung R. Wiley, p. 1645-1687.

Scott W, Stevens J, Binder-Macleod SA. Human Skeletal Muscle Fiber Type
Classifications. Physical Therapy 81: 1810-1816, 2001. doi: 10.1093/ptj/81.11.1810.

Han Y-S, Geiger PC, Cody MJ, Macken RL, Sieck GC. ATP consumption rate per
cross bridge depends on myosin heavy chain isoform. Journal of Applied
Physiology 94: 2188-2196, 2003. doi: 10.1152/japplphysiol.00618.2002.

Egan B, Zierath JR. Exercise Metabolism and the Molecular Regulation of
Skeletal Muscle Adaptation. Cell Metabolism 17: 162-184, 2013. doi:
10.1016/j.cmet.2012.12.012.

Spamer C, Pette D. Activity patterns of phosphofructokinase,
glyceraldehydephosphate dehydrogenase, lactate dehydrogenase and malate
dehydrogenase in microdissected fast and slow fibres from rabbit psoas and
soleus muscle. Histochemistry 52: 201-206, 1977. doi: 10.1007/BF00495857.

Goodman CA, Kotecki JA, Jacobs BL, Hornberger TA. Muscle Fiber Type-
Dependent Differences in the Regulation of Protein Synthesis. PLOS ONE 7:
37890, 2012. doi: 10.1371/journal.pone.0037890.

He Z-H, Bottinelli R, Pellegrino MA, Ferenczi MA, Reggiani C. ATP Consumption
and Efficiency of Human Single Muscle Fibers with Different Myosin Isoform
Composition. Biophysical Journal 79: 945-961, 2000. doi: 10.1016/S0006-
3495(00)76349-1.

Henneman E, Somjen G, Carpenter DO. Functional significance of cell size in
spinal motoneurons. Journal of Neurophysiology 28: 560-580, 1965. doi:
10.1152/jn.1965.28.3.560.

Pette D, Staron RS. Myosin isoforms, muscle fiber types, and transitions.
Microscopy Research and Technique 50: 500-509, 2000. doi: 10.1002/1097-
0029(20000915)50:6<500::AID-JEMT7>3.0.CO;2-7.

Westerblad H, Bruton JD, Katz A. Skeletal muscle: Energy metabolism, fiber
types, fatigue and adaptability. Experimental Cell Research 316: 3093—-3099,
2010. doi: 10.1016/j.yexcr.2010.05.019.

Sawano S, Komiya Y, Ichitsubo R, Ohkawa Y, Nakamura M, Tatsumi R, lkeuchi
Y, Mizunoya W. A One-Step Immunostaining Method to Visualize Rodent Muscle
Fiber Type within a Single Specimen. PLOS ONE 11, 2016. doi:
10.1371/journal.pone.0166080.

Campos VACRPGER. SKELETAL MUSCLE FIBER TYPES IN C57BL6J MICE. SKELETAL
MUSCLE FIBER TYPES IN C57BL6J MICE 21: 0-0, 2017.

Medler S. Mixing it up: the biological significance of hybrid skeletal muscle fibers.
Journal of Experimental Biology 222: jeb200832, 2019. doi: 10.1242/jeb.200832.

Termin A, Staron RS, Pette D. Changes in myosin heavy chain isoforms during
chronic low-frequency stimulation of rat fast hindlimb muscles. European Journal
of Biochemistry 186: 749—754, 1989. doi: 10.1111/j.1432-1033.1989.tb15269.x.

46






57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hardie DG, Carling D, Gamblin SJ. AMP-activated protein kinase: also
regulated by ADP? Trends in Biochemical Sciences 36: 470-477, 2011. doi:
10.1016/j.tibs.2011.06.004.

Pelosse M, Cottet-Rousselle C, Bidan CM, Dupont A, Gupta K, Berger |,
Schlattner U. Synthetic energy sensor AMPfret deciphers adenylate-dependent
AMPK activation mechanism. Nat Commun 10: 1038, 2019. doi: 10.1038/s41467-
019-08938-z.

Suter M, Riek U, Tuerk R, Schlattner U, Wallimann T, Neumann D. Dissecting the
Role of 5'-AMP for Allosteric Stimulation, Activation, and Deactivation of AMP-
activated Protein Kinase *. Journal of Biological Chemistry 281: 32207-32216,
2006. doi: 10.1074/jbc.M606357200.

Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, lJing C,
Walker PA, Eccleston JF, Haire LF, Saiu P, Howell SA, Aasland R, Martin SR,
Carling D, Gamblin SJ. Structure of mammalian AMPK and its regulation by ADP.
Nature 472: 230-233, 2011. doi: 10.1038/nature09932.

Sakamoto K, McCarthy A, Smith D, Green KA, Grahame Hardie D, Ashworth A,
Alessi DR. Deficiency of LKB1 in skeletal muscle prevents AMPK activation and
glucose uptake during contraction. EMBO J 24: 1810-1820, 2005. doi:
10.1038/sj.emb0j.7600667.

Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LGD, Neumann D,
Schlattner U, Wallimann T, Carlson M, Carling D. LKB1 Is the Upstream Kinase in
the AMP-Activated Protein Kinase Cascade. Current Biology 13: 2004-2008,
2003. doi: 10.1016/j.cub.2003.10.031.

Tanner CB, Madsen SR, Hallowell DM, Goring DMJ, Moore TM, Hardman SE,
Heninger MR, Atwood DR, Thomson DM. Mitochondrial and performance
adaptations to exercise training in mice lacking skeletal muscle LKB1. American
Journal of Physiology-Endocrinology and Metabolism 305: E1018-E1029, 2013.
doi: 10.1152/ajpendo.00227.2013.

McGee SL, Mustard KJ, Hardie DG, Baar K. Normal hypertrophy accompanied by
phosphoryation and activation of AMP-activated protein kinase al following
overload in LKB1 knockout mice. The Journal of Physiology 586: 1731-1741,
2008. doi: 10.1113/jphysiol.2007.143685.

Sakamoto K, Zarrinpashneh E, Budas GR, Pouleur A-C, Dutta A, Prescott AR,
Vanoverschelde J-L, Ashworth A, Jovanovic A, Alessi DR, Bertrand L. Deficiency
of LKB1 in heart prevents ischemia-mediated activation of AMPKa2 but not
AMPKal. American Journal of Physiology-Endocrinology and Metabolism 290:
E780-E788, 2006. doi: 10.1152/ajpendo.00443.2005.

Fujiwara Y, Kawaguchi Y, Fujimoto T, Kanayama N, Magari M, Tokumitsu H.
Differential AMP-activated Protein Kinase (AMPK) Recognition Mechanism of
Ca2+/Calmodulin-dependent Protein Kinase Kinase Isoforms*. Journal of Biological
Chemistry 291: 13802—-13808, 2016. doi: 10.1074/jbc.M116.727867.

48



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Jensen TE, Rose AJ, Hellsten Y, Wojtaszewski JFP, Richter EA. Caffeine-induced
Ca2+release increases AMPK-dependent glucose uptake in rodent soleus muscle.
American Journal of Physiology-Endocrinology and Metabolism 293: E286—E292,
2007. doi: 10.1152/ajpendo.00693.2006.

Jensen TE, Rose AJ, Jgrgensen SB, Brandt N, Schjerling P, Wojtaszewski JFP,
Richter EA. Possible CaMKK-dependent regulation of AMPK phosphorylation and
glucose uptake at the onset of mild tetanic skeletal muscle contraction. American
Journal of Physiology-Endocrinology and Metabolism 292: E1308-E1317, 2007.
doi: 10.1152/ajpendo.00456.2006.

Woods A, Dickerson K, Heath R, Hong S-P, Momcilovic M, Johnstone SR,
Carlson M, Carling D. Ca2+/calmodulin-dependent protein kinase kinase-B acts
upstream of AMP-activated protein kinase in mammalian cells. Cell Metabolism
2:21-33, 2005. doi: 10.1016/j.cmet.2005.06.005.

Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, Frenguelli BG,
Hardie DG. Calmodulin-dependent protein kinase kinase-B is an alternative
upstream kinase for AMP-activated protein kinase. Cell Metabolism 2: 9-19,
2005. doi: 10.1016/j.cmet.2005.05.009.

Nakanishi A, Hatano N, Fujiwara Y, Sha’ri A, Takabatake S, Akano H, Kanayama N,
Magari M, Nozaki N, Tokumitsu H. AMP-activated protein kinase—-mediated
feedback phosphorylation controls the Ca2+/calmodulin (CaM) dependence of
Ca2+/CaM-dependent protein kinase kinase B. Journal of Biological Chemistry
292:19804-19813, 2017. doi: 10.1074/jbc.M117.805085.

Bernasconi R, Soodla K, Sirp A, Zovo K, Kuhtinskaja M, Lukk T, Vendelin M,
Birkedal R. Higher AMPK activation in mouse oxidative compared with glycolytic
muscle does not correlate with LKB1 or CaMKK expression. American Journal of
Physiology-Endocrinology and Metabolism 328: E21-E33, 2025. doi:
10.1152/ajpendo0.00261.2024.

Negoita F, Addinsall AB, Hellberg K, Bringas CF, Hafen PS, Sermersheim TJ,
Agerholm M, Lewis CTA, Ahwazi D, Ling NXY, Larsen JK, Deshmukh AS,
Hossain MA, Oakhill JS, Ochala J, Brault JJ, Sankar U, Drewry DH, Scott JW,
Witczak CA, Sakamoto K. CaMKK2 is not involved in contraction-stimulated
AMPK activation and glucose uptake in skeletal muscle. Molecular Metabolism
75:101761, 2023. doi: 10.1016/j.molmet.2023.101761.

Abbott MJ, Edelman AM, Turcotte LP. CaMKK is an upstream signal of AMP-
activated protein kinase in regulation of substrate metabolism in contracting skeletal
muscle. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology 297: R1724—R1732, 2009. doi: 10.1152/ajpregu.00179.2009.

Smiles WJ, Ovens AJ, Oakhill JS, Kofler B. The metabolic sensor AMPK:
Twelve enzymes in one. Molecular Metabolism 90: 102042, 2024. doi:
10.1016/j.molmet.2024.102042.

Habets DDJ, Coumans WA, Voshol PJ, den Boer MAM, Febbraio M, Bonen A,
Glatz JFC, Luiken JJFP. AMPK-mediated increase in myocardial long-chain fatty
acid uptake critically depends on sarcolemmal CD36. Biochem Biophys Res
Commun 355: 204-210, 2007. doi: 10.1016/j.bbrc.2007.01.141.

