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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



muscle phenotype remains unclear, and the signaling pathways responsible for those
changes need to be further investigated in both GAMT KO and AGAT KO mice.

In this thesis, | have investigated the consequences of Cr deficiency on muscle atrophy
and phenotype, using both GAMT KO and AGAT KO mice. | have also investigated the
activation of AMPK in both fast and slow muscles from GAMT KO and AGAT KO mice.
Furthermore, | have highlighted a muscle-dependent activation of AMPK. Based on our
findings, | have reviewed the potential impact of AMPK activity on muscle phenotypic
shift. Finally, we provided additional data suggesting an alternative mechanism of
energetics-induced fast-to-slow phenotypic shift.
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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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In healthy adults, protein turnover is estimated to be ~300g per day. This turnover is
higher following muscle activity, which significantly increases the protein damage (11).
One of the main protein degradation systems in muscle is the ubiquitin proteasome
system (UPS), whose activity is transiently increased after muscle activity (12, 13).
The UPS is a selective degradation mechanism of misfolded proteins. Initially, target
proteins must be tagged by a chain of polyubiquitin (= 4 ubiquitins), where each ubiquitin
binding requires the hydrolysis of one ATP (14, 15). This process is ensured by E3 ubiquitin
ligases, of which the most common in skeletal muscle are Muscle RING Finger 1 (MuRF1)
and Atrogin-1 (MaFbx). Following polyubiquitination, proteins are transported to the 26S
proteasome for degradation. Proteasomal entry necessitates complete protein
unfolding, consuming approximately one ATP molecule per three amino acids (15-17).
Hence, protein synthesis and turnover represent a significant part of the ATP consumption
at rest or post-exercise. However, those processes are negligible during intense muscle
activity and are shut down for energy saving.

In summary, skeletal muscle physiology is fundamentally dependent on ATP hydrolysis.
Whether supporting contraction, relaxation, repair, or growth, adequate ATP availability
is essential for optimal muscle function.

1.2 Muscle metabolism

Cellular ATP pools are relatively small. Muscle tissue typically contains only 5-6 mmol/kg
of wet weight or ~8mM concentrations of ATP (18, 19), which would suffice for only
a few seconds of contraction, depending on exercise intensity. While the creatine kinase
(CK) system serves as the primary ATP buffering mechanism in muscle, its capacity would
extend activity by only a few additional seconds. Since muscle tissue rapidly consumes
ATP, it must simultaneously regenerate it through ADP rephosphorylation. Muscle cells
employ two metabolic pathways allowing ATP production. They differ by their speed of
ATP production, their capacity (availability of their fuel), and their localization in the cell.
Based on these pathways, three metabolic strategies can be distinguished: one purely
anaerobic, one purely aerobic, and a mixed strategy.

Anaerobic glycolysis is the metabolic pathway of burst activities. It takes place in the
cytosol and consists of ten steps, transforming one molecule of glucose into 2 ATP,
2 NADH, and 2 pyruvate, without the need for oxygen (20). Under anaerobic conditions,
NADH and pyruvate serve as substrates for lactate dehydrogenase (LDH), which produces
NAD*, lactate, and H*. The increased NAD* availability is required to stimulate glycolytic
flux, thereby enhancing ATP production. For its part, lactate can be reconverted into
pyruvate or exit the muscle toward other organs such as the brain or liver (21, 22). During
intense and sustained muscular exercise, overactivity of LDH will ultimately lead to H*
accumulation and acidosis. Anaerobic glycolysis operates at a very high rate, enabling
immediate matching of ATP production to ATP demands, perfect for sustaining burst
activities. However, the efficiency of this process is limited in time. The yield is poor, and
the capacity is restricted by acidosis, Pi accumulation, and glucose availability, all
contributing to inducing muscle fatigue (23-25).

In the presence of oxygen, muscle cells can employ a mixed strategy often referred to
as aerobic glycolysis. The pyruvate and NADH produced from glycolysis can be taken up
by mitochondria to give 30 more ATP. Pyruvate is converted into acetyl-CoA, which will
be used in the Krebs cycle to produce GTP, H*, NADH, and Flavin adenine dinucleotide
(FADH,). Those metabolites will be further used by the oxidative phosphorylation system,
where ATP synthase rephosphorylates ADP into ATP (26). Although further use of pyruvate
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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.

15



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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Table 1. Characteristics and physiological properties of the mammalian skeletal muscle fiber types.

Fiber type MHC Activation | Metabolism | Strength/ ATP Suitable
(relative isoform | threshold Endurance | utilization function
size) rate
Type | MHC1 Low Oxidative Low/ Low Posture
Very high Endurance
e==
Type lla MHC2a | Moderate Mixed Moderate/ | Moderate | Repeated
Moderate moderate
intensity
Type IIX MHC2X High Mainly High/ High High
Glycolytic Low intensity
Type IIB MHC2B High Glycolytic Very high/ | Very high High
Very low intensity

This diversity in the mechanical and metabolic properties of fiber types enables for
skeletal muscle specialization. Each muscle has a unique fiber composition, allowing it to
fulfill its specific function. For example, in mice, a muscle such as the soleus (SOL) mainly
performs postural activity, which implies constant low-intensity muscle work. Hence, SOL
is mainly composed of type | and type lla fibers, which are fatigue resistant and do not
express type IIB (41, 42). Oppositely, the nearby muscle gastrocnemius (GAST), essentially
undergoes a burst activity, which implies sudden, intense contraction, requiring significant
force generation. GAST predominantly expresses type 1IB and IIX, efficient in producing
a lot of strength, but expresses poorly type lla and | (41, 42).

Beyond this conventional classification, muscle also exhibits hybrid fibers (43).
Commonly, hybrid fibers have a mixed expression of relatively close MHC isoforms
regarding their molecular properties, such as hybrid I/lla, lla/lIX, and IIX/IIB. However,
their proportion varies between the muscles and often depends on the location within
the same muscle (43). For example, mouse SOL expresses around 17% of hybrid fibers,
predominantly hybrid I/lla, whereas GAST expresses 9% hybrids, preferentially 11X/IIB
(43).

Although the variety of fiber composition is important between different skeletal
muscles, the mouse SOL and GAST muscles represent the opposition of two very different
phenotypes: a “fast” phenotype mainly composed of type IIX and IIB fibers, and a “slow”
phenotype mainly composed of type | and lla fibers.

2.2 Phenotypic shift

As previously established, muscle fiber composition dictates its physiological properties
and, therefore, its capacity to ensure a specific function. However, the daily functioning
of a marathon runner’s quadriceps obviously differs from that of a sedentary office
worker. For the quadriceps to be able to run a race of 42.2 km, it must be specialized.
To do so, the quadriceps will modify its fiber composition toward a “slower” phenotype.
This process is one of the most important phenomena of muscle plasticity and is called
phenotypic shift.
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The phenotypic shift is mostly a linear process, where a fiber shifts to the near faster
or slower type, usually crossing a hybrid state (43, 44). However, it is rare to observe a
full spectrum shift of fiber from type IIB to type | or vice versa. Usually, fibers do not shift
more than type | to IIX or 1IB to lla (31, 45). As shown in Figure 1, several factors can
influence the muscle phenotype or induce a phenotypic shift (30, 31, 46). For example,
a slow-to-fast phenotypic shift can be triggered by hormonal changes such as
hyperthyroidism (31) (Figure 1). But one of the most powerful is undoubtedly the type
of muscular activity. Generally speaking, any muscular activity of low or moderate
intensity, sustained over time, will favor the slow phenotype. For example, nerve tonic
activity (constant stimulation) or endurance training are known to maintain a slow
phenotype or induce a shift from fast-to-slow (30, 44, 47) (Figure 1). In contrast, any
muscular inactivity or brief activity of very high intensity will favor the fast phenotype.
For example, nerve phasic activity (intermittent high frequency), high-speed training,
or inactivity promotes maintenance of a fast phenotype or transition from slow-to-fast
(30, 45, 47, 48) (Figure 1). The molecular consequences and signaling cascades vary
depending on the stimuli. In the fast-to-slow phenotypic shift, two very important initial
signals are known to trigger signaling pathways influencing the muscle phenotype:
the Ca?* dynamics and the energetic stress.

« Endurance training

* Slow nerve firing rate (tonic)
* Energetic stress

» Hypothyroidism

Slow Hybrid Hybrid Hybrid Fast
Wit  la/iix L
Typel Type lla Tvpe lIX Type lIB

High speed training

Fast nerve firing rate (phasic)
Inactivity/sedentary behavior
Hyperthyroidism

Denervation

Figure 1. Factors influencing the muscle phenotype and the phenotypic shift. Endurance training,
tonic nerve stimulation, energetic stress, and hypothyroidism promote the expression of the slow
phenotype (Type | and lla fibers). Strength training, phasic nerve stimulation, inactivity, sedentary
behavior, hyperthyroidism, and denervation promote the expression of the fast phenotype (Type
IIX and 1IB fibers). Created in https://BioRender.com.

2.3 Signaling pathways involved in fast-to-slow phenotypic shift

Multiple signaling pathways are known to directly or indirectly regulate the phenotype.
While some specifically promote the slow or the fast phenotype, others are common,
having different effects depending on the nature of stimuli. And sometimes the
suppression of one is sufficient to promote the opposite phenotype (30, 31, 49). In this
PhD thesis, | will focus on the signaling that induces a fast-to-slow phenotypic shift.
Muscle undergoing a fast-to-slow phenotypic shift is characterized by an increase in
the type | and/or lla expression concomitant with a decrease in the type IIX and/or IIB
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expression. The muscle appears more reddish due to a higher myoglobin concentration,
and becomes metabolically more oxidative (50, 51). Mitochondrial density increases as
well as fatty-acid use (51), and the muscle shows higher endurance performance (52).
If the stimuli do not trigger hypertrophy, these metabolic changes can be accompanied
by a decrease in the maximal strength and a physiologic reduction of the fiber size,
characteristic of the slower fibers (see relative fiber size Table 1).

All of those metabolic and contractile changes are driven by the activation of specific
signaling pathways. Three major signaling pathways inducing fast-to-slow phenotypic
shift have been identified so far:

e The energetically derived signal AMP-activated protein kinase (AMPK) /
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1la) axis.

e The nerve-derived signal Ca?*/ Calmodulin (CaM) / calcium-calmodulin-
dependent protein kinase IV (CaMKIV) / cAMP Response Element-Binding
protein (CREB)/ PGCla axis.

e The nerve-derived signal Ca**/ CaM / Calcineurin (CaN) / Nuclear Factor of
Activated T-cells (NFAT) / Myocyte Enhancer Factor 2 (MEF2) axis.

In the following sections, we will detail these three pathways, all summarized in
Figure 2.

2.3.1 The AMPK/PGC1la axis

AMPK:

The study of the AMP-activated protein kinase (AMPK) regulation occupied a large part
of my Ph.D. and will constitute an important part of the discussion of this thesis.
Therefore, | will first delve deeper into the regulation of this protein in skeletal muscle.

AMPK is a ubiquitous serine/threonine protein kinase known as the master regulator
of metabolism (53). It is composed of a heterotrimeric complex: one catalytic a subunit,
one regulatory B subunit, and one y subunit. Each subunit can occur as multiple isoforms
(al,a2,B1, B2,vy1,y2, and y3), enabling the formation of twelve different af}y heterotrimer
combinations (54). The most common isoforms in skeletal muscle are a2B2y1, alp2yl,
and a2B2y3 (mostly in fast muscle) (55). AMPK is an energetic sensor, activated by the
rise of AMP and ADP concentration following ATP hydrolysis. Conversely, high ATP
concentration will keep AMPK inactive by competing with AMP or ADP binding, and
promotes its deactivation (56-60). AMPK activation is essentially triggered by AMP
and/or ADP binding to the y subunit, which induces changes in AMPK allosteric
conformation, enabling its phosphorylation on Thr'’2 by its main upstream kinase Liver
Kinase B1 (LKB1) (59, 61, 62). In cultured cells, the AMPK activity correlates with the LKB1
expression (62), and several studies have shown that AMPK activity is highly dependent
on LKB1 in muscle (61, 63-65).

Alternatively, AMPK can also be phosphorylated on Thr'’? independently of AMP or
ADP by calcium/calmodulin-dependent protein kinase kinase 2 (CaMKKB) (66-70).
CaMKKB is activated by calmodulin (CaM) following an increase in Ca* concentration.
Despite CaMKKP being an upstream kinase of AMPK in vitro (66, 71, 72), its role in muscle
is controversial. Indeed, CaMKKp is poorly expressed in muscle (68, 72, 73), and the direct
effect of CaMKKPB phosphorylation of AMPK following Ca?* signaling in muscle has been
suggested, but never proven (63, 67, 68, 74). In agreement with a recent publication (73),
we have shown that CaMKKp does not phosphorylate AMPK in muscle (72). These results
are described in Publication Il and will be discussed in this thesis.
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AMPK regulation has also been suggested to be isoform-dependent. AMPKal enzymatic
activity has been reported to be more sensitive to Ca?* signalling in muscle (63, 67),
however, in vitro studies show that CaMKKp is more prone to phosphorylate AMPKa2
(59, 72). LKB1 is also more likely to interact with AMPKa2 (61). Interestingly, isoform
distribution also varies between muscle phenotypes, where AMPKa2 represents ~90% of
all AMPK in fast muscle and ~70% in slow muscles, the rest being occupied by AMPKal
(55). In insect cells, or other organs such as the liver, the sensitivity to AMP binding and
the rate of allosteric activation seem to be higher for AMPKa2 isoform (75), suggesting
AMPKaz2 as a better option to sense sudden energetic variation that fast muscles undergo.

Acute AMPK activation can be viewed as a rebalancing mechanism whose objective is
to compensate for an ATP drop by increasing the uptake and utilization of metabolic
substrates. AMPK activity increases the cellular uptake of glucose and fatty acids by
promoting the translocation of GLUT4 and CD36 transporters to the cell membrane
(76-78). Moreover, it enhances the oxidation of fatty acids through its inhibition of
acetyl-CoA carboxylase (ACC) (79, 80), making AMPK a primary target to fight metabolic
diseases. AMPK activity is particularly linked to glucose metabolism, especially AMPKa2,
which can inhibit glycogen synthase (GS) to favor glycolysis (81, 82). Glucose deprivation
has been shown to induce activation of AMPK by LKB1 independently of AMP/ADP levels
(83), whereas glycogen binding to the 8 subunit inhibits its activity even in AMP presence
(84). Hence, AMPK is an energetic sensor that promotes substrate metabolism to restore
energetic equilibrium while also being directly regulated by glucose availability.

To restore energetic balance, AMPK will also act as an inhibitor of ATP-consuming
processes such as protein synthesis, i.e. anabolism. Acute treatment with AMPK activator
5-aminoimidazole-4-carboxamide-1-B-4-ribofuranoside (AICAR) inhibits protein synthesis,
by indirectly inhibiting mammalian Target of Rapamycin (mTOR) (85—89). In contrast,
AMPK activation promotes catabolism, increasing the degradation of organelles and
proteins. AMPK induce catabolism is mediated through autophagy, ubiquitin-proteasome
system (UPS), or specific mitophagy, where AMPK directly phosphorylates Unc-51 like
autophagy activating kinase 1 (ULK1) and Forkhead box protein 03a (FOX03a) (90-97).
The acute activation of these degradative systems enables the recycling of cellular
components that can be reused in metabolism. Additionally, AMPK may regulate
lysosomal degradation of specific substrates such as glycophagy (degrade glycogen) or
macrolipophagy (degrade triglycerides) (98). Particularly for glycophagy, as AMPK can
phosphorylate starch-binding domain 1 (STBD1) in muscle, which is responsible for the
transport of glycogen to the phagosome (99, 100). In summary, AMPK activation
promotes catabolism by substrate metabolism and protein degradation, and acts as an
inhibitor of protein synthesis.

Beyond transient activation, long-term AMPK activity has deeper consequences on
muscle tissue. Long-term activity was shown to inhibit muscle hypertrophy, particularly
through AMPKal (101-105), and to promote muscle atrophy in C2C12 muscle myotubes
(96, 106, 107). Although acute AMPK inhibits protein synthesis and promotes protein
degradation, whether chronic AMPK activity induces skeletal muscle atrophy remains
controversial (108). Chronic AMPK activation is also well known to promote
mitochondrial biogenesis, thereby increasing oxidative capacity (109-114). Furthermore,
AMPK activity was shown to influence the expression of MHC toward slower isoforms
(115-117), but this effect remains unclear (109, 112, 118, 119). Indeed, the suppression
of various AMPK subunits has no consequences on the MHC composition (112, 118, 119).
In contrast, long-term AICAR treatments on C2C12 myotubes and rodent muscles have
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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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Hence, the Ca%*/CaM/CaN/NFATc1/MEF2 pathway is an essential and dynamic
nerve-derived signaling, able to modify the muscle phenotype from fast to slow if
maintained activated over time. This signaling pathway is represented schematically in
Figure 2.C.
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Figure 2. Molecular signaling pathways involved in fast-to-slow muscle phenotypic shift. A. AMP-
activated protein kinase (AMPK) is phosphorylated by Liver Kinase B1 (LKB1) following the rise of ADP
or AMP in the cytoplasm. AMPK activity induces the direct phosphorylation and indirect SIRT1
deacetylation of Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla).
PGCla nuclear translocation increases slow fiber genes, PGCla expression, and promotes
mitochondrial biogenesis. B. Cytoplasmic Ca?* accumulation activates Calmodulin (CaM), inducing
calcium-calmodulin-dependent protein kinase IV (CaMKIV) phosphorylation by calcium/calmodulin-
dependent protein kinase kinase 2 (CaMKK8). CaMKIV phosphorylates cCAMP Response Element-
Binding protein (CREB), which will bind the PGCla promoter. C. Cytoplasmic Ca?* accumulation
activates CaM and Calcineurin (CaN) complex, inducing Nuclear Factor of Activated T-cells cytoplasmic
1 (NFATc1) dephosphorylation and nuclear translocation. NFATc1 coactivates slow fiber gene
expression with myocyte enhancer factor-2 (MEF2). Created in https.//BioRender.com.

2.3.4 Other signaling pathways

The signaling pathways presented in Figure 2 are the most extensively characterized
mechanisms governing fast-to-slow phenotypic shift, and the most relevant for this PhD
thesis. Nevertheless, additional regulatory pathways have been identified in the
literature, such as p38 mitogen-activated protein kinase (p38) regulation of PGCla (176,
177) or the mTOR/Yin Yang 1 (YY1)/PGCla pathway (178, 179). For simplicity purposes,
these supplementary pathways will not be discussed, allowing for focused examination
of the primary mechanisms outlined above.
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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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4 Consequences of defective CK system on skeletal muscle
phenotype

Maintenance of energetic balance is essential for skeletal muscle physiology. Long-term
disruption of the CK system chronically disturbs the energy transfer and regulation,
potentially triggering muscle adaptation. As previously mentioned, contraction, protein
synthesis, and AMPK activity (Figure 2) are all directly influenced by energetics and could
ultimately lead to muscle weakness, atrophy, and a shift from fast-to-slow phenotype.
In this section, | will provide a comprehensive literature review describing how CK system
deficiency affects muscle energetics and phenotype.

4.1 Models of defective CK system

The CK system serves as the most important ATP buffering system in many organs,
including the brain, Heart, and skeletal muscle. Given its physiological importance,
numerous animal models have been developed to evaluate CK function under both
physiological and pathological conditions. Disruption of the CK system can be achieved
through two approaches: either inhibiting the CK enzyme or eliminating its substrate Cr.
In skeletal muscle studies, Mis-CK KO, M-CK KO, and double KO Mis-CK/M-CK (CK KO) mice
have been used to modulate CK activity, whereas treatment with beta-guanidinopropionic
acid (B-GPA), CrT KO, GAMT KO, and AGAT KO mice have been used to modulate creatine
levels.

4.2 CK-deficient models

Skeletal muscles mainly express M-CK and Mis-CK isoforms. Those isoform concentrations
and activity vary between fiber types (190). M-CK expression is highest in type IIB and IIX
fibers, intermediate in type lla fibers, and lowest in type | fibers. This pattern is opposite
to that of the mitochondrial isoform (Mis-CK), which also plays a structural role in
mitochondria (191), and is therefore correlated to the mitochondrial density, being
higher in type | fibers. However, the main difference between the muscle types lies in
the total CK activity. Fast muscles exhibit substantially higher total CK activity than slow
muscles, and this difference is predominantly attributed to M-CK activity (184, 192, 193).
Therefore, a fast muscle such as GAST, quadriceps, or extensor digitorum longus (EDL)
will be more dependent on CK activity than slow muscle, especially M-CK. In contrast,
a slow muscle such as SOL will rely on both M-CK and Mis-CK isoforms (194, 195).

When looking at the literature, the knockout of Mis-CK alone has minor effects in both
fast and slow muscles, all summarized in Table 2. Overall, muscles show no sign of
atrophy but minor changes in metabolism, where slow muscles such as SOL increase
activity of the glycolytic metabolism. Suppression of M-CK alone similarly does not
significantly affect muscle energetics, as evidenced by unchanged PCr and ATP
concentrations, although one study reported moderate AMPK activation (196). However,
several studies reported an increase in the oxidative metabolism in fast muscle GAST.
Lastly, models suppressing both Mis-CK and M-CK demonstrate more severe muscle
effects, inducing muscle atrophy of both fast and slow muscles, shifting the metabolism
slightly toward oxidative in fast muscles, and reducing the expression of fast fibers
(Table 2).
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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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metabolic and MHC shift toward a slow phenotype. Those phenotypic changes are
associated with an upregulation in the energy-related axis AMPK/PGCla (Table 3), and
one study demonstrated that oxidative metabolism adaptation is AMPK dependent
(114). Additionally, several other studies have highlighted an increase in AMPK activity
following B-GPA treatment (meta-analysis) (209).

Despite variability in experimental design (treatment duration ranging from 14 to 240
days and varying dosages) and the persistence of residual Cr levels, reduction in PCr
levels by B-GPA treatment activates the AMPK pathway, induces muscle atrophy, and
modifies the muscle phenotype.

Another, more radical model consists of suppressing the entry of Cr into the cell.
Studies employing CrT KO mice have reported a significant reduction in Cr and ATP
availability in muscle (210-213). CrT KO mice exhibit a severe reduction in their body
weight, accompanied by a significant muscle atrophy (Table 3). This atrophy has been
associated with an inhibition of protein synthesis, and higher expression of the E3 ligase
F-box only protein 32 (MaFbx) (210), a central player in the UPS system. The muscle
metabolism shifts massively toward oxidative in fast muscles, associated with PGCla
overexpression (210). Additionally, one study reported a moderate change in MHC
composition (210). Interestingly, one study carried out on rats exhibited no minor
changes in muscle atrophy, consistent with no changes in protein synthesis signaling
(214). However, this discrepancy may be explained by the retention of significant
creatine levels in this model. The model used was slightly different than mice CrT KO, as
the author induced a specific mutation (xY389C) on the CrT instead of a complete KO,
which might have partly maintained the ability to uptake Cr.

Overall, affecting Cr concentration impacts muscle profoundly compared to CK-deficient
models. All evidence points toward a fast-to-slow phenotypic shift in fast muscles lacking
Cr. However, B-GPA-treated and CrT KO models still present Cr in their muscles and can
endogenously synthesize it. The remaining creatine could mitigate the severity of their
muscle phenotype.
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Table 3. Literature overview of the muscle consequences of CrT-deficient and B8-GPA-treated
models.

Model BW Muscle Metabolite Atrophy Metabolism MHC Signaling Ref
-67% PCr .
B-GPA -12% GAST -17% ATP :;1; \f-{z (215)
-30% Pi 3
M mito
B-GPA -66% Cr I
(Meta- | -10% -80% PCr I°|"'S§|t'l’ii ,I:J’”';BI TAMPK (209)
analysis) -39% ATP glycoly !
9
-55% PCr +9:1-;0?)";|PK
-42% ATP 1 mito pGC m"
- 10, 1 T
B-GPA _ GAST 60% ATP/AMF-’ oxidative +187% (114)
(all  worse in (all AMPK CaMKIV
AMPK KD) dependent) (all AMPK
dependent)
B-GPA NAlL:]
= 216
(rats) GAST MIX, lla (216)
M mito
- 217,
B-GPA GAST JLFS (11B) M oxidative (217)
-80% Cr
GAST, -90% PCr
- 218,
B-GPA PLA -43% ATP (218)
=Pi
+75% PGCla
o . +200%
CTKO | -43% EDL 50% ATP 71% FS Mpmito | T2BIX MaFbx (210)
-16% 11B .
{ protein
synthesis
= MaFbx
CrTKo Quads -64% Cr VFs =protein (214)
(rats) (subtle) .
synthesis
-49%
BW, -
CrT KO 31% EDL -88% Cr -41% FS M oxidative (212)
-31%
BMI
CrT KO -48% GAST -94% Cr -50% FS (211)
CrT KO -36% GAST -75% ATP M oxidative (213)

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. Beta-guanidinopropionic acid (6-GPA); Creatine
transporter KO (CrT KO); Bodyweight (BW); Body mass index (BMl); Quadriceps (Quads); Gastrocnemius (GAST);
Plantaris (PLA); Extensor digitorum longus (EDL); Creatine (Cr); Phosphocreatine (PCr); Inorganic phosphate (Pi);
Mitochondria (mito); Weight (W); Fiber size (FS); Myosin heavy chain (MHC); Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGCla); AMP-activated protein kinase (AMPK); Calcium-calmodulin-
dependent protein IV (CaMKIV); F-box only protein 32 (MaFbx).

4.4 GAMT KO and AGAT KO creatine-deficient models

Both GAMT KO and AGAT KO mice suppress one of the two key enzymes in Cr
biosynthesis (Figure 3). As illustrated in Table 4, most of the studies show either a complete
absence or a residual amount of Cr that mice ingested at a younger age via breast
milk. One study showed that Cr remains in GAMT KO mice, but this could be attributed
to coprophagia between WT and KO littermates (219). Both GAMT KO and AGAT KO
mice exhibit reduced body weight, muscle atrophy, and increased oxidative metabolism.
However, these changes appear more pronounced in AGAT KO mice (Table 4).
Moreover, muscle consequences vary between the muscle types, with the fast
muscle GAST exhibiting more severe atrophy and metabolic shift than SOL (220).
This pattern is consistent with results observed in previous models (Tables 2 and 3),
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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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6 Results and discussion

6.1 Development of the IOCBIO gel software to analyse Western blot
results

As one of the methodological parts of this thesis, we developed a gel analysis software
called IOCBIO gel to analyse our Western blot results (236). During its development,
| contributed to testing and providing feedback on the user interface design (Publication
1). The primary objective of developing IOCBIO gel was to provide in our laboratory a FAIR
(Findable, Accessible, Interoperable, and Reusable) method for Western blot analysis.
In its current form, IOCBIO gel is an easy-to-use, reliable, and user-friendly software
that centralizes data into a database. This software enables rapid correction of each
measurement with immediate database updates.