49






89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Thomson DM, Fick CA, Gordon SE. AMPK activation attenuates S6K1, 4E-BP1, and
eEF2 signaling responses to high-frequency electrically stimulated skeletal
muscle contractions. Journal of Applied Physiology 104: 625-632, 2008. doi:
10.1152/japplphysiol.00915.2007.

Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W,
Vasquez DS, Joshi A, Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A,
Viollet B, Kundu M, Hansen M, Shaw RJ. Phosphorylation of ULK1 (hATG1) by
AMP-Activated Protein Kinase Connects Energy Sensing to Mitophagy. Science
331: 456-461, 2011. doi: 10.1126/science.1196371.

Gao J, Yu L, Wang Z, Wang R, Liu X. Induction of mitophagy in C2C12 cells by
electrical pulse stimulation involves increasing the level of the mitochondrial
receptor FUNDC1 through the AMPK-ULK1 pathway. Am J Trans/ Res 12:
6879-6894, 2020.

Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, Gygi SP, Brunet A.
The Energy Sensor AMP-activated Protein Kinase Directly Regulates the
Mammalian FOXO3 Transcription Factor *. Journal of Biological Chemistry 282:
30107-30119, 2007. doi: 10.1074/jbc.M705325200.

Laker RC, Drake JC, Wilson RJ, Lira VA, Lewellen BM, Ryall KA, Fisher CC,
Zhang M, Saucerman JJ, Goodyear LJ, Kundu M, Yan Z. Ampk phosphorylation of
Ulk1 is required for targeting of mitochondria to lysosomes in exercise-induced
mitophagy. Nat Commun 8: 548, 2017. doi: 10.1038/s41467-017-00520-9.

Lee JW, Park S, Takahashi Y, Wang H-G. The Association of AMPK with
ULK1 Regulates Autophagy. PLOS ONE 5: e15394, 2010. doi:
10.1371/journal.pone.0015394.

Longo M, Bishnu A, Risiglione P, Montava-Garriga L, Cuenco J, Sakamoto K,
MacKintosh C, Ganley IG. Opposing roles for AMPK in regulating distinct
mitophagy pathways. Molecular Cell 84: 4350-4367.e9, 2024. doi:
10.1016/j.molcel.2024.10.025.

NAKASHIMA K, YAKABE Y. AMPK Activation Stimulates Myofibrillar Protein
Degradation and Expression of Atrophy-Related Ubiquitin Ligases by Increasing
FOXO Transcription Factors in C2C12 Myotubes. Bioscience, Biotechnology, and
Biochemistry 71: 1650—-1656, 2007. doi: 10.1271/bbb.70057.

Sanchez AM, Csibi A, Raibon A, Cornille K, Gay S, Bernardi H, Candau R. AMPK
promotes skeletal muscle autophagy through activation of forkhead FoxO3a and
interaction with Ulk1. Journal of Cellular Biochemistry 113: 695-710, 2012. doi:
10.1002/jcb.23399.

He C. Balancing nutrient and energy demand and supply via autophagy. Current
Biology 32: R684—R696, 2022. doi: 10.1016/j.cub.2022.04.071.

Koutsifeli P, Varma U, Daniels LJ, Annandale M, Li X, Neale JPH, Hayes S,
Weeks KL, James S, Delbridge LMD, Mellor KM. Glycogen-autophagy: Molecular
machinery and cellular mechanisms of glycophagy. Journal of Biological
Chemistry 298, 2022. doi: 10.1016/j.jbc.2022.102093.

51



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Ducommun S, Deak M, Zeigerer A, Goransson O, Seitz S, Collodet C, Madsen AB,
Jensen TE, Viollet B, Foretz M, Gut P, Sumpton D, Sakamoto K. Chemical genetic
screen identifies Gapex-5/GAPVD1 and STBD1 as novel AMPK substrates. Cellular
Signalling 57: 45-57, 2019. doi: 10.1016/j.cellsig.2019.02.001.

Deng Z, Luo P, Lai W, Song T, Peng J, Wei H-K. Myostatin inhibits
eEF2K-eEF2 by regulating AMPK to suppress protein synthesis. Biochemical
and Biophysical Research Communications 494: 278-284, 2017. doi:
10.1016/j.bbrc.2017.10.040.

Lantier L, Mounier R, Leclerc J, Pende M, Foretz M, Viollet B. Coordinated
maintenance of muscle cell size control by AMP-activated protein kinase. FASEB
j 24:3555-3561, 2010. doi: 10.1096/fj.10-155994.

Mounier R, Lantier L, Leclerc J, Sotiropoulos A, Pende M, Daegelen D,
Sakamoto K, Foretz M, Viollet B. Important role for AMPKal in limiting skeletal
muscle cell hypertrophy. FASEB j 23: 2264-2273, 2009. doi: 10.1096/fj.08-
119057.

Mounier R, Lantier L, Leclerc J, Sotiropoulos A, Foretz M, Viollet B. Antagonistic
control of muscle cell size by AMPK and mTORCL1. Cell Cycle 10: 2640-2646, 2011.
doi: 10.4161/cc.10.16.17102.

Mu J, Barton ER, Birnbaum MJ. Selective suppression of AMP-activated protein
kinase in skeletal muscle: update on ‘lazy mice.” Biochemical Society Transactions
31:236-241, 2003. doi: 10.1042/bst0310236.

Egawa T, Ohno Y, Goto A, lkuta A, Suzuki M, Ohira T, Yokoyama S, Sugiura T,
Ohira Y, Yoshioka T, Goto K. AICAR-induced activation of AMPK negatively
regulates myotube hypertrophy through the HSP72-mediated pathway in C2C12
skeletal muscle cells. American Journal of Physiology-Endocrinology and
Metabolism 306: E344—E354, 2014. doi: 10.1152/ajpendo.00495.2013.

Kang MJ, Moon JW, Lee JO, Kim JH, Jung EJ, Kim SJ, Oh JY, Wu SW, Lee PR,
Park SH, Kim HS. Metformin induces muscle atrophy by transcriptional regulation
of myostatin via HDAC6 and FoxO3a. Journal of Cachexia, Sarcopenia and Muscle
13: 605620, 2022. doi: 10.1002/jcsm.12833.

Thomson DM. The Role of AMPK in the Regulation of Skeletal Muscle Size,
Hypertrophy, and Regeneration. International Journal of Molecular Sciences 19:
3125, 2018. doi: 10.3390/ijms19103125.

Garcia-Roves PM, Osler ME, Holmstrom MH, Zierath JR. Gain-of-function R225Q
Mutation in AMP-activated Protein Kinase y3 Subunit Increases Mitochondrial
Biogenesis in Glycolytic Skeletal Muscle *. Journal of Biological Chemistry 283:
35724-35734, 2008. doi: 10.1074/jbc.M805078200.

Jorgensen SB, Wojtaszewski JFP, Viollet B, Andreelli F, Birk JB, Hellsten Y,
Schjerling P, Vaulont S, Neufer PD, Richter EA, Pilegaard H. Effects of a-AMPK
knockout on exercise-induced gene activation in mouse skeletal muscle.
The FASEB Journal 19: 1146—1148, 2005. doi: 10.1096/fj.04-3144fje.

52






120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Yang X, Xue P, Liu Z, Li W, Li C, Chen Z. SESN2 prevents the slow-to-fast myofiber
shift in denervated atrophy via AMPK/PGC-1a pathway. Cellular & Molecular
Biology Letters 27: 66, 2022. doi: 10.1186/s11658-022-00367-z.

Chen X, Guo Y, Jia G, Liu G, Zhao H, Huang Z. Arginine promotes skeletal muscle
fiber type transformation from fast-twitch to slow-twitch via Sirtl/AMPK
pathway. The Journal of Nutritional Biochemistry 61: 155-162, 2018. doi:
10.1016/j.jnutbio.2018.08.007.

Xu M, Chen X, Huang Z, Chen D, Chen H, Luo Y, Zheng P, He J, Yu J, Yu B.
Procyanidin B2 Promotes Skeletal Slow-Twitch Myofiber Gene Expression
through the AMPK Signaling Pathway in C2C12 Myotubes. J Agric Food Chem 68:
1306-1314, 2020. doi: 10.1021/acs.jafc.9b07489.

Jager S, Handschin C, St.-Pierre J, Spiegelman BM. AMP-activated protein kinase
(AMPK) action in skeletal muscle via direct phosphorylation of PGC-1.
Proceedings of the National Academy of Sciences 104: 12017-12022, 2007. doi:
10.1073/pnas.0705070104.

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, Elliott PJ,
Puigserver P, AuwerxJ. AMPK regulates energy expenditure by modulating NAD+
metabolism and SIRT1 activity. Nature 458: 1056-1060, 2009. doi:
10.1038/nature07813.

Gerhart-Hines Z, Rodgers JT, Bare O, Lerin C, Kim S, Mostoslavsky R, Alt FW,
Wu Z, Puigserver P. Metabolic control of muscle mitochondrial function and fatty
acid oxidation through SIRT1/PGC-1a. The EMBO Journal 26: 1913-1923, 2007.
doi: 10.1038/sj.embo0j.7601633.

Gurd BJ. Deacetylation of PGC-1a by SIRT1: importance for skeletal muscle
function and exercise-induced mitochondrial biogenesis. Appl Physiol Nutr
Metab 36: 589-597, 2011. doi: 10.1139/h11-070.

Hock MB, Kralli A. Transcriptional Control of Mitochondrial Biogenesis and
Function. Annu Rev Physiol 71: 177-203, 2009. doi:
10.1146/annurev.physiol.010908.163119.

Virbasius JV, Scarpulla RC. Activation of the human mitochondrial transcription
factor A gene by nuclear respiratory factors: a potential regulatory link between
nuclear and mitochondrial gene expression in organelle biogenesis. Proceedings
of the National Academy of Sciences 91: 1309-1313, 1994. doi:
10.1073/pnas.91.4.1309.

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A,
Cinti S, Lowell B, Scarpulla RC, Spiegelman BM. Mechanisms Controlling
Mitochondrial Biogenesis and Respiration through the Thermogenic Coactivator
PGC-1. Cell 98: 115-124, 1999. doi: 10.1016/50092-8674(00)80611-X.

Lin J, Wu H, Tarr PT, Zhang C-Y, Wu Z, Boss O, Michael LF, Puigserver P,
Isotani E, Olson EN, Lowell BB, Bassel-Duby R, Spiegelman BM. Transcriptional
co-activator PGC-la drives the formation of slow-twitch muscle fibres.
Nature 418: 797-801, 2002. doi: 10.1038/nature00904.