6.2 AMPK is more activated in slow muscle than in fast muscle

To determine AMPK activation, we measured the total form of AMPK (T-AMPK) and the
phosphorylated form on Thr'’? (p-AMPK), whose ratio p-AMPK/T-AMPK determines the
level of AMPK activation. However, the p-AMPK signal alone is physiologically more
relevant in the case of lower total AMPK expression. Indeed, in terms of signaling, the most
important factor is the absolute amount of phosphorylated AMPK, because it is catalytically
active. The ratio is relevant when the total level of AMPK does not vary significantly.

Including different muscles such as gastrocnemius, extensor digitorum longus (EDL),
soleus, and Heart, we showed that AMPK was naturally more activated (ratio and
phosphorylation) in slow muscles (SOL and Heart) than in fast muscles (GAST and EDL).
In Publication Il, we showed that on average, Heart and SOL AMPK activation (ratio) was
~5X higher than in GAST and EDL (Publication Il; Figure 3). This first result was surprising.
Indeed, previous work showed that SOL and Heart exhibit remarkable metabolic stability
during increases in workload, whereas in the GAST, the levels of ADP and Pi increase
significantly during exercise (230-233). Hence, why would AMPK (energetic sensor) be
more activated in an energetically stable muscle?

To understand the origin of these differences, we measured the expression of the
upstream kinases of AMPK. First LKB1, whose phosphorylation of AMPK is dependent on
AMP binding (59, 61, 62), and then CaMKK, which phosphorylates AMPK following a rise
in Ca?* concentration independently of AMP (66—70). Apart from higher LKB1 expression
in the Heart compared to the GAST, we observed no consistent phenotypic pattern in
LKB1 expression (Publication II; Figure 7). As LKB1 expression was shown to correlate with
AMPK activation in cultured cells (62), we performed the same statistical analysis and
found no correlation across the different muscle tissues (Publication II; Supplementary
Figure S3). We subsequently attempted to measure ATP, ADP, and AMP in the different
muscle types using perchloric acid extraction and High-Performance Liquid Chromatography
/ Mass Spectrometry (HPLC/MS) analysis. Unfortunately, in our hands, there was a
degradation of ATP leading to unphysiologically high concentrations of ADP. Considering
that the samples are diluted upon perchloric acid extraction and neutralization, the AMP
concentrations would be below the limit of quantification of the available equipment.
Therefore, we did not proceed further with these experiments. However, one study
calculated the overall concentrations of ADP and AMP from Nuclear Magnetic Resonance
(NMR) and HPLC measurements and found no difference between the mouse soleus and
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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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although they did not test the effect of 2DG treatment on muscle AMPK KO mice in
overload. Nevertheless, an increase in NFAT expression suggests that Ca?* dynamics may
be altered by energetics, and we provided evidence that it increases the RyR Ca®* release.
However, further studies are required to understand the mechanism and its exact
contribution to fast-to-slow phenotypic shift.

Thus, affecting energetics seems to induce an increase in RyR Ca?* release.
The mechanism by which RyR opening is modulated by energetics remains unknown.
Whether this higher Ca?* release can influence the Ca?‘/CaM/CaN/NFATc1/MEF2
pathway and muscle phenotype needs further investigation. The involvement of
such a mechanism in the phenotypic shift of AGAT KO gastrocnemius is speculative.
Nevertheless, Figure 4 provides a comprehensive overview of the potential mechanisms
underlying the fast-to-slow phenotypic shift in AGAT KO gastrocnemius.
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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.
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Abstract

Unravelling the mechanisms of energetics-induced fast-to-
slow phenotypic shift in creatine-deficient mice

Skeletal muscle is the most predominant tissue in the human body and serves as the
organ of movement. To sustain its function, a muscle specializes by expressing unique
fiber compositions that define its phenotype. A slow phenotype consists primarily of type
I and lla fibers that are metabolically oxidative, exhibit lower force production, but
demonstrate fatigue resistance. Conversely, a fast phenotype is predominantly composed
of type lIx and llb fibers that are metabolically glycolytic, generate greater force, but are
more prone to fatigue. ATP hydrolysis is essential for muscle function, particularly
contraction, and its concentration must remain stable. Muscle fiber metabolic
specialization matches the myosin heavy chain (MHC) isoform ATP consumption,
ensuring adequate energy provision. When an energetic imbalance occurs, elevated AMP
and ADP levels activate the energetic sensor AMP-activated protein kinase (AMPK).
While acute AMPK activation restores energetic equilibrium by stimulating metabolism,
chronic AMPK activity has been associated with atrophy and fast-to-slow phenotypic
shift.

Muscle tissue possesses an ATP buffering system known as the creatine kinase (CK)
system. The CK enzyme catalyzes ADP rephosphorylation to ATP using phosphocreatine
(PCr) and the reverse reaction, phosphorylating creatine (Cr) to PCr using ATP. The high
rate of CK activity and elevated PCr concentrations in muscle enable rapid compensation
for sudden ATP depletion during contraction. Disruption of the CK system induces muscle
atrophy and fast-to-slow phenotypic shifts associated with AMPK activation. However,
the energetics and muscle-dependent consequences of mice lacking endogenous Cr
biosynthesis remain poorly understood. Cr biosynthesis can be suppressed by
knockout Guanidinoacetate N-methyltransferase (GAMT KO) or L-Arginine: Glycine
amidinotransferase (AGAT KO).

Using Western blot and immunostaining techniques, we investigated the muscle
phenotype, atrophy, and AMPK activation in fast muscle gastrocnemius (GAST) and slow
muscle soleus (SOL) of both GAMT KO and AGAT KO mice. We also evaluate the basal
activation of AMPK and its upstream kinases expression between fast and slow muscles.
Additionally, we examined the effects of energetic deprivation on Ca?* dynamics in
stimulated C2C12 myotubes and measured Ca?*-related proteins in AGAT KO mice.

In this study, we provide evidence that basal AMPK activity is higher in slow compared
to fast muscle. We suggest that AMPK activity may be compartmentalized, with
activation being influenced by local rather than global energetics. Cr-deficient mice
GAMT KO and AGAT KO exhibited radically different muscle phenotypes. GAMT KO mice
showed subtle changes in fast muscle (GAST) mass and phenotype independently of
AMPK activity. In contrast, AGAT KO showed a severe atrophy and fast-to-slow
phenotypic shift in GAST associated with high AMPK activity. We speculated whether the
use of GAA as a Cr substitute in GAMT KO may prevent AMPK activation and phenotypic
adaptations. Based on our results and new findings by collaborators (Dr. Florian Britto,
Institut Cochin, Paris, France), we discussed the potential involvement of AMPK in the
phenotypic shift. Finally, we showed that energetic deprivation enhances the Ca?
release by ryanodine receptors and theorized a new potential mechanism of energetics-
induced fast-to-slow phenotypic shift.
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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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Abstract

data.

Background Current solutions for the analysis of Western Blot images lack either transparency and reproducibility
or can be tedious to use if one has to ensure the reproducibility of the analysis.

Results Here, we present an open-source gel image analysis program, IOCBIO Gel. It is designed to simplify

image analysis and link the analysis results with the metadata describing the measurements. The software runs

on all major desktop operating systems. It allows one to use it in either a single-researcher environment with local
storage of the data or in a multiple-researcher environment using a central database to facilitate data sharing

within the research team and beyond. By recording the original image and all operations performed on it, such

as image cropping, subtraction of background, sample lane selection, and integration boundaries, the software
ensures the reproducibility of the analysis and simplifies making corrections at any stage of the research. The analysis
results are available either through direct access to the database used to store it or through the export of the relevant

Conclusions The software is not only limited to Western Blot image analysis and can be used to analyze images
obtained as a part of many other widely used biochemical techniques such as isoelectric focusing. By recording
the original data and all the analysis steps, the program improves reproducibility in the analysis and contributes
to the implementation of FAIR principles in the related fields.

Keywords Data analysis, Reproducibility, FAIR, Western blotting, Southern blotting, Isoelectric focusing

Background

When faced with the task of analyzing Western Blot [1]
membrane images, in our experience, researchers usually
use either proprietary software solutions built by imaging
hardware manufacturers or the open-source Image] Gels
plugin [2]. Unfortunately, these choices have significant
shortcomings. As argued below, the major shortcoming
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of both software choices is related to the reproducibility
of the analysis.

Proprietary software can be a convenient solution.
However, such software is frequently linked with spe-
cific hardware and the data analysis can usually be
reproduced only using the same software package. This
limits the ability to reproduce the analysis to the users
having the same hardware platform for imaging. If, in
the proprietary software, advanced algorithms have
been used for background subtraction or data process-
ing, those algorithms are usually not described in a way
that other researchers could take the same images and
obtain the same results. In addition, the workflow with
the image processing and data selection steps is usually
not available in a documented format that can be used

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
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to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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by other tools except the original software. As a result,
the proprietary software for gel analysis often seems
like a “black box,” and the users have to contend with
the hope that the analyses are done correctly [3, 4].

As an alternative to proprietary software packages,
researchers can use the free, open-source Image] Gels
plugin [2]. The open-source solution means that, in
principle, researchers have full control over the image
processing and analysis steps, allowing one to fully doc-
ument the analysis and make it reproducible by others.
However, in practice, it is very labor-intensive to docu-
ment all the analysis steps properly. Namely, one has to
fully describe the overall image background subtrac-
tion, lanes selection, and integration of image intensi-
ties corresponding to each lane with the corresponding
baseline selection. As a result, to our knowledge, any-
one rarely does this documentation, and this leads to a
reduction of the analysis reproducibility. An additional
obstacle occurred, when some steps in the analysis had
to be redone. For example, if the lane selection had to
be adjusted, the user would have to repeat all the analy-
sis steps and find and update the data in a spreadsheet
or database before repeating all the statistical analyses.
In our experience, this approach was time-consuming
and prone to human errors.

A similar problem is encountered in many other
popular biochemical techniques that lead to a relation
between the sample and its signal, as in Western Blot.
This is the case for all gel electrophoresis experiments,
where each sample is allocated a well, and the applied
electrical field pulls the sample through the gel, form-
ing a lane. Within each lane, molecules within the sam-
ple are separated by charge and size. This technique is
used in, for example, Western blotting (protein sepa-
ration by size), Southern blotting (DNA separation by
size), Northern blotting (RNA separation by size), and
isoelectric focusing (separation by isoelectric point).
Considering the popularity of these techniques, the
inability to analyze the data in a reproducible manner
contributes to the overall reproducibility crisis in sci-
ence [5].

To address the shortcomings of the current solution,
we designed a new open-source software for image anal-
ysis applicable for Western blot and similar techniques.
During the design, the following aims were addressed.
The software should be easy to use on the leading PC
platforms. The software should facilitate the implemen-
tation of FAIR (findability, accessibility, interoperability,
and reusability) principles [6]. In particular, the software
should record all analysis steps by keeping the user selec-
tions in a form to retrace and correct them. In addition,
the software should be able to store data centrally to
facilitate efficient collaboration between researchers, link
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obtained data to the samples, and export the results for
sharing.

In line with the popular Image] Gels plugin naming,
our software was named IOCBIO Gel and the image
analysis as well as sample description is using the term
gel to describe the physical object that is analyzed. Note
that this is not always correct as in the case of Western
Blot, where images are obtained from a membrane after
the transfer from a gel. However, for simplicity, the term
gel was used in the user interface and the general descrip-
tion below regardless of the specific experimental proto-
col and corresponding sample.

Implementation

The developed software, IOCBIO Gel, is written in
Python and uses Qt for the graphical user interface.
This choice was based on the following. Qt has support
for all the major desktop platforms allowing us to target
researchers irrespective of their choice of operating sys-
tem. Python was selected as it is one of the most popular
programming languages, which simplifies maintenance
and reviewing of the software, reduces the learning curve
for new contributors, and allows to benefit from the large
selection of scientific libraries in Python. In particular,
we used scikit-image [7] for image processing and PyQt-
Graph for plotting.

When selecting a solution to access original and
analyzed data, we targeted the scenarios where the
researcher uses the software either as a stand-alone solu-
tion on a PC or shares the data within the working group.
For original data and gel images, we provided support for
loading them either from a selected folder on the PC or
from the central image database provided by OMERO
[8]. Through the selected folder, we targeted users that
keep their images locally or shared via local network file
systems. While OMERO is designed for the central stor-
age of microscopy data, we found it very useful for gel
images allowing users to access those centrally. For analy-
sis results and keeping the records regarding all analysis
steps, we connect to a database through the SQLAlchemy
library [9]. This library provides uniform access to local
and central databases. As a result, we can keep analysis
data locally using SQLite or centrally in PostgreSQL. To
work with the analysis results, users can either export the
results into a spreadsheet or directly fetch the data from
the database.

The database layout has been designed to simplify the
usage of the software in an environment where a central
database is used to keep experimental results from differ-
ent types of experiments, such as when a central labora-
tory database is shared by multiple primary analysis tools
[10, 11] and management systems [12—15]. For that, we
isolated the data stored by the software using PostgreSQL
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schema—named collection of tables and views. To pro-
vide the link between sample analysis results, the soft-
ware generates a table allowing users to enter the sample
ID for each gel lane. This table can be further constrained
by the user using applicable database software to link the
entered sample ID with the table describing the sample.

The software was developed in an open manner
through a publicly accessible software repository allow-
ing the users to give direct feedback to the developers
regarding the encountered issues and feature requests.
The application is released under an open-source license,
GPLv3.

Results and discussion

User interface

When designing the user interface, we had several aims.
First, we aimed to reflect the connections between the
physical sample, its location in the gel lane, gel images,
and analysis results. That way, the users obtain not
just the intensities of the peaks but also the data that
links their sample to the protein content of interest or
some other similar readout. The expectation is that the
obtained data can be immediately analyzed using statis-
tical programs. Second, we prioritized streamlining the
operations that are frequent by making them accessible
first.
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The overall user interface (Fig. 1) consists of a single
window, which is partitioned into the main action area,
the application action type selection on the left (selec-
tor), accompanied by the toolbar (top) and status bar
(bottom). To facilitate sharing the data within a research
group and to avoid accidental analysis alteration, the
application runs in Viewing mode by default. In this
mode, the user can browse through projects and look at
the images and their analysis steps without changing any
data. To alter the analysis or enter new data, the user has
to switch to Editing mode.

Workflow

The overall workflow scheme is shown in Fig. 2 and
includes entering metadata in addition to the analysis of
the images, as described below.

As one of the first steps in analyzing the experiments,
the user has to define the context. First, the user defines
the types of measurements performed on a physical gel.
For example, this could be the detection of a protein of
interest using a specific antibody, overall protein content
determination using staining, etc. Next, experiments on
gels are usually a part of a larger project. Here, the user
can handle project information in two ways. When using
the same database for multiple projects, for example, in a
central laboratory database or keeping all user’s experi-
ments together, we recommend defining projects in the

Current mode: Viewing

Gels ID b Name Date and time Comment Projects Lanes
Select Project L] (2 AMPK_1 25/01/202312:02 AMPK 13
> 4 i
~ [ AMPK = 2 AK| 26/01/2023 12:05 Kinases/AK/AK | 13
AMPK_1 >3 AK I 30/01/2023 12:41 Kinases/AK/AK Il 13
~ [ Kinases >4 MM CK 01/02/2023 11:35 Kinases/CK/MM_CK 13
i ED‘A:,KAH 25 MiCK 06/02/202312:15 Kinases/CK/Mi-CK 13
AKI >6 HK 1 08/02/2023 11:50 Kinases/HK/HK | 13
- OAKI >7 HKI 09/02/202310:35 Kinases/HK/HK Il 13
B CKAK” 58 cox1 14/02/2023 13:05 Mitochondrial ... 13
- O MM_CK 9 Ccox2 15/02/202312:20 Mitochondrial ... 13
MM K > 10 cox3 16/02/202310:30 Mitochondrial ... 13
~ [ Mi-CK
MiCK
~ O HK
- DV HKI
HK 1
~ DHKII
HK 1l -
Projects
Types
Settings
H Export

Idle

Fig. 1 User interface of IOCBIO Gel. The application runs with a single window, which is partitioned to the main action area, application action type
selection on the left (selector), the toolbar (top), and the status bar (bottom). The screenshot shows the default view after the start of the application
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software. Similar to file systems, the projects can form a
hierarchy allowing users to partition the measurements
within one project into sub-projects. In the central data-
base, we found it advantageous to position projects under
each user’s meta-project, making it easier for users to
analyze and review their work. As an alternative to the
definition of a project, the user can also use separate
databases, with each database covering one project only.
However, having separate databases would require users
to redefine measurement types in each database again,
making it inconvenient to switch between the projects.

With the context of the experiment defined, users can
start entering the data related to a gel. Users can link a
gel to one or multiple projects, as they see fit. Each physi-
cal gel is a container of samples that are allocated in gel
lanes. As the next step in the analysis, the user is expected
to describe each lane and relate it to the samples through
their sample ID and the amount of protein in the sample.
Some samples on a gel can be assigned as reference sam-
ples. This is used to compare samples between different
gels, in which case the user relates measurements from
the samples to a reference sample present in all these gels.

After the gel is described, the user can insert the images
of that gel. In Western blotting, we usually take mul-
tiple images of the same membrane. Some are done on
the full membrane, such as Ponceau staining, and some
on the parts of a membrane, such as after cutting it into
smaller subsections for labeling with different antibod-
ies. All the images from the same membrane should be
defined together. With a gel image added, it is analyzed
by opening it in the application. Image analysis is done by
selecting a gel on the image, subtracting the background,
manually positioning the gel lanes on the image, and
adjusting the baseline for each lane. With the lanes iden-
tified on the image and the baseline set, the user must
link a measurement type to the image. With the meas-
urement type linked or added to the image, the user can
select a section of the intensity curve that is integrated to
determine analysis results. Each image could have mul-
tiple measurements allowing users to analyze different
intensity peaks separately. In addition, each measure-
ment can be marked either as successful or not. Image
analysis steps are demonstrated in Fig. 2.

While image analysis is performed manually, we have
found that it does not take much time. The applica-
tion supports different background subtraction algo-
rithms, including rolling ball, that is rather effective for
such cases as Ponceau staining. Lanes can be straight or
curved, with the same width throughout the gel or indi-
vidually adjusted. All these options allow users to find
the best way to analyze their data in a way that fits their
specific experiment. As all steps are recorded, it is easy
to come back at any stage of the analysis and adjust it, for
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example, change the width of the lane, intensity baseline,
or section on the intensity curve that is integrated.

Data analysis

Users can obtain the analysis results in either raw or
normalized form. Here, the raw measurement data
would contain an integrated intensity corresponding
to a selected area of the measurement. This integrated
intensity is not normalized. To take into account the
amount of loaded sample in a lane, the user would have
to divide the intensity by the protein content as a part of
the further statistical analysis. As an alternative, normal-
ized measurement values are available. Those values are
obtained from the raw measurement values by relating
these measurements to the measurements on the refer-
ence lanes. For that, the average reference measurement
value is found by calculating the average for all reference
samples on the image r, taking into account their protein
content:

R
1 Vi
r= R —_
i— M

1)

where R is the number of successful reference samples
in the image (could be just one), v and m correspond to
the measurement value and protein content of the lane,
respectively, and i corresponds to an index of the refer-
ence lanes that are marked as successful measurements.
As soon as the reference value r is known (Eq. 1), the nor-
malized measurement value w for each lane j would be
1 Vi
Wi = . 2
To get the measurement values v for each lane, the
application first applies image cropping and background
subtraction. All further analysis is performed on the
background-subtracted image. Each lane is marked as a
two-dimensional object on the image. As protein separa-
tion is expected to be according to the molecular weight,
the vertical direction of the image, we first integrate the
image intensity of the lane along its width. The result
of this integration is shown to the user as a lane inten-
sity profile graph which is intensity as a function of the
image’s vertical coordinate (Fig. 2 inset with lane inten-
sity profile). This approach allows users to select curved
lanes and preserves lane region selection if the lane has
been moved. As a limitation, it does not allow to select
lanes that would be horizontal at any of its segments.
Next, the user can adjust the background reference for
each lane separately. This is needed when the image back-
ground subtraction cannot fully take into account the
heterogeneity of the background. At the last stage, after
the user has selected integration bounds in the vertical
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direction, the measurement value for the lane is found by
integration of the difference between the lane intensity
and background.

Database structure and data export

The database schema layout is designed to ensure data
consistency and flexibility in relations between gels
and projects. For users, the data access was simplified
through three views: a list of projects with their full path,
a list of reference measurements for all gels, and a list of
normalized values for all measurements. By using rela-
tionships between the tables and these views, it is easy
to fetch the data from the database directly using SQL
to limit the fetched records. Example SQL statements
for fetching the data are given in the software repository
and are referred to in the user manual. As some statistical
analysis programs or data analysis frameworks, such as R,
allow to import data from the databases directly, it is pos-
sible to use the provided SQL statements in the statistical
analysis.

As an alternative to fetching the data from the database,
users can export all data or data from a specific project
to a spreadsheet. The spreadsheet will contain the same
information as in the database and will be structured to
simplify data analysis using statistical software. Depend-
ing on whether relative or absolute values are of interest,
users can analyze raw data or normalized measurements.
Note that the raw data does not have normalization to the
protein content and has to be normalized by users. This is
in contrast to the normalized measurements sheet, where
protein content was taken into account.

Validation
To test the software, we compared the estimation of
expression levels and protein content performed by
IOCBIO Gel and Image] Gels plugin, an established solu-
tion in the field. For testing, we used images acquired as
a part of our earlier study [16] and asked three users to
analyze the same images using both software solutions
(Fig. 3). The used images are available as an additional file
(see Additional file 1). Users obtained results that were
similar to each other regardless of the software used. As
illustrated in the example on Fig. 3A and B, estimates
were mainly influenced by the complexity of determining
the band border. For cases, where the bands were rela-
tively well separated, as in the middle section of gel mem-
brane in Fig. 3A, the spread of estimations was very small
(Fig. 3B). In contrast, for bands close to the ladder with
the signal of the ladder interfering with the band, the esti-
mates had a larger deviation (Fig. 3B).

According to our tests, IOCBIO Gel and Image] Gels
plugin resulted in very close estimates of the expres-
sion or protein content. As shown in Fig. 3C, when
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plotted against each other, estimates by the different
software solutions were located next to the equality
line. Pearson’s product-moment correlation between
the estimates was statistically significant for all types of
measurements (p <0.001) with r values of 0.99 (95% CI
[0.98, 0.99]) for GAPDH, 0.99 (95% CI [0.99, 1.0]) for
LTCC, and 0.89 (95% CI [0.85, 0.92]) for the Ponceau
staining. The smaller correlation r for Ponceau stain-
ing was caused by curved lanes on the gel membranes
and usage of larger regions when analyzing by IOCBIO
Gel than in Image] Gels plugin, as done by Users 1 and
2. Such analysis of larger lane region was possible in
IOCBIO Gel as it supports curved lanes. When done
using the same regions of the images by the both soft-
ware solutions, as done by User 3, the correlation r for
Ponceau staining was 0.96 (95% CI [0.92, 0.98]).

In sum, as shown by the analysis, the estimation of
the expression and protein content was the same in
IOCBIO Gel and Image] Gels plugin.

Reproducibility
In terms of reproducibility, there are two aspects that
we addressed.

First, as IOCBIO Gel keeps all analysis steps in its
database automatically, the analysis is reproducible in
the sense that one can always open the old analysis and
obtain the same result. This is in contrast to Image]
Gels plugin where, as already explained in introduc-
tion, to our knowledge, users rarely record all the steps
in such a detail that others could reproduce exactly
the same results. So, as a result, there will be always
some variability induced by the lack of analysis steps
information.

Second, as a part of the reproducibility analysis, we
wanted to test whether there was a difference in the
variability of the results when the analysis was done by
different users and compare that to the variability for
Image] Gels plugin. For that, to quantify the variability,
we used the standard deviation of the normalized esti-
mated expression or protein content (data from Fig. 3).
An example variability analysis for the image in Fig. 3A
is shown in Fig. 4A. As shown in Fig. 4A, the variability
depends on the lane with the more difficult lanes show-
ing larger deviation in results obtained by the users.
This was the same for the both software solutions.
According to our analysis of all the recordings used
(Fig. 4B), there are no statistically significant differ-
ences in variability between Image] Gels and IOCBIO
Gel when users are asked to analyze the data for the
first time. Thus, in variability of the results obtained by
different users, IOCBIO Gel matches the established
solution.
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Fig. 3 Comparison of analysis by IOCBIO Gel and ImageJ Gel plugin. A A representative example of a Western blot membrane labeled with primary
and secondary antibodies to assess GAPDH expression (image acquired as a part of [16)). Insets a—d illustrate bands that are either easy to analyze
due to clear separation between the lanes (b, ¢) and that are more complicated due to overlap with the ladder on the left (a) or on the right (d).

B Results of the expression estimation performed by three users using either IOCBIO Gel or ImageJ Gels plugin to analyze the image shown in A.
Notice the very small spread of the estimations in the most of the lanes and the larger spread on the first (shown in inset a of A) and the two

last lanes (inset d in A corresponds to the last lane). C Expression of GAPDH, L-type calcium channel (LTCC), and estimation of protein loading

using the Ponceau staining performed by IOCBIO Gel and Image)J Gels plugin done on three separate membranes and by three different users
(analyzed images acquired as a part of [16]). For comparison, the diagonal line corresponding to the equality in estimation is shown in black.

Each dot on the plots corresponds to two estimations performed by specific user (shown by color) for the same lane on a gel using IOCBIO Gel
(y-axis) and ImageJ Gels plugin (x-axis). Notice that the dots are distributed along the diagonal line with only small, occasional deviations. This

demonstrates that the estimations by both software solutions are the same

Comparison with available open-source software
In our lab, we started by using the Image] Gels plugin
[2] for Western blotting analysis. It was relatively easy
to use, and it did a good job when we had a few images
to analyze. However, as we got more and more experi-
ments to analyze, the rigidity of the plugin and the
manual insertion of the values from the signal inten-
sity measurements into our database became too time-
consuming. In IOCBIO Gel, the measurements do not
have to be re-typed, as the data are exported to either a
spreadsheet or, in our case, to our database.

When comparing IOCBIO Gel with Image] Gels
plugin, there is a major difference in the way how the

results are handled. Image] Gels plugin analyzes the
results in the image-by-image manner. Thus, if one
wants to relate the protein(s) of interest measure-
ments to loading controls, the results have to be com-
bined by the user from separate spreadsheets exported
by Image]. To link that result to some sample ID, these
spreadsheets would have to be tagged with the sample
IDs as well. In IOCBIO Gel, sample information on the
physical gel lane is entered separately and automati-
cally linked to all measurements produced by the pro-
gram. As a result, following the example above, it is
trivial to relate the protein(s) of interest measurements
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to loading controls by combining data from different
images of the same sample probe at the statistical anal-
ysis stage.