54



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Mortensen OH, Frandsen L, Schjerling P, Nishimura E, Grunnet N. PGC-1a and
PGC-1PB have both similar and distinct effects on myofiber switching toward an
oxidative phenotype. American Journal of Physiology-Endocrinology and
Metabolism 291: E807—E816, 2006. doi: 10.1152/ajpendo.00591.2005.

Schuler M, Ali F, Chambon C, Duteil D, Bornert J-M, Tardivel A, Desvergne B,
Wahli W, Chambon P, Metzger D. PGCla expression is controlled in skeletal
muscles by PPARB, whose ablation results in fiber-type switching, obesity, and type
2 diabetes. Cell Metabolism 4: 407-414, 2006. doi: 10.1016/j.cmet.2006.10.003.

Ying F, Zhang L, Bu G, Xiong Y, Zuo B. Muscle fiber-type conversion in
the transgenic pigs with overexpression of PGCla gene in muscle. Biochemical
and Biophysical Research Communications 480: 669-674, 2016. doi:
10.1016/j.bbrc.2016.10.113.

Zechner C, Lai L, Zechner JF, Geng T, Yan Z, Rumsey JW, Collia D, Chen Z,
Wozniak DF, Leone TC, Kelly DP. Total Skeletal Muscle PGC-1 Deficiency Uncouples
Mitochondrial Derangements from Fiber Type Determination and Insulin
Sensitivity. Cell Metabolism 12: 633642, 2010. doi: 10.1016/j.cmet.2010.11.008.

Zhang L, Zhou Y, Wu W, Hou L, Chen H, Zuo B, Xiong Y, Yang J. Skeletal Muscle-
Specific Overexpression of PGC-la Induces Fiber-Type Conversion through
Enhanced Mitochondrial Respiration and Fatty Acid Oxidation in Mice and Pigs.
Int J Biol Sci 13: 1152-1162, 2017. doi: 10.7150/ijbs.20132.

McGee SL, Hargreaves M. AMPK-mediated regulation of transcription in skeletal
muscle. Clinical Science 118: 507-518, 2010. doi: 10.1042/CS20090533.

Cohen TJ, Choi M-C, Kapur M, Lira VA, Yan Z, Yao T-P. HDAC4 Regulates Muscle
Fiber Type-Specific Gene Expression Programs. Mol Cells 38: 343-348, 2015. doi:
10.14348/molcells.2015.2278.

Lin J, Wu H, Tarr PT, Zhang C-Y, Wu Z, Boss O, Michael LF, Puigserver P,
Isotani E, Olson EN, Lowell BB, Bassel-Duby R, Spiegelman BM. Transcriptional
co-activator PGC-1a drives the formation of slow-twitch muscle fibres. Nature
418: 797-801, 2002. doi: 10.1038/nature00904.

Wu H, Rothermel B, Kanatous S. Activation of MEF2 by muscle activity is
mediated through a calcineurin-dependent pathway. The EMBO Journal 20:
6414-6423, 2001. doi: 10.1093/emboj/20.22.6414.

Wu H, J.Naya F, A.McKinsey T. MEF2 responds to multiple calcium-regulated
signals in the control of skeletal muscle fiber type. The EMBO Journal 19:
1963-1973, 2000. doi: 10.1093/embo0j/19.9.1963.

Potthoff MJ, Wu H, Arnold MA, Shelton JM, Backs J, McAnally J, Richardson JA,
Bassel-Duby R, Olson EN. Histone deacetylase degradation andMEF2 activation
promote the formation of slow-twitch myofibers. J Clin Invest 117: 2459-2467,
2007. doi: 10.1172/JCI31960.

Hughes SM, Koishi K, Rudnicki M, Maggs AM. MyoD protein is differentially
accumulated in fast and slow skeletal muscle fibres and required for normal fibre
type balance in rodents. Mechanisms of Development 61: 151-163, 1997. doi:
10.1016/50925-4773(96)00631-4.

55






155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Tokumitsu H, Enslen H, Soderling TR. Characterization of a Ca2+/Calmodulin-
dependent Protein Kinase Cascade: MOLECULAR CLONING AND EXPRESSION OF
CALCIUM/CALMODULIN-DEPENDENT PROTEIN KINASE KINASE (x). Journal of
Biological Chemistry 270: 19320-19324, 1995. doi: 10.1074/jbc.270.33.19320.

Tokumitsu H, Hatano N, Inuzuka H, Yokokura S, Nozaki N, Kobayashi R.
Mechanism of the Generation of Autonomous Activity of Ca2+/Calmodulin-
dependent Protein Kinase IV*. Journal of Biological Chemistry 279: 40296—-40302,
2004. doi: 10.1074/jbc.M406534200.

Bito H, Deisseroth K, Tsien RW. CREB Phosphorylation and Dephosphorylation:
A Ca2+- and Stimulus Duration—Dependent Switch for Hippocampal Gene
Expression. Cell 87: 1203-1214, 1996. doi: 10.1016/50092-8674(00)81816-4.

Sun P, Enslen H, Myung PS, Maurer RA. Differential activation of CREB by
Ca2+/calmodulin-dependent protein kinases type Il and type IV involves
phosphorylation of a site that negatively regulates activity. Genes Dev 8:
2527-2539, 1994. doi: 10.1101/gad.8.21.2527.

Sun P, Lou L, Maurer RA. Regulation of Activating Transcription Factor-1 and the
cAMP Response Element-binding Protein by Ca2+/Calmodulin-dependent
Protein Kinases Type |, Il, and IV (*). Journal of Biological Chemistry 271:
3066-3073, 1996. doi: 10.1074/jbc.271.6.3066.

Wu H, Kanatous SB, Thurmond FA, Gallardo T, Isotani E, Bassel-Duby R,
Williams RS. Regulation of Mitochondrial Biogenesis in Skeletal Muscle by CaMK.
Science 296: 349-352, 2002. doi: 10.1126/science.1071163.

Guerfali I, Manissolle C, Durieux A-C, Bonnefoy R, Bartegi A, Freyssenet D.
Calcineurin A and CaMKIV transactivate PGC-1la promoter, but differentially
regulate cytochrome c promoter in rat skeletal muscle. Pflugers Arch - Eur J
Physiol 454: 297-305, 2007. doi: 10.1007/s00424-007-0206-6.

Akimoto T, Ribar TJ, Williams RS, Yan Z. Skeletal muscle adaptation in response
to voluntary running in Ca2+/calmodulin-dependent protein kinase IV-deficient
mice. American Journal of Physiology-Cell Physiology 287: C1311-C1319, 2004.
doi: 10.1152/ajpcell.00248.2004.

Creamer TP. Calcineurin. Cell Communication and Signaling 18: 137, 2020. doi:
10.1186/s12964-020-00636-4.

Rao A, Luo C, Hogan PG. TRANSCRIPTION FACTORS OF THE NFAT
FAMILY:Regulation and Function. Annual Review of Immunology 15: 707-747,
1997. doi: 10.1146/annurev.immunol.15.1.707.

Delling U, Tureckova J, Lim HW, De Windt L, Rotwein P, Molkentin JD.
A Calcineurin-NFATc3-Dependent Pathway Regulates Skeletal Muscle
Differentiation and Slow Myosin Heavy-Chain Expression. Molecular and Cellular
Biology 20: 6600-6611, 2000. doi: 10.1128/MCB.20.17.6600-6611.2000.

Kubis H-P, Hanke N, Scheibe RJ, Meissner JD, Gros G. Ca2+ transients activate
calcineurin/NFATc1 and initiate fast-to-slow transformation in a primary skeletal
muscle culture. American Journal of Physiology-Cell Physiology 285: C56—C63,
2003. doi: 10.1152/ajpcell.00377.2002.

57



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Martins KJB, St-Louis M, Murdoch GK, MacLean IM, McDonald P, Dixon WT,
Putman CT, Michel RN. Nitric oxide synthase inhibition prevents activity-induced
calcineurin—NFATcl signalling and fast-to-slow skeletal muscle fibre type
conversions. The Journal of Physiology 590: 1427-1442, 2012. doi:
10.1113/jphysiol.2011.223370.

Tothova J, Blaauw B, Pallafacchina G, Rudolf R, Argentini C, Reggiani C, Schiaffino S.
NFATc1 nucleocytoplasmic shuttling is controlled by nerve activity in skeletal
muscle. Journal of Cell Science 119: 1604—1611, 2006. doi: 10.1242/jcs.02875.

Swoap SJ, Hunter RB, Stevenson EJ, Felton HM, Kansagra NV, Lang JM, Esser KA,
Kandarian SC. The calcineurin-NFAT pathway and muscle fiber-type gene
expression. American Journal of Physiology-Cell Physiology 279: C915-C924,
2000. doi: 10.1152/ajpcell.2000.279.4.C915.

Ehlers ML, Celona B, Black BL. NFATc1 Controls Skeletal Muscle Fiber Type and
Is a Negative Regulator of MyoD Activity. Cell Reports 8: 1639-1648, 2014. doi:
10.1016/j.celrep.2014.08.035.

Calabria E, Ciciliot S, Moretti I, Garcia M, Picard A, Dyar KA, Pallafacchina G,
Tothova J, Schiaffino S, Murgia M. NFAT isoforms control activity-dependent
muscle fiber type specification. Proceedings of the National Academy of Sciences
106: 13335-13340, 2009. doi: 10.1073/pnas.0812911106.

McCullagh KJA, Calabria E, Pallafacchina G, Ciciliot S, Serrano AL, Argentini C,
Kalhovde JM, Lgmo T, Schiaffino S. NFAT is a nerve activity sensor in
skeletal muscle and controls activity-dependent myosin switching. PNAS 101:
10590-10595, 2004. doi: 10.1073/pnas.0308035101.

Shin J, Nunomiya A, Gonda K, Nagatomi R. Specification of skeletal muscle fiber-
type is determined by the calcineurin/NFATc1 signaling pathway during muscle
regeneration. Biochemical and Biophysical Research Communications 659:
20-28, 2023. doi: 10.1016/j.bbrc.2023.03.032.

Dyar KA, Ciciliot S, Tagliazucchi GM, Pallafacchina G, Tothova J, Argentini C,
Agatea L, Abraham R, Ahdesmdki M, Forcato M, Bicciato S, Schiaffino S,
Blaauw B. The calcineurin-NFAT pathway controls activity-dependent circadian
gene expression in slow skeletal muscle. Molecular Metabolism 4: 823-833,
2015. doi: 10.1016/j.molmet.2015.09.004.

Kim J-M, Kim HK, Cho HJ, Moon S-A, Kim Y, Hong JY, Lee SH, Kim K, Koh J-M.
Extracellular Clgbp inhibits myogenesis by suppressing NFATcl. Sci Rep 14:
15678, 2024. doi: 10.1038/s41598-024-66549-1.

Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, Williams RS,
Yan Z. Exercise Stimulates Pgc-la Transcription in Skeletal Muscle through
Activation of the p38 MAPK Pathway*. Journal of Biological Chemistry 280:
19587-19593, 2005. doi: 10.1074/jbc.M408862200.

Song P, Zhao J, Li F, Zhao X, Feng J, Su Y, Wang B, Zhao J. Vitamin A regulates
mitochondrial biogenesis and function through p38 MAPK-PGC-1la signaling
pathway and alters the muscle fiber composition of sheep. J Animal Sci
Biotechnol 15: 18, 2024. doi: 10.1186/s40104-023-00968-4.

58



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver P.
mTOR controls mitochondrial oxidative function through a YY1-PGC-la
transcriptional complex. Nature 450: 736740, 2007. doi: 10.1038/nature06322.

Ji K, Zheng J, Lv J, Xu J, Ji X, Luo Y-B, Li W, Zhao Y, Yan C. Skeletal muscle
increases FGF21 expression in mitochondrial disorders to compensate for
energy metabolic insufficiency by activating the mTOR-YY1-PGCla pathway.
Free Radical Biology and Medicine 84: 161-170, 2015. doi:
10.1016/j.freeradbiomed.2015.03.020.

Piquereau J, Veksler V, Novotova M, Ventura-Clapier R. Energetic Interactions
Between Subcellular Organelles in Striated Muscles. Frontiers in Cell and
Developmental Biology 8: 1077, 2020. doi: 10.3389/fcell.2020.581045.

Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM. Intracellular
compartmentation, structure and function of creatine kinase isoenzymes in
tissues with high and fluctuating energy demands: the “phosphocreatine circuit”
for cellular energy homeostasis. Biochem J 281: 21-40, 1992.

Wallimann T, Tokarska-Schlattner M, Schlattner U. The creatine kinase system
and pleiotropic effects of creatine. Amino Acids 40: 1271-1296, 2011. doi:
10.1007/s00726-011-0877-3.

Birkedal R, Laasmaa M, Branovets J, Vendelin M. Ontogeny of cardiomyocytes:
ultrastructure optimization to meet the demand for tight communication in
excitation—contraction coupling and energy transfer. Philosophical Transactions
of the Royal Society B: Biological Sciences 377: 20210321, 2022. doi:
10.1098/rstb.2021.0321.

Yamashita K, Yoshioka T. Profiles of creatine kinase isoenzyme compositions in
single muscle fibres of different types. J Muscle Res Cell Motil 12: 37-44, 1991.
doi: 10.1007/BF01781172.

Apple FS, Billadello JJ. Expression of creative kinase M and B mRNAs in treadmill
trained rat skeletal muscle. Life Sciences 55: 585-592, 1994. doi: 10.1016/0024-
3205(94)00484-6.

Bonilla DA, Kreider RB, Stout JR, Forero DA, Kerksick CM, Roberts MD,
Rawson ES. Metabolic Basis of Creatine in Health and Disease: A Bioinformatics-
Assisted Review. Nutrients 13: 1238, 2021. doi: 10.3390/nu13041238.

Baker SA, Gajera CR, Wawro AM, Corces MR, Montine TJ. GATM and GAMT
synthesize creatine locally throughout the mammalian body and within
oligodendrocytes of the brain. Brain Research 1770: 147627, 2021. doi:
10.1016/j.brainres.2021.147627.

Braissant O, Henry H, Béard E, Uldry J. Creatine deficiency syndromes and the
importance of creatine synthesis in the brain. Amino Acids 40: 1315-1324, 2011.
doi: 10.1007/s00726-011-0852-z.

Wyss M, Kaddurah-Daouk R. Creatine and Creatinine Metabolism. Physiological
Reviews 80: 1107-1213, 2000. doi: 10.1152/physrev.2000.80.3.1107.

59






201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Steeghs K, Benders A, Oerlemans F, de Haan A, Heerschap A, Ruitenbeek W,
Jost C, van Deursen J, Perryman B, Pette D, Briickwilder M, Koudijs J, Jap P,
Veerkamp J, Wieringa B. Altered Ca2+ Responses in Muscles with Combined
Mitochondrial and Cytosolic Creatine Kinase Deficiencies. Cell 89: 93—-103, 1997.
doi: 10.1016/S0092-8674(00)80186-5.

de Groof AJC, Smeets B, Groot Koerkamp MJA, Mul AN, Janssen EEW, Tabak HF,
Wieringa B. Changes in mRNA expression profile underlie phenotypic
adaptations in creatine kinase-deficient muscles. FEBS Letters 506: 73—78, 2001.
doi: 10.1016/50014-5793(01)02879-4.

de Groof AJC, Oerlemans FTJJ, Jost CR, Wieringa B. Changes in glycolytic network
and mitochondrial design in creatine kinase—deficient muscles. Muscle & Nerve
24:1188-1196, 2001. doi: 10.1002/mus.1131.

van Deursen J, Ruitenbeek W, Heerschap A, Jap P, ter Laak H, Wieringa B.
Creatine kinase (CK) in skeletal muscle energy metabolism: a study of
mouse mutants with graded reduction in muscle CK expression. Proceedings of
the National Academy of Sciences 91: 9091-9095, 1994. doi:
10.1073/pnas.91.19.9091.

Novotova M, Pavlovicova M, Veksler VI, Ventura-Clapier R, Zahradnik I.
Ultrastructural remodeling of fast skeletal muscle fibers induced by invalidation
of creatine kinase. American Journal of Physiology-Cell Physiology 291:
C1279-C1285, 2006. doi: 10.1152/ajpcell.00114.2006.

Momken |, Lechéne P, Koulmann N, Fortin D, Mateo P, Doan BT, Hoerter J,
Bigard X, Veksler V, Ventura-Clapier R. Impaired voluntary running capacity of
creatine kinase-deficient mice. The Journal of Physiology 565: 951-964, 2005.
doi: 10.1113/jphysiol.2005.086397.

Kaasik A, Veksler V, Boehm E, Novotova M, Ventura-Clapier R. From energy
store to energy flux: a study in creatine kinase deficient fast skeletal muscle.
The FASEB Journal 17: 708-710, 2003. doi: 10.1096/fj.02-0684fje.

Chevli R, Fitch CD. pB-Guanidinopropionate and phosphorylated -
guanidinopropionate as substrates for creatine kinase. Biochemical Medicine 21:
162-167, 1979. doi: 10.1016/0006-2944(79)90068-1.

Oudman |, Clark JF, Brewster LM. The Effect of the Creatine Analogue Beta-
guanidinopropionic Acid on Energy Metabolism: A Systematic Review. PLOS ONE
8:e52879, 2013. doi: 10.1371/journal.pone.0052879.

Pertici I, D’Angelo D, Vecellio Reane D, Reconditi M, Morotti I, Putignano E,
Napoli D, Rastelli G, Gherardi G, De Mario A, Rizzuto R, Boncompagni S,
Baroncelli L, Linari M, Caremani M, Raffaello A. Creatine transporter (SLC6AS8)
knockout mice exhibit reduced muscle performance, disrupted mitochondrial
Ca2+ homeostasis, and severe muscle atrophy. Cell Death Dis 16: 99, 2025. doi:
10.1038/s41419-025-07381-x.

Wawro AM, Gajera CR, Baker SA, Nirschl JJ, Vogel H, Montine TJ. Creatine
transport and pathological changes in creatine transporter deficient mice. Journal
of Inherited Metabolic Disease 44: 939—-948, 2021. doi: 10.1002/jimd.12358.

61






223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Faller KME, Atzler D, McAndrew DJ, Zervou S, Whittington HJ, Simon JN,
Aksentijevic D, Ten Hove M, Choe C-U, Isbrandt D, Casadei B, Schneider JE,
Neubauer S, Lygate CA. Impaired cardiac contractile function in
arginine:glycine amidinotransferase knockout mice devoid of creatine is rescued
by homoarginine but not creatine. Cardiovasc Res 114: 417-430, 2018. doi:
10.1093/cvr/cvx242.

Stockebrand M, Nejad AS, Neu A, Kharbanda KK, Sauter K, Schillemeit S,
Isbrandt D, Choe C. Transcriptomic and metabolic analyses reveal salvage
pathways in creatine-deficient AGAT-/- mice. Amino Acids 48: 20252039, 2016.
doi: 10.1007/s00726-016-2202-7.

Choe C, Nabuurs C, Stockebrand MC, Neu A, Nunes P, Morellini F, Sauter K,
Schillemeit S, Hermans-Borgmeyer |, Marescau B, Heerschap A, Isbrandt D.
l-arginine:glycine amidinotransferase deficiency protects from metabolic
syndrome. Human Molecular Genetics 22: 110-123, 2013. doi:
10.1093/hmg/dds407.

Nabuurs Cl, Choe CU, Veltien A, Kan HE, Loon LIC van, Rodenburg RIT,
Matschke J, Wieringa B, Kemp GJ, Isbrandt D, Heerschap A. Disturbed energy
metabolism and muscular dystrophy caused by pure creatine deficiency are
reversible by creatine intake. The Journal of Physiology 591: 571-592, 2013. doi:
10.1113/jphysiol.2012.241760.

Béard E, Braissant O. Synthesis and transport of creatine in the CNS: importance
for cerebral functions. Journal of Neurochemistry 115: 297-313, 2010. doi:
10.1111/j.1471-4159.2010.06935.x.

Torremans A, Marescau B, Possemiers |, Van Dam D, D’Hooge R, Isbrandt D,
De Deyn PP. Biochemical and behavioural phenotyping of a mouse model for
GAMT deficiency. Journal of the Neurological Sciences 231: 49-55, 2005. doi:
10.1016/j.jns.2004.12.014.

Igbal F, Hoeger H, Lubec G, Bodamer O. Biochemical and behavioral phenotype
of AGAT and GAMT deficient mice following long-term Creatine monohydrate
supplementation. Metab Brain Dis 32: 1951-1961, 2017. doi: 10.1007/s11011-
017-0092-3.