The other major difference between IOCBIO Gel and
other open-source solutions is in the way data are organ-
ized. Namely, all measurements related to a scientific
study can be grouped together into a project, and it is
simple to analyze data either by pulling it directly from
the database or by exporting the whole project into a
spreadsheet. This functionality is absent in Image] and
has to be implemented by users through their data pro-
cessing and organization separately.

IOCBIO Gel offers a fast way to re-analyze a data-
set in the case when some correction is needed, such
as changes in background subtraction or lane selection.
Using the Image] Gels plugin, the user has to not only
repeat the analysis, but all the new values have to be re-
typed into our database or spreadsheets. With IOCBIO
Gel, the data are re-analyzed, and the measurement val-
ues are updated in the database without the need for re-
typing anything. The new data are quickly fetched using
the same SQL statement as before. Thus, whereas Image]
Gels works just fine if you have a few images to analyze,
IOCBIO Gel is faster and more foolproof to use with
small as well as large datasets. Taking into account that
IOCBIO Gel tracks all the steps done while analyzing the
gel, it ensures the reproducibility of the analysis at the
same time.

Thus, through the automated link between measure-
ments and metadata, IOCBIO Gel leads to a faster work-
flow that is less prone to human error and allows all data

to be stored in the same location. In addition, research
laboratories are often joined by people for a short period,
by students, post-docs, or even short-term interns. The
use of a IOCBIO Gel with its central storage makes it
possible to drastically limit the loss of data while offering
the possibility of correcting the analysis, even after a per-
son has left the laboratory.

Availability

In addition to the availability in source code form, the
software is distributed as a prepared self-containing
archive for MS Windows. For Linux and Mac OS, the
software is distributed through the PyPi Python software
repository. For installation instructions, see instructions
at https://iocbio.gitlab.io/gel.

Future directions

One of the expected development directions would
involve support for other database backends and image
sources. The current selection was based on the expertise
of our team and its use in our work environment. This
includes the use of SQLite and PostgreSQL databases.
However, support for the other databases is simple to add
if it is supported by SQLAlchemy and if there is an inter-
est. Other image sources can be envisioned as well, and
their support will also be demand-driven.

Another line of further development is related to
publishing the data. We plan to implement two sepa-
rate export options for either targeting collaboration or
assistance in the journal review process. As the appli-
cation collects images and metadata describing gels,
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it should be possible to export the data subset into
an archive. Such an archive would be possible to send
or distribute online, allowing others to examine and
review the gel analysis steps used in the study together
with the original gel images. In addition to the archive,
we plan to implement report generation for assisting
journals with the review of Western Blot and simi-
lar images. Many journals request authors to provide
labeled Western blot images that would allow the jour-
nal to review the analysis steps. We plan to implement
the generation of such labeled images that would tag
the lanes and the used regions allowing users to provide
the labeled images together with the original ones for
journals to review.

Other further development will be planned based on
the bottom-up approach, driven by the feedback of the
users.

Conclusions
We have developed IOCBIO Gel software that simplifies
analysis and metadata entry related to analyzing Western
Blot images. The software is not limited to Western blots
and can be used to analyze any experimental data leading
to a similar representation, i.e., the relationship between
the image intensity and the sample. The software allows
researchers to enter the data, make all the required image
adjustment steps, and select areas of interest. All analysis
steps and selections can be adjusted later and reviewed
with ease. As a result of the analysis, the overall inten-
sities are given and are associated with the samples in a
simple way to incorporate into further statistical analysis.
The developed software addresses major shortcomings
in analyzing specific but commonly used experimental
protocols and ensures data analysis reproducibility used
in these protocols.

Methods

Analysis of images

Images representing GAPDH and LTCC expression as
well as protein content estimation using Ponceau stain-
ing taken from earlier measurements performed for [16].
From the dataset in that study, three membrane images
were selected randomly and analyzed by three users.
Each user selected the way for analysis as they commonly
do, without any specific instructions. For comparison of
results between Image] Gels plugin and IOCBIO Gel,
estimated intensities for a lane were normalized by aver-
age intensity of all lanes obtained for that image by user
using specific software. Thus, average intensities were
found for each image/user/software combination. Image]
Gels plugin was used as described in [17].
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Statistics

If not stated otherwise, statistics are reported using
means + SD. p<0.05 was considered statistically significant.
Differences between estimations performed by IOCBIO
Gel and Image] Gels plugin were analyzed using paired
samples ¢-test. Statistical analysis was performed in R [18].
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does not correlate with LKB1 or CaMKKp expression
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Abstract

AMP-activated protein kinase (AMPK) is an energy-sensing serine/threonine kinase involved in metabolic regulation. It is phos-
phorylated by the upstream liver kinase B1 (LKB1) or calcium/calmodulin-dependent kinase kinase 2 (CaMKKp). In cultured cells,
AMPK activation correlates with LKB1 activity. The phosphorylation activates AMPK, shifting metabolism toward catabolism and
promoting mitogenesis. In muscles, inactivity reduces AMPK activation, shifting the phenotype of oxidative muscles toward a
more glycolytic profile. Here, we compared the basal level of AMPK activation in glycolytic and oxidative muscles and analyzed
whether this relates to LKB1 or CaMKK. Using Western blotting, we assessed AMPK expression and phosphorylation in soleus,
gastrocnemius (GAST), extensor digitorum longus (EDL), and heart from C57BL6J mice. We also assessed LKB1 and CaMKKf
expression, and CaMKKf activity in tissue homogenates. AMPK activation was higher in oxidative (soleus and heart) than in
glycolytic muscles (gastrocnemius and EDL). This correlated with AMPK al-isoform expression, but not LKB1 and CaMKK. LKB1
expression was sex dependent and lower in male than female muscles. CaMKKf expression was very low in skeletal muscles
and did not phosphorylate AMPK in muscle lysates. The higher AMPK activation in oxidative muscles is in line with the fact
that activated AMPK maintains an oxidative phenotype. However, this could not be explained by LKB1 and CaMKKf. These
results suggest that the regulation of AMPK activation is more complex in muscle than in cultured cells. As AMPK has been
proposed as a therapeutic target for several diseases, future research should consider AMPK isoform expression and localiza-
tion, and energetic compartmentalization.

NEW & NOTEWORTHY It is important to understand how AMP-activated kinase, AMPK, is regulated, as it is a potential ther-
apeutic target for several diseases. AMPK is activated by liver kinase B1, LKB1, and calcium/calmodulin-dependent kinase
kinase 2, CaMKK@. In cultured cells, AMPK activation correlates with LKB1 expression. In contrast, we show that AMPK-activa-
tion was higher in oxidative than glycolytic muscle, without correlating with LKB1 or CaMKK expression. Thus, AMPK regula-
tion is more complex in highly compartmentalized muscle cells.

AMPK; CaMKK ; glycolytic muscle; LKBT; oxidative muscle

The main AMPK Kkinase is liver kinase Bl (LKB1), which
phosphorylates AMPK on Thr'’2. This is promoted by an
increase in the concentrations of AMP or ADP, whose bind-
ing to AMPK changes its allosteric conformation, allowing its
phosphorylation by LKB1 (12, 13). Conversely, ATP binding

INTRODUCTION

The AMP-activated protein kinase (AMPK) is a ubiquitous
serine/threonine protein kinase known as the master regula-
tor of metabolism (1). Due to its enhancement of catabolism

and inhibition of anabolism, activation of AMPK has been
suggested as a therapeutic target for several diseases such as
some types of cancer, tissue inflammation, and cardiovascu-
lar and metabolic diseases (2-10).

The phosphorylation of AMPK is the main regulator of its
kinase activity (11). Therefore, the extent to which AMPK is
phosphorylated is often used as a measure of its activation,
and this is also used throughout the present paper.
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can prevent AMPK activation by obstructing AMP attach-
ment and promoting its dephosphorylation by phospha-
tases (11, 14, 15). AMPK can also be activated by glucose
deprivation, independent of AMP/ADP-levels, as the asso-
ciated decline in fructose-1,6-bisphosphate promotes the
aldolase-dependent activation of AMPK by LKB1 (16).
Although it has been suggested that transforming growth
factor B activated kinase-1 (TAK1) can activate AMPK directly
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updates
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(17, 18), others argue that TAK1 is required for the activation
of AMPK by LKB1 (19). In cultured cells, the AMPK activity
correlates with the LKB1 expression (13).

Alternatively, AMPK can be activated by an increase
in Ca?*, which leads to its phosphorylation on Thr'”? by
calcium/calmodulin-dependent protein kinase Kinase 2
(CaMKKSp) (20-22). CaMKK8 is mainly expressed in the brain
(23), and its role in muscle tissue is controversial (21, 22, 24).

LKB1 and CaMKK@ differ in potency depending on the iso-
form composition (25). AMPK is heterotrimeric and com-
posed of a catalytic o subunit, a regulatory p subunit, and a
v subunit. Each of the subunits occurs as multiple isoforms
(o1, a2, B1, B2, v1, y2, and v3), allowing the formation of 12
different afy heterotrimer combinations. AMPKol seems
to be more sensitive to Ca®* signaling (21), whereas
AMPKo2 is more likely to interact with LKB1 (26).

In muscle tissue, AMPK serves an important role in
adjusting metabolism according to the needs, which in turn
depends on mechanical performance. AMPK increases the
cellular uptake of glucose and fatty acids by promoting the
translocation of glucose transporter (GLUT)4 and CD36 trans-
porters to the cell membrane (27-29). In addition, it enhances
the oxidation of fatty acids through its inhibition of acetyl-
CoA carboxylase (ACC) (30, 31). Finally, it stimulates mito-
genesis through its phosphorylation of peroxisome prolif-
erator-activated receptor-y coactivator-lo (PGC-1a) (32). It
is involved in the regulation of muscle phenotype, as dem-
onstrated in unloading studies, where inactivity is associ-
ated with a decline in AMPK activity and a decrease in
oxidative enzymes (33-37). Thus, inactivity leads to a shift
from oxidative to glycolytic phenotype.

The basal AMPK activation in different muscle types has,
to the best of our knowledge, never been directly compared.
The present study aimed to address this by assessing the
expression and activation of AMPK in oxidative and glyco-
Iytic muscles. We expected a greater AMPK activation in
oxidative muscles to maintain the phenotype, but we were
uncertain whether this was regulated energetically or through
Ca®*. Energetically, oxidative muscles are characterized by
low and stable levels of ADP, whereas glycolytic muscles
show greater fluctuations. The heart exhibits a stable ADP-
concentration over a range of workloads when oxygen con-
sumption increases (38). Among skeletal muscles, the oxi-
dative soleus also demonstrates remarkable metabolic
stability during increases in workload, whereas in glyco-
lytic muscles such as the gastrocnemius (GAST), the levels
of ADP and P; increase significantly during exercise (39—
41). In terms of Ca?*, oxidative muscles receive more contin-
uous daily electrical stimulation (42), triggering Ca* -efflux
from the sarcoplasmic reticulum to the cytosol. Furthermore,
although AMPKa2 is the most abundant isoform in skele-
tal muscle, the expression of the more Ca?*-sensitive
AMPKoal is higher in oxidative skeletal muscle (25, 43).
While AMPKa2 represents 90% and 60%, AMPKal repre-
sents 10% and 40% of the AMPK expression in glycolytic
and oxidative muscles, respectively (43). Thus, we specu-
lated whether the mechanisms of AMPK activation dif-
fered between muscle types with energetic activation
through LKB1 perhaps being more important in glyco-
lytic muscle and Ca?™ activation through CaMKKp being
more important in oxidative muscle.

E22

Using Western blotting, we compared AMPK expression
and activation in four different muscles: the oxidative heart
and soleus (SOL) muscles, the glycolytic extensor digitorum
longus (EDL), and gastrocnemius (GAST). When we found
that the AMPK activation was significantly higher in oxida-
tive than glycolytic muscles, we assessed the expression of
the upstream regulators, LKB1 and CaMKKSp, and the ability
of CaMKKS in tissue lysates to phosphorylate AMPK.

METHODS

Ethics

All animal procedures were carried out according to direc-
tive 2010/63/EU of the European Parliament and had been
approved by the Project Authorization Committee for Animal
Experiments in the Estonian Ministry of Rural Affairs.

Animals

Twenty-five C57BL6J mice, 11 males and 14 females, were
kept and bred in the animal facility of Tallinn University of
Technology, in a 12:12-h light-dark cycle, and an ambient
temperature of 22-23°C with free access to food (V1534-000
rat/mouse maintenance from Ssniff Spezialdidten GmbH,
Germany) and water.

The mice were anesthetized with a ketamine/dexmede-
tomidine mixture (150 mg-kg™ and 0.5 mg-kg™, respec-
tively) and received an injection of 250 U of heparin to
prevent blood coagulation. When the toe-pinch reflex was
absent, the animal was euthanized by cervical dislocation.
The brain, heart, gastrocnemius, soleus, and EDL were
excised and immediately placed in an ice-cold wash solu-
tion consisting of the following (in mM): 117 NacCl, 5.7 KCl,
1.5 KH,PO,, 4.4 NaHCOj3, 1.7 MgCl,, 21 HEPES, 20 taurine,
11.7 glucose, and 10 2,3-butanedione monoxime (pH was
adjusted to 7.4 with NaOH). After cleaning and weighing,
the tissues for Western blot were snap frozen in liquid
nitrogen and stored at —80°C.

Homogenization for Western Blotting

Frozen muscles were homogenized in a glass homogenizer
at a concentration of 20 mg-mL ! of extraction buffer (50 mM
Tris, 150 nM NacCl, 2% SDS, 1 mM DTT) with protease and
phosphate inhibitor cocktails (cOmplete Mini and PhosSTOP,
respectively, both from Roche, Merck). The protein concen-
tration was determined spectrophotometrically. Ten microli-
ters of tissue extract were diluted 1:5 and incubated at 80°C
for 30 min. After heating, the protein content was determined
in a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific). The protein content of each sample was measured
at least three times, and the results were averaged. The
absorption at 280 nm was background corrected by subtract-
ing the absorption at 330 nm, and protein content was calcu-
lated using the molecular weight and extinction coefficient of
BSA (66,400 g-mol ! and 43,824 M~'-cm ™, respectively). The
protein content of the tissue extract was corrected by the pro-
tein content of the extraction buffer.

Western Blotting

Twenty micrograms of protein (40 pg for AMPKol) were
loaded in a polyacrylamide SDS-page gel (4% stacking gel,
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12% separating gel) and separated using a PowerPac HC power
supply (Bio-Rad Laboratories), run at 60 V for ~30 min and
followed by 120 V for ~1 h. Proteins were transferred onto a
nitrocellulose blotting membrane (0.45 um) using the Bio-
Rad Turbo Transfer System. Membranes were stained with
0.1% Ponceau solution to stain the proteins and imaged in
an Image Quant LAS 400 Imager for normalization. Then,
membranes were washed with 0.1% Tween-20 (Tris-buf-
fered saline-Tween 20, TBST) three times for 10 min and
blocked with 5% milk in TBS-T solution for an hour on a
roller machine at room temperature. Primary antibodies
in 5% BSA TBS-T solution were incubated overnight on a
roller machine at 4°C followed by three washes with TBS-T
and a 1-h incubation of secondary antibody in 5% milk
TBS-T solution. Membranes were washed three times for
10 min with TBS-T and incubated with Bio-Rad Clarity
Western ECL substrate for 5 min. Finally, membranes were
imaged with an Image Quant LAS 400 imager.

Phosphorylation of AMPK by CaMKK§p in Tissue Lysates

To assess the phosphorylation of AMPK by CaMKKS in tis-
sue lysates, we used a modification of the assay by Yurimoto
et al. (44), where CaMKKp was activated by CaCl, and cal-
modulin (CaM) to phosphorylate a downstream target, in our
case the mutant AMPKo«2 K45R protein, which is catalyti-
cally inactive (45, 46) and does not inhibit CaMKK@ autono-
mous activity (47). This phosphorylation was then inhibited
by STO-609, which is a specific inhibitor of CaMKK that
can be used as an inhibitor of AMPK phosphorylation by
CaMKKB (20, 48). CaMKKp has a three times lower ICso than
CaMKKo (49). This assay was first tested with recombi-
nant CaMKKp and brain lysate (see Supplemental Materials),
before being performed with muscle lysate.

Recombinant Proteins

Recombinant Calmodulin bovine (CaM) was obtained from
Sigma-Aldrich (C4874-0.5 mg). Recombinant rat AMPKo2
K45R mutant and rat CaMKKp gene sequence were expressed
in E. coli, as described in the Supplemental Materials.

The expression of CaMKKB and AMPKo2 K45R was veri-
fied with specific antibodies (see Supplemental Figs. S4 and
S5, respectively). Both proteins exhibited truncated versions
or unspecific signals. We also verified that AMPKa2 K45R
was not phosphorylated in E. coli (Supplemental Fig. S5).

Assay with Tissue Lysate

Frozen muscles and brain were lysed in nondenaturing
extraction buffer [50 mM Tris, 150 nM NacCl, 1% Nonidet P40,
1 mM DTT, 1 mM EGTA, 1 mM EDTA, protease, and phos-
phate inhibitor cocktails (cOmpleteMini and PhosSTOP)].
Muscle and brain lysates were tested in 40 pL of kinase

Table 1. Antibodies and their dilutions used in this study

activity buffer (50 mM HEPES, 10 mM magnesium acetate,
2mM DTT, 1 mM ATP, pH = 7.5) under different conditions:

Lysate: 5 uL of tissue lysate was added to the kinase ac-
tivity buffer.

Lysate + AMPK: 5 pL of tissue lysate with 2 uL of purified
rat AMPKo2 K45R.

Lysate + STO + AMPK: 5 pL of tissue lysate was incubated
10 min before with 5 pM STO-609 acetic acid (diluted in
DMSO). After 10 min, 2 uL of rat AMPKo2 K45R was added.

Lysate + CaCl, + CaM+ AMPK: 5 pL of tissue lysate was
incubated with 1 uM of CaM and 2 mM calcium chloride to
stimulate CaMKKSp activity. This was followed by the addi-
tion of 2 pL of rat AMPKa2 K45R.

Lysate + STO + CaCl, + CaM+ AMPK: 5 uL of tissue
lysate was incubated 10 min before with 5 pM STO-609 ace-
tic acid. This was followed by 1 uM of CaM and 2 mM cal-
cium chloride, and 2 uL of rat AMPKo2 K45R recombinant
protein.

All preparations were incubated for 30 min at 30°C, and
the reaction was stopped by the addition of 2% SDS (3.33
uL of 30% SDS). A total of 17.5 uL of each preparation was
immediately mixed with 10 pL of SDS page buffer (90% 4 x
Laemmli and 10% B-mercaptoethanol) and loaded on a
polyacrylamide gel (4% stacking gel, 12% separating gel).
The western blot procedure used is the same as described
earlier, and the p-AMPK antibody was used as described in
Table 1.

Data Analysis

Western blot images were analyzed using IOCBIO GEL
software (50). For each sample, the antibody (AB) signal
intensity was normalized to the Ponceau (P) signal inten-
sity (ABsampie/Psampie), and this was normalized to the
averaged ABrr/Prr of the reference samples called “RF”
(two per gel). For Western blots of total AMPK, phosphoryl-
ated AMPK, AMPKal, and LKB1, we used the same refer-
ence sample throughout. This was a mix of several muscle
lysates (heart, gastrocnemius, EDL, and soleus) from both
males and females. Using the same reference throughout
allowed us to directly compare the results from different
gels. The reference sample used to compare CaMKKp gels
was 10 ug of brain lysate from a single, male individual.

In Fig. 2, the total AMPK expression (T-AMPK) in each
sample was related to that of the reference (RF) sample and
was calculated as (T-AMPKgampie/ Psampie)/(T-AMPKgg/Prp).

In Fig. 3, the AMPK activation was calculated as the
ratio of phosphorylated AMPK (p-AMPK) to total AMPK
(T-AMPK). The AMPK activation in each sample was
related to that of the reference sample (RF) and was calculated
as [(p'AMP Ksample/ Psample)/ (p'AMPKRF/ P RF)]/ [(T'AMPKsample/
Psample)/ (T'AMPKRF/ PRF)]

Protein of Interest Company Catalogue Number RR-ID Dilution Secondary Antibody Dilution of Secondary
Total AMPK Cell Signaling 2532 AB_330331 11,000 Anti-rabbit IgG 1:10,000
AMPKa1 Abcam Ab32047 AB_722764 1:500 111-035-045 Jackson 1:10,000
p-AMPK Thr'”? Cell Signaling 2535 AB_331250 1:1,000 ImmunoResearch 110,000
LKB1 Cell Signaling 3047 AB_2198327 1:1,000 1:10,000
CaMKKB GeneTex GTX108305 AB_1949818 1:500 1:10,000
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Table 2. Morphological characteristics of male and
female mice used in this study

Body Body Tibial
Sex Age, days Weight, g Length, cm Length, cm
Females,n =14 232+55 247142 89+06 2.16 £ 0.06
Males,n =1 226+50 334+3 9.2+03 2.25+041
Bayesian T test NS #H## NS NS

Values are shown in means + SE. Males and females were com-
pared using a Bayesian T test. ###BF > 100, extremely strong
evidence.

In Fig. 5, the ratio of AMPKal to total AMPK (T-AMPK) in
each sample was related to that of the reference sample (RF)
and was calculated as [(AMPKolsampie/Psampie)/(AMPKoldgg/
PRF)]/ [(T'AMPKsample/ Psample)/ (T'AMPKRF/ PRF)]~

In Fig. 7, the LKB1 expression in each sample was related
to that of the reference sample (RF) and was calculated as
(LKBlsample/ Psample)/ (LKBIRF/ PRF)~

In Fig. 9, the CaMKKp expression in each sample was
related to that of the reference sample (RF) and was calcu-
lated as (caMKKBsample/ Psample)/ (CaMKKBRF/ PRF)-

In Fig. 11, the amount of phosphorylated AMPK (p-AMPK)
under different conditions was related to that in the lysate
alone and was calculated as (p-AMPKondition/Pcondition)/
(p'AMPKlysate/ Plysate) .

Moreover, each primary antibody had been previously
calibrated with the reference sample “RF” and different mus-
cle samples at different protein and antibody concentrations
to ensure that the antibody responded in a linear fashion to
an increase in protein. This allowed us to be certain that we
were below the maximal binding threshold. Each Western
blot sample was measured at least twice (except AMPKal
and CaMKKp) and the average is shown as a single data
point. Outliers were measured a third time or deleted from
the dataset.

Kinase activity images were analyzed using ImageJ soft-
ware. For the experiments with tissue lysates, the results
from each condition, ABcongition/Peonditions Were further nor-
malized to the result from the lysates alone, ABysate/Piysate-

Statistics

The graphs are shown as box-and-whisker plots according
to the Tukey notation and were made using R software.

Statistical analyses were performed in JASP software
using Bayesian statistical tests (51). For the assessments
of expression and phosphorylation, we first used Bayesian
two-way ANOVA to test the effects of sex, muscle, and sex x
muscle. Significance is shown using an asterisk, *. Then,
Bayesian post hoc single comparisons were performed to
assess differences between muscles (significance shown
using daggers, ) and differences between sexes (significance
shown using hashtags, #). Kinase activity gels were statisti-
cally analyzed with single Bayesian independent T tests
between the conditions for each tissue type (brain, soleus,
gastrocnemius, and heart), and significance is shown using
daggers, *.

For statistical significance, we considered BF < 10 not sig-
nificant (NS), 10 < BF < 30 strong evidence (* or + or #), 30 <
BF < 100 very strong evidence (** or ++ or ##), and BF > 100
extremely strong evidence (*** or +++ or ###) as in Ref. 52.
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RESULTS

Morphological Data

Table 2 shows the morphological characteristics of the
mice used for the Western blot experiments. The body
weight was significantly lower in females compared with
males. Age, body length, and tibial length were not signifi-
cantly different between males and females.

AMPK Is More Activated in Oxidative Muscles

To determine whether the basal activation of AMPK dif-
fered between the muscle types, we assessed the levels of
total and phosphorylated (Thr'”?) AMPK. An illustrative blot
is shown in Fig. 1, but for the experiments, the samples were
loaded in random order. The total AMPK expression was nor-
malized to the overall protein staining by Ponceau (Fig. 1C).

Total AMPK expression was similar in EDL, gastrocne-
mius, and heart, but it was lower in the soleus (Fig. 2).

AMPK activation was determined as the ratio of phospho-
rylated AMPK-Thr'” to total AMPK for each sample. The over-
all results are shown in Fig. 3 and demonstrate that AMPK
activation was significantly higher in oxidative (soleus and
heart) than in glycolytic muscles (EDL and gastrocnemius).

AMPKa1 Isoform Is More Expressed in Oxidative
Muscles

To evaluate the proportion of AMPKal within the differ-
ent muscle types, we measured AMPKal expression and
normalized the signal to the total AMPK expression. A rep-
resentative picture is shown in Fig. 4, and the overall dataset
is summarized in Fig. 5. The AMPKal/total AMPK ratio was
significantly higher in the oxidative than in the glycolytic
muscles, in agreement with the findings of Treebak et al.
(43). The relative expression of AMPKo2 was not assessed,
but we expect the relative contributions of AMPKusl and
AMPKo2 to sum to unity, as also shown in Ref. 25.

LKB1 Expression Differs between Sexes but Cannot
Explain the Muscle-Specific Differences in AMPK
Activation

To explain the tissue-specific difference in AMPK activation,
we looked into the expression of LKB1, which is considered the
main activator of AMPK (12, 13). A representative picture of a
Western blot for LKBI is shown in Fig. 6, and the averaged
results are shown in Fig. 7. Overall, the LKB1 expression was

A EDL GAST Heart SOL
75kDa
— —— — — — G E— —
T-AMPK “50kDa
B 75kDa____
-  eses
P-AMPK @ 50kDa o4 e
Ponceau

Figure 1. Total and phosphorylated AMP-activated protein kinase (AMPK)
in extensor digitorum longus (EDL), gastrocnemius (GAST), heart, and sol-
eus. lllustrative pictures showing the Western blots of total AMPK (A), p-
AMPK Thr'7? (B), and Ponceau protein staining (C). 20 ug of protein from
each sample was loaded into each well.
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Figure 2. Total AMP-activated protein kinase (AMPK) expression in exten-
sor digitorum longus (EDL), gastrocnemius, heart, and soleus. Soleus had
a significantly lower AMPK expression than the other muscles. The total
AMPK expression (T-AMPK) in each sample was normalized to that of the
reference sample (mix of muscle lysates, calculation specified in MATERIALS
AND METHODS, Data Analysis). A two-way Bayesian ANOVA tested the
impact of sex, muscles, and sex x muscles, and the results are shown in
the gray box on the top left. The significant impact of muscle was followed
up by T tests between muscle pairs, and these results are indicated with
brackets. Significance notation: *ANOVA, and tT tests between muscles
(including both subgroups Male and Female). 110 < BF < 30, strong evi-
dence; *** or tt+ BF > 100, extremely strong evidence. Each dot repre-
sents an average of at least two measurements for the same sample. n =
6 for each sex subgroup and n = 12 for each muscle group.

higher in the muscles of female compared with male mice
(Bayesian two-way ANOVA, 30 < BF < 100, very strong evi-
dence). There was a significant effect of muscle type (Bayesian
two-way ANOVA, 30 < BF < 100, very strong evidence), as
LKBI1 expression was higher in the heart compared with gas-
trocnemius. However, LKBI1 expression did not correlate with
the AMPK activation (Supplemental Fig. S3).