Allen PS, Matheson GO, Zhu G, Gheorgiu D, Dunlop RS, Falconer T, Stanley C,
Hochachka PW. Simultaneous 31P MRS of the soleus and gastrocnemius in
Sherpas during graded calf muscle exercise. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology 273: R999-R1007, 1997. doi:
10.1152/ajpregu.1997.273.3.R999.

Hochachka PW, Mcclelland GB. Cellular Metabolic Homeostasis During Large-
Scale Change in Atp Turnover Rates in Muscles. Journal of Experimental Biology
200: 381-386, 1997. doi: 10.1242/jeb.200.2.381.

Kushmerick MJ, Meyer RA, Brown TR. Regulation of oxygen consumption in fast-
and slow-twitch muscle. American Journal of Physiology-Cell Physiology 263:
C598-C606, 1992. doi: 10.1152/ajpcell.1992.263.3.C598.

63



233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Katz LA, Swain JA, Portman MA, Balaban RS. Relation between phosphate
metabolites and oxygen consumption of heart in vivo. American Journal of
Physiology-Heart and Circulatory Physiology 256: H265-H274, 1989. doi:
10.1152/ajpheart.1989.256.1.H265.

Pette D, Vrbova G. What does chronic electrical stimulation teach us about
muscle plasticity? Muscle & Nerve 22: 666—-677, 1999. doi: 10.1002/(SICI)1097-
4598(199906)22:6<666::AID-MUS3>3.0.CO;2-Z.

Branovets J, Laasmaa M, Stolova J, Shen X, Ritsepso T, Bernasconi R, Soodla K,
Balodis MJ, Grahv C, Hendrikson E, Louch WE, Birkedal R, Vendelin M. Lifelong
creatine deficiency leads to augmented sarcoplasmic reticulum calcium release
but not heart failure. American Journal of Physiology-Heart and Circulatory
Physiology 329: H471-H489, 2025. doi: 10.1152/ajpheart.00106.2025.

Kiitt J, Margus G, Kask L, Ratsepso T, Soodla K, Bernasconi R, Birkedal R, Jarv P,
Laasmaa M, Vendelin M. Simple analysis of gel images with IOCBIO Gel. BMC Biol
21: 225, 2023. doi: 10.1186/s12915-023-01734-8.

Overton JD, Adams GS, McCall RD, Kinsey ST. High energy phosphate
concentrations and AMPK phosphorylation in skeletal muscle from mice with
inherited differences in hypoxic exercise tolerance. Comparative Biochemistry
and Physiology Part A: Molecular & Integrative Physiology 152: 478-485, 2009.
doi: 10.1016/j.cbpa.2008.11.019.

lllaste A, Laasmaa M, Peterson P, Vendelin M. Analysis of Molecular Movement
Reveals Latticelike Obstructions to Diffusion in Heart Muscle Cells. Biophysical
Journal 102: 739-748, 2012. doi: 10.1016/j.bpj.2012.01.012.

Jepihhina N, Beraud N, Sepp M, Birkedal R, Vendelin M. Permeabilized Rat
Cardiomyocyte Response Demonstrates Intracellular Origin of Diffusion
Obstacles. Biophysical ~ Journal 101: 2112-2121, 2011. doi:
10.1016/j.bpj.2011.09.025.

Sepp M, Vendelin M, Vija H, Birkedal R. ADP Compartmentation Analysis Reveals
Coupling between Pyruvate Kinase and ATPases in Heart Muscle. Biophysical
Journal 98: 2785-2793, 2010. doi: 10.1016/j.bpj.2010.03.025.

Birkedal R, Branovets J, Vendelin M. Compartmentalization in cardiomyocytes
modulates creatine kinase and adenylate kinase activities. FEBS Letters 598:
2623-2640, 2024. doi: 10.1002/1873-3468.14994.

Miyamoto T, Rho E, Sample V, Akano H, Magari M, Ueno T, Gorshkov K,
Chen M, Tokumitsu H, Zhang J, Inoue T. Compartmentalized AMPK Signaling
Illuminated by Genetically Encoded Molecular Sensors and Actuators. Cell
Reports 11: 657-670, 2015. doi: 10.1016/j.celrep.2015.03.057.

Zong Y, Zhang C-S, Li M, Wang W, Wang Z, Hawley SA, Ma T, Feng J-W, Tian X,
Qi Q, Wu Y-Q, Zhang C, Ye Z, Lin S-Y, Piao H-L, Hardie DG, Lin S-C. Hierarchical
activation of compartmentalized pools of AMPK depends on severity of nutrient
or energy stress. Cell Res 29: 460-473, 2019. doi: 10.1038/s41422-019-0163-6.

64






255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

Belova SP, Vilchinskaya NA, Mochalova EP, Mirzoev TM, Nemirovskaya TL,
Shenkman BS. Elevated p70S6K phosphorylation in rat soleus muscle during the
early stage of unloading: Causes and consequences. Archives of Biochemistry and
Biophysics 674: 108105, 2019. doi: 10.1016/j.abb.2019.108105.

Khoja S, Lambert J, Nitzahn M, Eliav A, Zhang Y, Tamboline M, Le CT, Nasser E,
Li Y, Patel P, Zhuravka I, Lueptow LM, Tkachyova I, Xu S, Nissim |, Schulze A,
Lipshutz GS. Gene therapy for guanidinoacetate methyltransferase deficiency
restores cerebral and myocardial creatine while resolving behavioral
abnormalities. Molecular Therapy Methods & Clinical Development 25: 278-296,
2022. doi: 10.1016/j.0mtm.2022.03.015.

Sasani A, Hornig S, Grzybowski R, Cordts K, Hanff E, Tsikas D, Béger R, Gerloff C,
Isbrandt D, Neu A, Schwedhelm E, Choe C. Muscle phenotype of AGAT- and
GAMT-deficient mice after simvastatin exposure. Amino Acids 52: 73-85, 2020.
doi: 10.1007/s00726-019-02812-4.

Louis M, Van Beneden R, Dehoux M, Thissen JP, Francaux M. Creatine increases
IGF-I and myogenic regulatory factor mRNA in C2C12 cells. FEBS Letters 557:
243-247, 2004. doi: 10.1016/50014-5793(03)01504-7.

Deldicque L, Theisen D, Bertrand L, Hespel P, Hue L, Francaux M. Creatine
enhances differentiation of myogenic C2C12 cells by activating both p38 and
Akt/PKB pathways. American Journal of Physiology-Cell Physiology 293:
C1263-C1271, 2007. doi: 10.1152/ajpcell.00162.2007.

Choi M-C, Cohen TJ, Barrientos T, Wang B, Li M, Simmons BJ, Yang JS, Cox GA,
ZhaoY, Yao T-P. A Direct HDAC4-MAP Kinase Crosstalk Activates Muscle Atrophy
Program. Molecular Cell 47: 122—-132, 2012. doi: 10.1016/j.molcel.2012.04.025.

Liang D, Wang D, Zheng X, Xiang H, Liu S, Yu C, Tian J, Ma J, Niu Y. Aerobic plus
resistance exercise attenuates skeletal muscle atrophy induced by
dexamethasone through the HDAC4/FoxO3a pathway. Cellular Signalling 127:
111581, 2025. doi: 10.1016/j.cellsig.2024.111581.

LiuY, Zhou T, Wang Q, Fu R, Zhang Z, Chen N, Li Z, Gao G, Peng S, Yang D. m6A
demethylase ALKBH5 drives denervation-induced muscle atrophy by targeting
HDAC4 to activate FoxO3 signalling. Journal of Cachexia, Sarcopenia and Muscle
13:1210-1223, 2022. doi: 10.1002/jcsm.12929.

Ma W, Cai Y, Shen Y, Chen X, Zhang L, Ji Y, Chen Z, Zhu J, Yang X, Sun H. HDAC4
Knockdown Alleviates Denervation-Induced Muscle Atrophy by Inhibiting
Myogenin-Dependent Atrogene Activation. Front Cell Neurosci 15: 663384, 2021.
doi: 10.3389/fncel.2021.663384.

Pigna E, Renzini A, Greco E, Simonazzi E, Fulle S, Mancinelli R, Moresi V,
Adamo S. HDAC4 preserves skeletal muscle structure following long-term
denervation by mediating distinct cellular responses. Skeletal Muscle 8: 6, 2018.
doi: 10.1186/s13395-018-0153-2.

Mcinnes KJ, Brown KA, Hunger NI, Simpson ER. Regulation of LKB1 expression
by sex hormones in adipocytes. Int J Obes 36: 982-985, 2012. doi:
10.1038/ij0.2011.172.

66



266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Kim SA, Lee KY, Kim J-R, Choi HC. Estrogenic compound attenuates angiotensin
ll-induced vascular smooth muscle cell proliferation through interaction between
LKB1 and estrogen receptor a. Journal of Pharmacological Sciences 132: 78-85,
2016. doi: 10.1016/j.jphs.2016.09.001.

Nath-Sain S, Marignani PA. LKB1 Catalytic Activity Contributes to Estrogen Receptor
a Signaling. Mol Biol Cell 20: 2785-2795, 2009. doi: 10.1091/mbc.E08-11-1138.

Kido K, Egawa T, Fujiyoshi H, Suzuki H, Kawanaka K, Hayashi T. AMPK is
indispensable for overload-induced muscle glucose uptake and glycogenesis but
dispensable for inducing hypertrophy in mice. The FASEB Journal 35: e21459,
2021. doi: 10.1096/fj.202002164R.

Fentz J, Kjgbsted R, Kristensen CM, Hingst JR, Birk JB, Gudiksen A, Foretz M,
Schjerling P, Viollet B, Pilegaard H, Wojtaszewski JFP. AMPKa is essential for acute
exercise-induced gene responses but not for exercise training-induced adaptations
in mouse skeletal muscle. American Journal of Physiology-Endocrinology and
Metabolism 309: E900-E914, 2015. doi: 10.1152/ajpendo.00157.2015.

Selsby JT, Morine KJ, Pendrak K, Barton ER, Sweeney HL. Rescue of Dystrophic
Skeletal Muscle by PGC-1a Involves a Fast to Slow Fiber Type Shift in the mdx
Mouse. PLOS ONE 7: €30063, 2012. doi: 10.1371/journal.pone.0030063.

Handschin C, Spiegelman BM. Peroxisome Proliferator-Activated Receptor y
Coactivator 1 Coactivators, Energy Homeostasis, and Metabolism. Endocrine
Reviews 27: 728-735, 2006. doi: 10.1210/er.2006-0037.