CaMKKG@ Is Present in the Heart but Poorly Expressed in
Skeletal Muscle

CaMKKS is the second-most studied AMPK-kinase, acti-
vated by Ca?* and CaM. We assessed the overall CaMKKp
expression in the different muscles and used the brain as a
positive control. The raw Western Blot pictures (Fig. 8) and
the summarized data (Fig. 9) showed that the expression of
CaMKKS was very low in all skeletal muscle types, but higher
in the heart.

In Muscle Lysate, AMPK Phosphorylation Is Not
Increased by CaMKKJp Stimulation, but by STO-609
Itself

We assessed whether AMPK could be phosphorylated
through the Ca®*/CaM/CaMKK@ signaling pathway in mus-
cle lysate. This assay was tested with recombinant CaMKKS8,
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where CaCl, and CaM increased the amount of phosphoryl-
ated AMPK, and this was inhibited by STO-609, as expected
(see Supplemental Figs. S6 and S7). The assay was also tested
with brain lysate. In males, but not females, the addition of
CaCl, and CaM to stimulate CaMKK} led to a modest, but sig-
nificant increase in AMPK phosphorylation and this was
reduced by the addition of STO-609. However, the effect of
STO-609 was diminished by the fact that STO-609 alone
tended to increase the amount of phosphorylated AMPK (see
Supplemental Figs. S8 and S9).

We performed the same assay with lysate of different
muscles: gastrocnemius, soleus, and heart. EDL was not
included in this assay, as the muscles from one animal are
too small to provide enough homogenate for all conditions.
Furthermore, we assumed that the results from gastrocne-
mius were representative of the situation in glycolytic
muscles. Representative Western blots of p-AMPK are shown
in Fig. 10, and the summarized data are shown in Fig. 11. It is
important to note that the data from all three muscles show
the same overall pattern. In gastrocnemius, none of the
effects were significant, because of the large spread of the
data, but the trend is the same as in soleus and heart, and we
will describe the data overall. The addition of AMPKo2 K45R
to the lysate did not increase the amount of phosphorylated
AMPK. As a control, we added STO to lysate and AMPK and
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Figure 3. AMPK activation in extensor digitorum longus (EDL), gastrocne-
mius, heart, and soleus. AMPK is more activated in the oxidative heart and
soleus than in the glycolytic gastrocnemius and EDL. The AMPK activation
[phosphorylated AMP-activated protein kinase (AMPK)/total AMPK] in
each sample was normalized to that of the reference sample (mix of mus-
cle lysates, calculation specified in MATERIALS AND METHODS, Data Analysis).
A two-way Bayesian ANOVA tested the impact of sex, muscles, and sex x
muscles, and the results are shown in the gray box on the top /eft. The sig-
nificant impact of muscle was followed up by T tests between muscle
pairs, and these results are indicated with brackets. Significance notation:
*ANOVA, and 1T tests between muscles (including both subgroups Male
and Female). *** or ttBF > 100, extremely strong evidence. Each dot rep-
resents an average of at least two measurements for the same sample.
n = 6 for each sex subgroup and n = 12 for each muscle group.
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Figure 4. Representative picture of AMP-activated protein kinase (AMPK)o
1 expression in extensor digitorum longus (EDL), gastrocnemius (GAST),
heart, and soleus (SOL). RF is the reference sample (mix of muscle lysates).
40 pg of protein were loaded into each well. In these blots, there were
nonspecific bands. We analyzed the band between the 50 and 75 kDa
markers (shown with arrows), as AMPKa1 has a predicted weight of ~63
kDa. In Supplemental Fig. S1, we show the same picture with enhanced
contrast, where the analyzed bands are more visible. A: Western blot of
AMPKa1 in different tissues. B: total AMPK expression in the same sam-
ples. C: Ponceau staining of protein on the AMPKa1 blot.

were surprised to see that the addition of STO-609 increased
AMPK phosphorylation, but this only reached significance in
soleus and heart (in the latter only relative to lysate alone). A
similar trend was observed with brain lysate (Supplemental
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Muscle: ***
Sex*Muscle: NS
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Figure 5. AMP-activated protein kinase (AMPK)a1/total (T)-AMPK in exten-
sor digitorum longus (EDL), gastrocnemius, heart, and soleus. AMPKa1 is
more abundant in oxidative than glycolytic muscles. The AMPKa1 expres-
sion in each sample was normalized to that of the reference sample (mix
of muscle lysates, calculation specified in MATERIALS AND METHODS, Data
Analysis). A two-way Bayesian ANOVA tested the impact of sex, muscles,
and sex x muscles, and the results are shown in the gray box on the top
left. The significant impact of muscle was followed up by T tests between
muscle pairs, and these results are indicated with brackets. Significance
notation: *ANOVA, 1T tests between muscles (including both subgroups
Male and Female). 10 < BF < 30, strong evidence; *** or ttt BF > 100,
extremely strong evidence. Each dot represents a single measurement of
one sample. n = 6 for each sex subgroups and n = 12 for each muscle
groups.
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Figure 6. Representative picture of liver kinase B1(LKB1) expression in ex-
tensor digitorum longus (EDL), gastrocnemius (GAST), heart, and soleus
(SOL). RF is the reference sample (mix of muscle lysates). 20 ng of protein
were loaded into each well. We analyzed the band just above the 50 kDa
markers (shown with arrows), as LKB1 has a predicted weight of ~55 kDa.
In Supplemental Fig. S2, we show the same picture with enhanced con-
trast, where the analyzed bands are more visible. A: Western blot of
LKB1 in different tissues. B: Ponceau protein staining from the same blot.

Fig. S9). In contrast, the addition of CaM and CacCl, to stimu-
late the CaMKK activity had no significant effect on AMPK
phosphorylation relative to lysate alone or lysate and AMPK
(Fig. 12).

As intracellular signaling in many cases depends on the
colocalization of proteins involved in the signaling cascade,
we speculated whether keeping the muscle structure and the
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Figure 7. Liver kinase B1 (LKB1) expression in extensor digitorum longus
(EDL), gastrocnemius, heart, and soleus. LKB1 expression was higher in
muscles from female mice, and it was higher in the heart compared with
gastrocnemius. The LKB1 expression in each sample was normalized to
that of the reference sample (mix of muscle lysates, calculation specified
in MATERIALS AND METHODS, Data Analysis). A two-way Bayesian ANOVA
tested the impact of sex, muscles, and sex x muscles, and the results are
shown in the gray box on the top left. The significant impact of muscles
and sex was followed up by T tests between muscle pairs, and T tests
between males and females for each muscle, and these results are indi-
cated with brackets. Significance notation: *ANOVA, 1T tests between
muscles (including both subgroups Male and Female), and #T tests of sex
difference. t or #10 < BF < 30, strong evidence; **30 < BF < 100, very
strong evidence. Each dot represents an average of at least two measure-
ments for the same sample. n = 6 for each sex subgroups and n = 12 for
each muscle groups.
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Figure 8. Representative picture of calcium/calmodulin-dependent pro-
tein kinase kinase 2 (CaMKKp) expression in extensor digitorum longus
(EDL), gastrocnemius (GAST), heart, and soleus (SOL), with brain as a refer-
ence and positive control. 20 ng of protein were loaded for muscles sam-
ples and 10 pg for brain. CaMKKp was found just below 75 kDa (shown
with arrows) as in previous works (20, 47). A: Western blot of CaMKKf
expression in different tissues. B: Ponceau protein staining.

relative position of CaMKKfp to AMPK would affect the
results. To address that, we incubated intact soleus fibers
with caffeine to stimulate Ca2" release in the absence
and presence of STO-609 and assessed the AMPK phos-
phorylation (Supplemental Fig. S10). We did not observe
any effect of caffeine or STO-609 on AMPK phosphoryla-
tion.

Overall, our results suggest that CaMKKp did not phos-
phorylate AMPK in any of the muscle homogenates and
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Figure 9. Calcium/calmodulin-dependent protein kinase kinase 2
(CaMKKp) expression in extensor digitorum longus (EDL), gastrocnemius,
heart, and soleus. CaMKKp is poorly expressed in skeletal muscles com-
pared with heart. The CaMKKf expression in each sample was normalized
to that of the reference sample (brain lysate, calculation specified in
MATERIALS AND METHODS, Data Analysis). A two-way Bayesian ANOVA
tested the impact of sex, muscles, and sex x muscles, and the results
are shown in the gray box on the top left. The significant impact of mus-
cle was followed up by T tests between muscle pairs, and these results
are indicated with brackets. Significance notation: *ANOVA, T test
between muscles (including both subgroups Male and Female). *** or
ttt BF > 100, extremely strong evidence. Each dot represents a single
measurement for one sample. n = 6 for each sex subgroups and n =12
for each muscle groups.

AJP-Endocrinol Metab - doi:10.1152/ajpendo0.00261.2024 - www.ajpendo.org

A

A

A —

Heart|ssssssssssannssssnsnnunsnsansunsasnanunnnsnnnnunnnsanns

Lane 1
Lysate +
AMPK K45R -
STO-609 -
CaM+CaCly - - - +

N

+ +
+ + + W
+ + &

+ + + + 0

Figure 10. Phosphorylation of AMP-activated protein kinase (AMPK) in
lysate of different muscles (gastrocnemius, soleus, and heart). A: repre-
sentative Western blots of p-AMPK under the conditions shown below.
B: Ponceau staining.

therefore cannot explain the differential AMPK activation
in oxidative and glycolytic muscles (Figs. 1 and 3).

DISCUSSION

To the best of our knowledge, we show for the first time
that the basal level of AMPK activation is muscle dependent
and that a larger fraction of AMPK is phosphorylated in oxi-
dative compared with glycolytic muscles. In addition, we
confirmed that there is more AMPKu1 in oxidative compared
with glycolytic muscles. The AMPK activation did not corre-
late with the expression of LKB1 or CaMKKp. Our results
point to that in muscle tissue, the regulation of AMPK phos-
phorylation is more complex than depending merely on the
expression of the upstream kinases.

AMPK Activation Is Higher in Oxidative That in
Glycolytic Muscles

AMPXK, at the basal state, was much more activated in oxi-
dative (soleus and heart) compared with glycolytic muscles
(gastrocnemius and EDL; Fig. 3). This is consistent with its
role as a regulator of muscle phenotype. AMPK activation is
well known to induce changes in muscle phenotype toward
a more slow, oxidative profile. When AMPK is activated, it
phosphorylates peroxisome proliferator-activated receptor-y
coactivator-1o (PGC-1a), which is a transcription factor regu-
lating gene expression. The phosphorylation of PGC-1a is
necessary for many of the effects of AMPK activation, includ-
ing the upregulation of PGC-1a expression (32), which
increases the activity of oxidative enzymes and modifies
the myosin heavy chain (MHC) composition (53, 54). Studies
on AMPK knockout (KO) or knockdown models also high-
lighted its involvement in fiber-type transition from fast gly-
colytic toward a slow, oxidative phenotype (55-59). Inactivity,
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Figure 11. Phosphorylation of AMP-activated protein kinase (AMPK) under
different conditions in lysate of gastrocnemius (A), soleus (B), and heart
(C). Interestingly, AMPK phosphorylation was higher in the presence of 5
1M STO-609, but this effect only reached significance in soleus and heart
and not under all conditions. The phosphorylation of AMPK under each
condition was normalized to that of the lysate alone (calculation specified
in MATERIALS AND METHODS, Data Analysis). 110 < BF < 30, strong evidence;
+130 < BF < 100, very strong evidence; t+BF > 100, extremely strong evi-
dence. In total, 6—10 measurements were performed with muscle lysate
from n = 5 animals (1 male and 4 females), and each dot represents a sin-
gle measurement.
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on the contrary, as studied by muscle unloading, greatly
reduces electrical stimulation and ATP consumption (60).
Overall, unloading leads to dephosphorylation of AMPK and a
decrease in oxidative enzymes and PGC-1o expression in skele-
tal muscle (33-37). The greater AMPK activation in oxidative
muscles (Fig. 3) highlights that continuous AMPK activation
is needed to maintain the oxidative phenotype.

AMPK Activation Does Not Correlate with LKB1
Expression in Muscle Tissue

To elucidate the mechanism behind, we first measured
the expression of LKB1, which is the main upstream Ki-
nase responsible for AMPK phosphorylation (13). Works
carried out on LKB1-deficient mice show that disturbing
LKBI1 expression affects AMPK phosphorylation in all mus-
cle types (26, 58, 61, 62).

Although LKB1 was significantly more expressed in the
heart compared with gastrocnemius, there was no clear dif-
ference between the muscle types (oxidative vs. glycolytic)
(Fig. 7), in agreement with another study (63). Thus, when
comparing different muscle types, LKB1 expression did
not correlate with AMPK activation (compare Figs. 3 and 7;
Supplemental Fig. S3). This is different from the situation in
cultured cells. When comparing different cell lines, Woods et
al. (13) demonstrated a remarkable correlation between LKB1
and AMPK activity. Furthermore, in cultured adipocytes, the
influence of sex hormones on the LKB1 expression translated
into an effect on AMPK activation: dihydrotestosterone low-
ered the fraction of phosphorylated AMPK, and this effect
was reversed by estrogen (64, 65). In contrast, the present
results suggest that in muscle cells, the regulation of AMPK
activation by LKB1 is more complex.