Little JP, Safdar A, Cermak N, Tarnopolsky MA, Gibala MJ. Acute endurance
exercise increases the nuclear abundance of PGC-1a in trained human skeletal
muscle. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology 298: R912—-R917, 2010. doi: 10.1152/ajpregu.00409.2009.

Vainshtein A, Tryon LD, Pauly M, Hood DA. Role of PGC-1a during acute exercise-
induced autophagy and mitophagy in skeletal muscle. American Journal of
Physiology-Cell Physiology 308: C710—C719, 2015. doi: 10.1152/ajpcell.00380.2014.

Popov DV, Bachinin AV, Lysenko EA, Miller TF, Vinogradova OL. Exercise-
induced expression of peroxisome proliferator-activated receptor y coactivator-
laisoforms in skeletal muscle of endurance-trained males. J Physiol Sci 64: 317—
323, 2014. doi: 10.1007/s12576-014-0321-z.

Collu-Marchese M, Shuen M, Pauly M, Saleem A, Hood DA. The regulation of
mitochondrial transcription factor A (Tfam) expression during skeletal muscle cell
differentiation. Biosci Rep 35: 00221, 2015. doi: 10.1042/BSR20150073.

Smith BK, Mukai K, Lally JS, Maher AC, Gurd BJ, Heigenhauser GJF, Spriet LL,
Holloway GP. AMP-activated protein kinase is required for exercise-induced
peroxisome proliferator-activated receptor y co-activator la translocation to
subsarcolemmal mitochondria in skeletal muscle. J Physiol 591: 1551-1561,
2013. doi: 10.1113/jphysiol.2012.245944.

Laver DR, Lenz GKE, Lamb GD. Regulation of the calcium release channel from
rabbit skeletal muscle by the nucleotides ATP, AMP, IMP and adenosine. The Journal
of Physiology 537: 763—778, 2001. doi: 10.1111/j.1469-7793.2001.00763 .x.

67









Lihikokkuvote

Energeetikast indutseeritud kiire-aeglase fenotiilibilise nihke
mehhanismide uurimine kreatiinipuudulikkusega hiirtel

Skeletilihaskude moodustab inimese organismis suurima koe ja tagab keha liikkumisvGime.
Lihas spetsialiseerub oma funktsiooni sailitamiseks, ekspresseerides unikaalseid
kiutitpide kombinatsioone, mis maaravad selle fenotllbi. Aeglane fenotiilip koosneb
peamiselt | ja lla tlUlpi kiududest, mis on metaboolselt oksldatiivsed, toodavad
vaiksemat joudu, kuid on vasimuskindlad. Vastupidiselt sellele koosneb kiire fenotip
valdavalt lIx ja llb tlitipi kiududest, mis on metaboolselt glikoliiitilised, genereerivad
suuremat joudu, kuid on vastuvotlikumad vasimusele. ATP hidroliiis on lihase
funktsioneerimiseks, eeskatt kontraktsiooniks, hadavajalik ning selle kontsentratsioon
peab pilisima stabiilsena. Lihaskiudude metaboolne spetsialiseerumine on kooskdlas
muosiini raske ahela (MHC) isoformide ATP tarbimisega, tagades piisava energiavarustuse.
Energeetilise tasakaalutuse tekkimisel aktiveerivad tGusnud 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 fenotiiibilise muutusega.

Lihaskoes toimib ATP-puhversiisteem, mida tuntakse kreatiinkinaasi (CK) stisteemina.
CK enstiim katalttsib ADP refosforiilimist ATP-ks, kasutades fosfokreatiini (PCr), ning
vastupidist reaktsiooni — kreatiini (Cr) fosforilimist PCr-ks ATP abil. CK kdrge aktiivsus
ja lihastes leiduvad suurenenud PCr kontsentratsioonid vGimaldavad kiiret ATP languse
kompenseerimist kontraktsiooni ajal. CK-siisteemi hdirumine pd&hjustab lihasatroofiat
ning kiire-aeglase fenotudbilisi muutusi, mis on seotud AMPK aktivatsiooniga. Siiski on
endogeense Cr biosiinteesi puudumise energeetika ja lihasspetsiifilised tagajarjed hiirtel
endiselt halvasti mdistetud. Cr biosiinteesi saab parssida kas guanidinoatsetaadi N-
metililtransferaasi (GAMT KO) voi L-arginiin: glUtsiini amidinotransferaasi (AGAT KO)
geenide valjalilitamisega.

Western blot’i ja immunovéarvimise meetodite abil uurisime lihasfenotiipi, atroofiat
ja AMPK aktivatsiooni nii kiiretes kaksik-sddremarjalihastes (GAST) kui ka aeglastes
lestlihastes (SOL) GAMT KO ja AGAT KO hiirtel. Lisaks hindasime AMPK basaalset
aktivatsiooni ja selle {ilesvoolu kinaaside ekspressiooni erinevust kiirete ja aeglaste lihaste
vahel. Samuti uurisime energeetilise defitsiidi m&ju Ca?* diinaamikale stimuleeritud C2C12
miiotuubulites ning md&tsime Ca?*-ga seotud valkude taset AGAT KO hiirtel.

Kaesolevas uuringus esitame téendid, et AMPK baasaktiivsus on aeglases lihases kérgem
kui kiires lihases. Pakume valja, et AMPK aktiivsus vGib olla kompartmentaliseeritud,
kusjuures aktivatsiooni mdéjutavad pigem lokaalsed kui globaalsed energeetilised
tingimused. Kreatiinipuudulikud hiired (GAMT KO ja AGAT KO) naitasid radikaalselt
erinevaid lihasfenotiiipe. GAMT KO hiirtel esinesid kiires lihases (GAST) ainult vaikesed
muutused massis ja fenotliilibis, mis toimusid séltumatult AMPK aktiivsusest. Seevastu
AGAT KO hiirtel taheldati rasket atroofiat ja kiire-aeglase fenotiilibilist muutust GAST-is,
mis oli seotud kdrge AMPK aktiivsusega. Oletasime, et guanidinoatsetaadi (GAA)
kasutamine kreatiini asendajana GAMT KO hiirtel voib takistada AMPK aktivatsiooni ja
fenottbilisi kohandumisi. Meie tulemuste ja uute koostéopartnerite (Dr Florian Britto,
Institut Cochin, Pariis, Prantsusmaa) leidude pohjal arutame AMPK vdimalikku rolli
fenotiitbilises nihkes. Ldpuks néitasime, et energeetiline defitsiit vdimendab Ca?*
vabanemist riianodiiniretseptorite kaudu ning pakkusime vidlja uue potentsiaalse
mehhanismi, mis vahendab energeetikast tingitud kiire-aeglase fenotiiibilist muutust.
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cluster than male cardiomyocytes (females 19.0+0.6 vs.
males 15.1+0.6 RyRs per cluster, P = 0.028). However, in
AGAT KO cardiomyocytes, average RyR cluster size reduced
in both sexes (KO females 12.6 + 0.7 vs. KO, males 13.1+0.7
RyRs per cluster, Fig. 5B), whereas in females (KO vs. WT),
the decrease was statistically significant (P = 0.005). Most of
the differences between AGAT KO and WT were only found
in females, where WT cardiomyocytes had more RyRs per
cluster (Fig. 5B), more clusters per CRU (Fig. 5C), and smaller
cluster density (Fig. 5D). However, the overall RyR densities
did not differ between any groups (Fig. 5E). Thus, the main
difference between genotypes came from the fact that female
WT had fewer, larger clusters than male WT cardiomyocytes,

H480

while there was no difference between the sexes in AGAT KO
cardiomyocytes.

Minor Changes in RyR, but no Changes in PLB
Expression and Phosphorylation

We used Western blotting to look further into the molecu-
lar mechanisms behind the increased spark frequency and
higher SR Ca?* load in AGAT KO cardiomyocytes. RyR
assembly in the dyadic space and spark frequency are
affected by phosphorylation at Ser2808 and Ser2814, which
are the sites of PKA and CaMKII phosphorylation, respec-
tively (49, 70). Spark frequency is also affected by SR Ca**
load, which in turn depends on the rate with which SERCA

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00106.2025 - www.ajpheart.org
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Figure 4. The SR Ca’ " content is larger in AGAT KO compared with WT cardiomyocytes. Caffeine-induced SR Ca® " release led to a transient increase
in the intracellular Ca® * concentration, which was recorded using the Ca®* indicator Fluo-4. A: representative trace showing the Ca®* concentration
as a function of time, and how the amplitude and decay rate are calculated. B: the amplitude of the Ca® * concentration change, ACa® ", was taken as a
measure of SR Ca®* content. It was recorded in female and male AGAT WT and KO cardiomyocytes under control conditions and in the presence of 50
nM isoprenaline (ISO) to stimulate the adrenergic signaling pathway. A summary of the statistical analysis by linear mixed models is depicted below the
graph. Note that ACa®* was significantly higher in AGAT KO than in WT (effect of genotype). It was also significantly higher in the presence of ISO (effect
of solution), with females responding more than males to ISO (interaction between sex and solution). The number of animals and cells used in the experi-
ments were as follows (reported in animals/cells notation): AGAT WT female (7/36), AGAT WT male (6/33), AGAT KO female (4/18), and AGAT KO male
(6/32). C: during caffeine application, the Ca® " released from the SR is extruded from the cell by the Na " -Ca? * exchanger (NCX). The rate with which
the intracellular Ca®* concentration decays, ACa® " decay rate, can be taken as a measure of the NCX activity. A summary of the statistical analysis by
linear mixed models is depicted below the graph. The ACa®" decay rate was the same in male and female AGAT WT and KO cardiomyocytes, and it
was not affected by ISO. The number of animals and cells used in the experiments were as follows (reported in animals/cells notation): AGAT WT female
(7/23), AGAT WT male (6/19), AGAT KO female (4/9), and AGAT KO male (6/17). AGAT, arginine:glycine amidinotransferase; SR, sarcoplasmic reticulum.

pumps Ca®* back into the SR during excitation-contraction
coupling. As we showed in our previous study that SERCA
expression is similar in AGAT KO and WT hearts (35), we
looked into PLB, which is the main regulator of SERCA activity.
Increased phosphorylation of PLB at Serl6 and Thrl7 by PKA
and CaMKII, respectively, has been shown to increase SR Ca**
load, which in turn may increase spark frequency (71, 72).

Representative photos of the gels are shown in
Supplemental Fig. S3, and the statistical analyses are shown
in Supplemental Figs. S4 and S5. We originally used GAPDH
as a loading control, but we observed a slightly higher GAPDH
expression in AGAT KO compared with WT (P < 0.001, linear
mixed models comparison of the dataset with both sexes,
data not shown). Therefore, we show the data without nor-
malization to GAPDH in Supplemental Fig. S4, where we
assumed that the amount of protein transferred during
Western blotting was proportional to the amount of protein
loaded onto the gel. In addition, we show the data with nor-
malization to GAPDH in Supplemental Fig. S5. For simplicity,
we focus the text on the data in Supplemental Fig. S4.

There was a large variation for each target separately
(Supplemental Fig. S4), but this was due to variation between

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00106.2025 - www.ajpheart.org

individuals (data not shown). The total expression of RyR did
not differ between AGAT KO and WT hearts (Supplemental
Fig. S4A). This finding corroborates the RyR content esti-
mated by dSTORM (Supplemental Fig. S4H). Although the
data point toward a somewhat reduced phosphorylation of
Ser2808 RyR site in female compared with male AGAT KO
(Supplemental Fig. S4B), and a reduced phosphorylation in
Ser2814 RyR in AGAT KO compared with WT (Supplemental
Fig. S4C), the relative phosphorylation states did not differ
significantly (Supplemental Fig. S4, D and E, respectively).
The total expression (Supplemental Fig. S4F) and phospho-
rylation of PLB (Supplemental Fig. S4, G-J) were similar in
AGAT KO and WT hearts. We conclude that RyR, SERCA, and
PLB could not explain the higher SR Ca?* load, spark fre-
quency, and Ca*>™* transients in AGAT KO cardiomyocytes.

The Expression of S1I00A1, but Not BIN1, is Higher in
AGAT KO Cardiomyocytes

In addition to the SR Ca?* load, we looked into two well-
known modulators of CICR. BINI is an anchoring protein
involved in the folding of t-tubules and in recruiting LTCC
and RyR to the dyadic space (49, 50). Failing hearts have a
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Figure 5. Analysis of super-resolution images of RyRs reveal multiple changes in RyR organization of female AGAT KO compared with WT litter-
mates. Figure key is on the top right. A: representative images of RyRs in cardiomyocytes isolated from female KO and WT mice (image size 10 x
12 um, top). Below, a 3-D rendering shows the RyRs marked in magenta on the top image (box size 1.5 x 2.55 x 0.84 um). B: the number of RyRs in
each cluster was significantly higher in female AGAT WT than in female KO or male WT littermates. C: female AGAT KO cardiomyocytes also had
fewer RyR clusters per CRU when compared with female WT littermates. D: the overall RyR cluster density, i.e., the number of clusters per volume,
was smaller for female AGAT WT than for female KO or male WT. E: the observed differences in RyR organization were not the result of the differ-
ence in the overall RyR content, estimated via the number of RyRs per unit volume, RyR density. All the studied groups had a similar RyR density,
and no statistically significant differences were found between the groups. The number of animals and cells used in the experiments were as fol-
lows (reported in animals/cells notation): AGAT WT female (5/41), AGAT WT male (5/42), AGAT KO female (5/42), and AGAT KO male (5/40).
Statistical analysis was performed using linear mixed models to take into account the repeated measurements from the same animal.
Comparisons were done for sex as a factor when comparing female and male parameters for WT or KO separately. For contribution of genotype,
females WT and KO were compared and similar comparison was done for males. In the figure, P value is shown only if smaller than 0.15. AGAT,
arginine:glycine amidinotransferase; RyRs, ryanodine receptors.

lower expression of BIN1, and this is associated with severe
disorganization of the t-tubules (43). Furthermore, overex-
pression of BIN1 partially rescues the function of failing
hearts and improves survival (73, 74). However, in AGAT
KO hearts, the expression of BIN1 did not differ from WT
hearts (Fig. 6A, representative photos of the gels shown in
Supplemental Fig. S6). This is in agreement with our find-
ing that although AGAT KO males had fewer longitudinal
t-tubules, there was no difference in the transversal
t-tubules (Fig. 2), where BIN1 is localized (43).

S100A1 interacts with SERCA and RyR to increase SR
Ca’* load (75) and enhance CICR gain (48). Failing hearts
have reduced S100A1 expression (76), and SI00A1 overex-
pression rescues cardiac function after myocardial infarction

H482

(77). Interestingly, the S100A1 expression was significantly
higher in AGAT KO than in WT hearts (Fig. 6B, representa-
tive photos of the gels shown in Supplemental Fig. S6), sug-
gesting that it may have a role in the AGAT KO phenotype.

Higher AMPK Activation in AGAT KO Hearts Suggest
Higher Levels of AMP or ADP

We would expect that the larger Ca®* transients in AGAT
KO cardiomyocytes cost more ATP, as SERCA uses 0.5 ATP
for each Ca®* that is pumped back into the SR (78).
Furthermore, as AGAT KO cardiomyocytes do not have an
active CK system to buffer fluctuations in ADP, this could
lead to elevated levels of ADP or AMP relative to ATP. As
an indication of the energy levels, we used AMP-activated

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00106.2025 - www.ajpheart.org
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Figure 6. Expression of BIN1, SI00A1, and LKB1, and expression and phosphorylation of AMPK in AGAT KO and WT mice. The expression and phospho-
rylation were determined by Western blotting, and representative images are shown in Supplemental Figs. S6 and S7. The legend is located in the right
side of the figure. All data were normalized to the corresponding average values of WT littermates. A: BIN1 expression was similar in AGAT KO and WT.
B: S100A1 expression was significantly higher in AGAT KO than WT mice. C: LKB1 expression did not differ between AGAT KO and WT, but was sex-
dependent and higher in females than in males. However, LK did not differ showing no statistically significant difference in activation of AMPK phospho-
rylation between genotypes. AMPK activation was significantly elevated in AGAT KO mice compared with WT littermates. D—F: although the groups had
some minor differences in AMPK expression (D), the phosphorylation was significantly affected by genotype and higher in AGAT KO than WT (E). As a
result, the AMPK activation was significantly higher in AGAT KO compared with WT hearts. These measurements were performed on samples from 12
animals (6 WT and 6 KO), with equal distribution of males and females (3 each per genotype). Each sample was analyzed 3-5 times independently, with
the mean value for each animal represented as individual dots on the plots. Statistical analysis was conducted using ANOVA, with the effects of contrib-
uting factors displayed below each measurement. In addition, t tests were performed to evaluate differences between groups, with P values indicated in

the figure only when smaller than 0.15. AGAT, arginine:glycine amidinotransferase.

protein kinase (AMPK). When AMPK binds AMP or ADP, it is
phosphorylated by liver kinase B1 (LKB1), and this triggers a
signaling cascade that regulates metabolism according to the
conditions (79-81).

Western blots of AMPK and pAMPK demonstrated that rel-
ative AMPK phosphorylation was significantly higher in
AGAT KO animals of both sexes (Fig. 6, D-F, representative
photos of the gels shown in Supplemental Fig. S7). The
expression of LKB1 (Fig. 6C) was sex-dependent and higher
in females than in males. This sex-dependency was also
found in skeletal muscles (82). However, LKB1 expression
did not differ between AGAT KO and WT. This suggests that
elevated AMP and ADP concentrations lead to higher AMPK
activation in AGAT KO hearts.

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00106.2025 - www.ajpheart.org

DISCUSSION

In this work, we tested whether the lifelong absence of
energy transfer through CK in AGAT KO hearts would result
in Ca?*-handling abnormalities similar to those observed in
failing hearts, where CK activity is reduced. At the whole
heart level, the contractility of AGAT KO hearts is reduced
(34), as in failing hearts. But the present study demonstrated
that intact AGAT KO cardiomyocytes had more frequent
Ca®* sparks and larger Ca®* transients, suggesting that, in
contrast to failing cardiomyocytes, they had larger Ca**
fluxes. This augmented Ca*>* release was linked to higher SR
Ca’* content and was particularly prominent in the pres-
ence of ISO. These changes were accompanied by higher
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expression levels of SI00A1 in AGAT KO, which is known to
increase the SR Ca®* content and the gain of excitation-con-
traction coupling. Our results emphasize that the phenotype
of AGAT KO cardiomyocytes is very different from that
described for HFrEF failing hearts. This demonstrates that
the absence of CK energy transfer alone is insufficient to trig-
ger heart failure.

Intact AGAT KO Cardiomyocytes Have Larger Ca®*
Transients Due to Enhanced SR Ca®* Cycling

One of the most striking findings in the present study was
the larger Ca?* transients with a faster Ca?" rise rate in
AGAT KO compared with WT cardiomyocytes (Fig. 1). In
addition, AGAT KO cardiomyocytes exhibited a higher Ca®*
spark frequency (Fig. 3) and larger SR Ca®* content (Fig. 4B),
while NCX activity was the same as in WT cardiomyocytes
(Fig. 4C). This strongly suggests that the larger Ca®* transi-
ents were due to more readily firing RyR clusters releasing
more Ca®>* from the SR.

In addition to elevated SR Ca®>" content, AGAT KO hearts
exhibited a higher expression of S100Al (Fig. 6B), which is
known to increase cytosolic Ca>* turnover. SI00A1 binds to
SERCA and RyR in a Ca®>*-dependent manner. It stimulates
SERCA Ca?* uptake and lowers the RyR Ca>* spark frequency,
which may lead to a modest increase in SR Ca>* content (48,
75). However, its effects on RyR are complex. Although S100A1
decreases the Ca?* spark frequency at resting Ca?* concentra-
tions, it increases the gain of excitation-contraction coupling
(48, 75). This increase in gain is in agreement with our data
showing larger Ca®* transients in AGAT KO.

The larger Ca® " transients in intact AGAT KO cardiomyo-
cytes were surprising, because we found in our previous study
on whole cell patch-clamped cardiomyocytes that LTCC maxi-
mal current, exchange constant between the dyadic subspace
and cytosol, and SERCA activity were reduced in AGAT KO
(35). Furthermore, in contrast to the present study, AGAT KO
cardiomyocytes tended to have a lower SR Ca?>* content,
although the difference was not significant (35). We hypothe-
size that this difference between studies is because the patch-
clamp study focused on LTCC and the associated CICR using
square pulses, while TTX-sensitive Na* channels were inhib-
ited, and the remaining Na™ current was separated in time
from the Ca®* current. In contrast, in the present study, the
membrane potential would have followed the action potential
of the cells, and the Na™ current was intact. The shape of the
membrane potential changes (square pulse vs. action poten-
tial) has been previously demonstrated to affect both LTCC
Ca?* influx (83), SR Ca?* load (84), and CICR (85). Studies
have suggested that the Na™ current can influence NCX Ca?*
influx (86, 87), but its role in mouse cardiomyocyte excitation-
contraction coupling is controversial (1). Thus, future studies
should address the Ca** fluxes during action potential clamp
as in Ref. 88. Another important factor to take into account is
that in whole cell patch clamp, the cytosol is dialyzed by the
pipette solution. As SI00AL1 is readily lost upon permeabiliza-
tion of cardiac fibers (89), the effect of SI00A1 could also be
negated in patch-clamped cells. The discrepancy between the
previous and present study highlights that when studying
only a part of a complex system, the results should be inter-
preted with caution.

H484

Sex-Dependent Changes in t-Tubular and RyR
Organization Did Not Translate into Changes in the
Ca**-Transient

The disorganization of t-tubules leading to systolic dys-
synchrony is one of the hallmarks of failing cardiomyocytes
(44, 45), and it is accompanied by a decrease in BIN 1 expres-
sion (43). In failing hearts, the lower t-tubule density is
reflected in the density of the transversal tubules, while
there is an increased fraction of longitudinal t-tubules (90).
Here, however, we found that BIN1 expression was similar in
AGAT KO and WT (Fig. 6A), and while the t-tubular network
did change in male AGAT KO cardiomyocytes, there was
only a lower density of longitudinal t-tubules, but no differ-
ence in the transversal t-tubules (Fig. 4). This did not affect
systolic dyssynchrony (Supplemental Fig. S1) or the overall
Ca?* dynamics.

Previous studies have demonstrated that RyR cluster orga-
nization influences calcium release dynamics in failing
hearts, where RyR dispersion into smaller clusters typically
results in slower and more dysynchronous Ca® ™ release (46).
In the present study, female AGAT KO mice exhibited
smaller RyR clusters than female WT mice (Fig. 5), with
changes in cluster size similar to those reported in failing
hearts (46, 91, 92). However, this was mainly due to female
WT cardiomyocytes having relatively large RyR clusters,
so that female AGAT KO mice actually just had RyR cluster
sizes comparable to those found in both WT and KO males.
This did not affect the synchrony of Ca®* release
(Supplemental Fig. S1), suggesting that the relationship
between RyR cluster organization and Ca?* transient syn-
chrony is not strictly causal, or that the changes were
below the threshold necessary to detect functional conse-
quences in our experiments.

The precise mechanism that causes RyR cluster rearrange-
ment is not clear. It has been reported that phosphorylation
of RyRs promotes the dispersion of the channels’ arrange-
ment (92). Thus, we looked into expression levels of phos-
phorylated RyR (Ser2808 and Ser2814) and total RyR
(Supplemental Fig. S4). Interestingly, we found only a mod-
est decline in phosphorylated RyR by CAMKII (Ser2814,
Supplemental Fig. S4C) in female AGAT KO mice compared
with WT, but the relative phosphorylation was similar in KO
and WT. Furthermore, there was no difference between
males and females (Supplemental Fig. S4). Thus, in the pres-
ent study, RyR phosphorylation cannot explain the differen-
ces in RyR cluster sizes and dispersion (Fig. 5).

Higher AMPK Activation Implies Higher ADP/AMP
Concentrations in AGAT KO Hearts

It is intriguing that Ca®* dynamics are increased in AGAT
KO cardiomyocytes, because this increases the cost of excita-
tion-contraction coupling. In steady state, augmented CICR
requires a matching pumping of Ca?* back to the SR by
SERCA, which costs 0.5 ATP per Ca?* (93). In the heart,
ATPases can be supplied with ATP through direct ATP diffu-
sion and the CK “shuttle” with their relative contributions
changing depending on the conditions (94). As this latter
mechanism is inhibited in AGAT KO mice, we would expect
AGAT KO cardiomyocytes to struggle with higher levels of
ADP and/or AMP, which both activate AMPK (80).
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Our results show that AMPK activation was indeed ele-
vated in AGAT KO hearts (Fig. 6, D-F). Although SERCA is
highly sensitive to the intracellular ADP/ATP ratio (95), the
Ca?" decay rate was similar in KO and WT (Fig. 1F). This is
in agreement with that SERCA expression (35), as well as
PLB expression and phosphorylation (Fig. S4) were similar in
AGAT KO and WT hearts. Thus, based on our data, SERCA
activity was not limited under the present conditions.

The higher AMPK activation in AGAT KO should be inter-
preted with caution. Indeed, recent studies have suggested
that AMPK activation is compartmentalized and thus does
not necessarily correlate with the overall cellular ADP/ATP
ratio (82, 96, 97). Therefore, it is unclear whether the higher
AMPK activation is near SERCA or in a different intracellular
compartment. Although sensors to assess the intracellular
energy state are being developed (98), it is not yet possible to
assess the intracellular ADP/ATP ratio near specific ATPases,
such as SERCA, in isolated cardiomyocytes. Taken together,
our results suggest that in intact, field-stimulated AGAT KO
cardiomyocytes, i.e., under physiological conditions, direct
ATP diffusion from mitochondria was sufficient to sustain
the required SERCA rate.

Creatine-Deficient AGAT KO Hearts Have Very Different
Adaptations than Failing Hearts

The changes in AGAT KO Ca?* handling are interesting
because they are very different from the pattern observed in
failing cardiomyocytes, pointing to a novel adaptation mech-
anism to the absence of energy transfer through CK. Heart
failure is a clinical syndrome that can manifest itself as
heart failure with reduced ejection fraction (HFrEF) and
heart failure with preserved ejection fraction (HFpEF)
(99). Impairment of Ca?* handling in heart failure is differ-
ent between HFrEF and HFpEF (100), and below we will
focus on comparing AGAT KO Ca?* handling to changes in
cardiomyocytes from HFrEF (“classical” failing heart).

In HFYEF, it is believed that the reduced contractility is
largely related to changes in the Ca?>*+ dynamics. As noted in
INTRODUCTION, these cardiomyocytes are characterized by
Ca’* transients with reduced amplitude and slower relaxa-
tion (42). They have higher levels of intracellular Na™ and
more Ca?" cycles across the sarcolemma through NCX (36,
101), whereas the SR Ca?* content is lower, and less Ca?*
cycles through the SR (42). The RyR-LTCC cross talk in the
dyads is compromised as the t-tubules become disorganized
(43, 44), RyR expression is lowered (47), and RyR clusters are
“orphaned,” i.e., not associated with the t-tubules (102). As
much of the t-tubular connection and dyadic structure is
lost, the Ca®* transients become dyssynchronous (44, 103).

In the present study, the AGAT KO cardiomyocytes exhib-
ited almost opposite adaptations, as the Ca?* transients were
larger (Fig. 1) and exhibited the same dyssynchrony index
(Supplemental Fig. S1) as WT cardiomyocytes. In addition,
AGAT KO cardiomyocytes had higher spark frequency (Fig. 3)
and SR Ca®™ content (Fig. 4). These alterations in Ca?>* han-
dling were accompanied by minor, sex-specific differences in
the t-tubular network (Fig. 2) and RyR organization (Fig. 5),
aligning with previously documented sex differences in cardiac
Ca?* handling (51). In addition, we observed no differences in
RyR and PLB expression and phosphorylation (Supplemental
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Fig. S4), and the expression of BIN1 and S100A1, which usually
declines in HFrEF, were either the same or even up-regulated
in AGAT KO, respectively (Fig. 6, A and B).

Our results demonstrate that lifelong creatine deficiency
in AGAT mice does not lead to a phenotype similar to that of
failing hearts. The etiologies of failing and AGAT KO hearts
are also very different. Failing hearts struggle to produce
adequate pressure to circulate the blood and typically
respond by developing hypertrophy, leading to increased
heart stiffness. They are energy-starved, as the mechanical
work becomes more costly, while ATP supply and energy
transfer are compromised (16, 17). In AGAT KO hearts, the
energy transfer may be compromised, but the cardiomyo-
cytes show no signs of hypertrophy (34) and are even smaller
than WT cardiomyocytes (Table 2), suggesting that their
mechanical performance is adequate.

Study Limitations

One of the study limitations is that creatine deficiency can
only be induced by whole body knockouts. As noted in
INTRODUCTION, creatine is synthesized in the kidney and liver
and circulated with the bloodstream to be taken up by the
heart and other tissues through the creatine transporter
(SLC6AS8) (104). Thus, other organs, such as the brain and
skeletal muscles, are also affected by creatine deficiency.

AGAT KO mice have constitutively active AMP-activated
kinase (AMPK) in the brain, liver, skeletal muscle, and fat
(11). This shifts the overall metabolism of AGAT KO mice
toward catabolism. As a result, although AGAT KO mice are
protected against metabolic syndrome (11), they are also very
small and fragile with a severely reduced body and muscle
weight, and large shifts in the metabolism of glycolytic
muscles in particular (32, 33, 105). This is rescued by supple-
mentation with creatine (33, 105).

In the present study, we used AGAT KO mice as a model
to study the correlation between heart failure and inhibited
CK energy transfer. We expected that during lifelong absence
of CK energy transfer, Ca®* handling would change toward
the heart failure phenotype. However, this was not the case,
and any changes recorded were opposite to what we
expected. Interestingly, many of the adaptations were not
directly linked to energy-consuming processes. We cannot
say whether the recorded Ca?*-handling adaptations in
AGAT KO mice were induced by the absence of CK energy
transfer, systemic effects, or a combination thereof. But we
can conclude that the absence of CK energy transfer does
not lead to the development of the heart failure phenotype.

Conclusions

Taken together, we conclude that AGAT KO cardiomyo-
cytes exhibit larger Ca®* transients due to a larger CICR
from the SR, which has higher Ca’?* content and more read-
ily firing RyR clusters. Furthermore, the higher S100A1
expression could be involved in enhancing the gain of excita-
tion-contraction coupling in AGAT KO.

This phenotype of AGAT KO cardiomyocytes is distinct
from the phenotype of cardiomyocytes from failing hearts.
The larger Ca®>* transients in AGAT KO cardiomyocytes,
which were even more prominent during B-adrenergic stimu-
lation, are opposite to observations on failing cardiomyocytes.
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Thus, although the contraction of the whole heart is slowed
down and reduced in both AGAT KO and failing hearts, the
present study demonstrates that different etiologies have led
to different adaptations at the cellular and molecular levels.
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