It is interesting that the LKB1 expression was higher
in the muscles of female compared with male muscles
(Fig. 7). It has been shown in adipocytes that LKB1 mRNA
levels are increased by estrogen and decreased by testoster-
one and dihydrotestosterone (65). This effect is mediated by
the androgen receptor and estrogen receptor o (ERa) (65).
Androgen receptors are present in skeletal muscles (66), and
although one study suggested that ERB is the dominant ER
in skeletal muscles (67), other studies have demonstrated
that ERa is present in the nuclei of both mouse and human
skeletal muscles (68, 69). This could explain the present
results and suggest that sex hormones also influence LKB1
expression in muscle tissues (Fig. 7).

CaMKK@ Is Poorly Expressed in Skeletal Muscle and
Does Not Seem to Play Any Role in AMPK Activation in
Muscle Tissue

Another upstream kinase of AMPK is CaMKK, which is
activated by Ca?* and CaM. We speculated whether the
AMPK activation in heart and soleus could be due to their
tonic activity (42), leading to a chronic activation of the
Ca’*/CaM/CaMKKB/AMPK signaling pathway. As noted
earlier, the AMPKoal isoform seems to be more sensitive to
Ca?™ signaling (21), and we found a higher expression of
AMPKul in oxidative muscles (Fig. 5).

We assessed the CaMKKf expression in heart, soleus, gas-
trocnemius, and EDL using brain lysate as a positive control
and reference (Fig. 8). We observed CaMKKp expression in
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the heart, albeit at lower levels than in the brain (Fig. 8). This
is in contrast to some other studies showing that CaMKK is
not significantly expressed in rat and mouse heart (70, 71). In
the present study, the expression in the heart was higher
than in any of the skeletal muscles, where only faint bands
were detected (Figs. 8 and 9). The low CaMKKp expression in
skeletal muscles is in agreement with the literature (71).

To assess the function of CaMKKR, we conducted a CaMKKR
activity assay in which we assessed its phosphorylation of
recombinant AMPKa2 K45R, which is catalytically inactive
(45). This kinase activity assay worked with recombinant
CaMKKp (Supplemental Figs. S6 and S7), in agreement
with the works of others (20, 72), and in brain lysate, although
here, the effects were sex-dependent (Supplemental Figs. S8
and S9). In brain lysate, the addition of STO-609 alone also
increased AMPK phosphorylation. This could explain why, in
male brain lysates, STO-609 reduced, but did not abolish the
effect of Ca?>* and CaM (Supplemental Fig. S9).

In the skeletal muscle lysates, the addition of CaCl, and
CaM had no effect on AMPK phosphorylation (Figs. 10 and
11), suggesting that CaMKKSp is not responsible for the ba-
sal tissue-specific AMPK activation. This is in agreement
with the very low expression of CaMKK@ in soleus, gastro-
cnemius, and EDL (Figs. 8 and 9). The physiological im-
portance of CaMKKp as an activator of AMPK in skeletal
muscle is controversial. A few studies have found that
CaMKKQp can increase AMPK activity in skeletal muscle
(21, 22, 73), although these studies did not find a direct
effect on AMPK phosphorylation (in agreement with the
present results), but observed significant effects on AMPK
downstream targets such as acetyl-CoA carboxylase (ACC)
or glucose uptake. However, a recent study demonstrated
that contraction-induced AMPK phosphorylation and glu-
cose uptake are similar in EDL and soleus from wild-type
(WT) and CaMKKpB KO mice (24), and others have also
been skeptical about the role of CaMKKp in skeletal mus-
cle (74). This is in agreement with the present results.

The heart differed from the skeletal muscles in having a
greater expression of CaMKK (Figs. 8 and 9). However,
CaMKKQp expression in the heart is controversial. As noted
earlier, some have found only trace levels (70, 71). However,
others have shown clearly visible CAMKKf expression in the
heart and suggested that its phosphorylation of AMPK is im-
portant during cardiac ischemia and pressure overload (75,
76). CaMKKp is also the main activator of CaMKI and
CaMKIV (77), which are involved in cardiac hypertrophy
(78). Thus, CaMKKSp has the potential to play an important
role in the heart in stressful situations. Despite the higher
CaMKKB expression in the heart, our results from the ki-
nase activity assay suggested that CaMKKp neither phos-
phorylated AMPK in heart nor in skeletal muscles (Figs. 10
and 11).

STO-609 Moderately Increases Phosphorylated AMPK
in Tissue Lysates

The addition of STO-609 led to a moderate increase in
phosphorylated AMPK. This effect was only observed in the
tissue lysates (Fig. 11 and Supplemental Fig. S9) and not with
recombinant CaMKK@ (Supplemental Fig. S7). It was not sig-
nificant in brain or gastrocnemius lysates (Supplemental
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Fig. S9 and Fig. 11), and only under some conditions in sol-
eus and heart lysates (Fig. 11). At present, we are unable to
explain this. STO-609 is known to be a strong inhibitor of
CaMKKB (49), which is also confirmed by our experiments
(Supplemental Fig. S7). Although some works have high-
lighted its potency to inhibit other kinases (24, 79, 80), it is
unclear how STO-609 could lead to an increase in AMPK
phosphorylation.

Limitations of the Study

As the phosphorylation of AMPK by LKB1 depends on the
concentrations of AMP and ADP, we speculated whether
these varied between the muscles. We tried to measure the
concentrations of ATP, ADP, and AMP in heart, soleus, and
gastrocnemius muscles using perchloric acid extraction and
HPLC/MS, which is widely used for these kinds of measure-
ments (81-83). However, in our hands, there was a degrada-
tion of ATP even when extracting with high concentrations
of acid. This degradation manifested itself as unphysiologi-
cally high concentrations of ADP. In muscle, the overall
ATP and ADP concentrations are in the mM and pM range,
respectively. However, in our experiments, the peaks of ATP
and ADP were of similar magnitude (results not shown), indi-
cating that ATP was broken down to ADP, or reflected the
bound fraction of ADP that would not play a role in regulation
of AMPK in vivo. Furthermore, assuming the equilibrium of
adenylate Kinase, the concentration of AMP is estimated to be
10-100 times lower than that of ADP (84). Considering that
the samples are diluted upon perchloric acid extraction and
neutralization, the AMP concentrations would be below the
limit of quantification of the available equipment. Therefore,
we did not proceed with these experiments.

The literature on AMP and ADP concentrations in dif-
ferent muscles is inconclusive. Knowing the concentra-
tions of ATP, phosphocreatine, creatine, and pH from
NMR measurements and assuming equilibrium of the cre-
atine kinase reaction, the intracellular ADP concentration
has been estimated to be around 50 uM in the working
heart (85) and to increase from 20 uM at rest to peak at
~170 uM during high-intensity exercise in gastrocnemius
(86). However, these values are from separate studies.
Another study calculated the overall concentrations of
ADP and AMP from NMR and HPLC measurements and
found no difference between mouse soleus and EDL (87).

The overall concentrations of AMP and ADP in different
muscles may be inadequate to explain the muscle-specific
AMPK activation because muscle cells are highly compart-
mentalized. Energetic compartmentalization has been dem-
onstrated in cardiomyocytes, (88-92), and a recent study
also pointed to energetic compartmentalization near cyto-
solic adenylate kinase, the main generator of AMP (93). This
suggests that in some intracellular compartments, AMP and
ADP concentrations are significantly different from the over-
all concentrations. Recent works by others have also high-
lighted the compartmentalization of AMPK activation at
specific subcellular locations such as the mitochondria (94—
97). Thus, it is conceivable that some AMPK is associated
with compartments whose ADP and/or AMP concentrations
are different from the overall cytosolic levels. In this respect,
it is interesting that the higher AMPK activation coincides

E29

Downloaded from journals.physiology.org/journal/ajpendo (193.040.250.169) on August 18, 2025.



§)) HIGHER AMPK ACTIVATION IN OXIDATIVE THAN GLYCOLYTIC MUSCLE

with a larger fraction of the ol isoform in oxidative muscles
(Fig. 5). However, further studies are needed to address
whether the greater AMPK phosphorylation in oxidative
muscles is specific to isoforms and/or intracellular localization.

Conclusions

The present study demonstrates that AMPK is more acti-
vated in oxidative muscle (heart and soleus) compared with
glycolytic muscle (gastrocnemius and EDL), highlighting
that a high AMPK activity is required to maintain the oxida-
tive phenotype. Oxidative muscles also had a greater expres-
sion of the AMPK o1 isoform. In contrast to other cell types,
AMPK activation did not correlate with the expression of the
main AMPK upstream kinases, LKB1 and CaMKKp, in muscle
tissue. We hypothesize that the regulation of AMPK activa-
tion is more complex in muscle tissues because of their
highly compartmentalized intracellular environment.
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Abstract

Creatine kinase (CK) is considered a crucial energy transfer system in cardiac muscle. Some studies have suggested that
reduced CK energy transfer in the heart causes energy starvation, limits cardiac performance, and ultimately leads to heart fail-
ure. In agreement with this hypothesis, the hearts from creatine-deficient mice lacking arginine:glycine amidinotransferase (AGAT
KO) have been shown, in some experiments, to resemble failing hearts. However, it is unclear if AGAT KO induces changes in
cardiomyocyte substructure and Ca?t cycling that resemble heart failure, including impairment of sarcoplasmic reticulum (SR)
Ca®" release and reuptake. To investigate this, we assessed functional and structural aspects of ca’t handling in cardiomyo-
cytes from KO and WT littermates. We found minor, sex-dependent differences in the organization of transverse tubules and
ryanodine receptors (RyRs), no differences in the expression and relative phosphorylation of RyR and PLB, but higher S100A1
expression levels. AGAT KO cardiomyocytes exhibited larger and longer Ca?™" transients with the same decay rate as WT. Ca’*
spark frequency and SR Ca®" content were also increased in KO, while sodium-calcium exchanger activity was unchanged.
Thus, our results strongly suggest that SR Ca® " cycling is augmented in AGAT KO hearts. Although AGAT KO hearts also exhib-
ited increased AMPK activation, suggesting higher levels of AMP/ADP, this did not detectably impair sarcoendoplasmic reticulum
Ca® " -ATPase activity. In conclusion, the changes in AGAT KO cardiomyocytes are opposite to those in failing cardiomyocytes,
showing that lifelong absence of CK energy transfer does not lead to heart failure.

NEW & NOTEWORTHY Previous studies have suggested that reduced creatine kinase (CK) activity may lead to heart failure.
Here, we studied calcium handling in the hearts of creatine-deficient arginine-glycine amidino-transferase knockout (AGAT KO)
mice with lifelong inhibition of CK. In contrast to failing cardiomyocytes, AGAT KO cardiomyocytes exhibited larger calcium tran-
sients due to more readily firing RyR clusters releasing more calcium from the SR. Thus, lifelong creatine deficiency does not
lead to the phenotype observed in heart failure.

calcium dynamics; creatine kinase; energy transfer; excitation-contraction coupling; heart

INTRODUCTION

In the heart, excitation-contraction coupling (1) and
mechanical work cost energy in the form of ATP, mainly
generated by the mitochondria. Mitochondrial ATP genera-
tion is, among other factors, regulated by ADP feedback
from the ATPases. Thus, an energy circuit is formed, where
ATP diffuses from mitochondria to ATPases, and ADP dif-
fuses from ATPases back to mitochondria. In addition to
direct diffusion, the creatine kinase (CK) system can func-
tion as a spatial energy buffer, forming a parallel circuit to
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facilitate energy transfer between cellular ATPases and mito-
chondria. CK catalyzes the reversible reaction: ADP + phos-
phocreatine < ATP + creatine. It is mainly known as a
temporal energy buffer using phosphocreatine when ATP
demand exceeds its generation. In addition, a spatial energy
buffering component is suggested due to CK binding near
ATP generation and utilization sites (2-7).

The role of the CK system in muscle has been studied in
transgenic mouse models lacking either the muscle-specific
cytosolic and mitochondrial CK isoforms (CK KO) or one of
the enzymes involved in creatine synthesis or uptake (8).

Check for
updates
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Creatine is synthesized by arginine:glycine amidinotransfer-
ase (AGAT) in the liver and guanidinoacetate methyl trans-
ferase (GAMT) in the kidney, and is taken up by the muscle
tissue through the creatine transporter (CrT). Creatine defi-
ciency syndrome is a human disease (9, 10), and there are
transgenic knockout (KO) mouse models of both AGAT KO
(11), GAMT KO (12) and CrT KO (13).

Despite decades of research, the role of the CK system in
the heart is still controversial (14). In diseased hearts, the
outcome relates to the CK activity. In general, myocardial
infarction leads to diminished CK activity and less coupling
to mitochondrial respiration (15), and this may be one of the
reasons why failing hearts are energy starved (16-18).
Although ischemia-reperfusion (IR) injury is aggravated in
CK KO and GAMT KO mice that have lifelong inhibition of
the CK system (19, 20), overexpression of CK has a protective
effect (21-23). Taken together, we can conclude from these
studies that the CK system is a valuable energy buffer in crit-
ical situations. If CK is inhibited at the time of IR, the out-
come is aggravated, but if more CK is active at the time of IR,
the outcome is ameliorated. The effect of the CK depends
critically on the timing, as inhibition of the CK system after
IR does not aggravate the outcome. This was recently dem-
onstrated in a model of acute creatine deficiency, where
AGAT KO mice had received creatine supplementation until
1wk after the induction of myocardial infarction (24).

In healthy hearts, the role of the CK system is a different
story. Some decades ago, it was hypothesized that, as the
function of the CK system declines in heart failure, so can
long-term inhibition of the CK system lead to heart failure.
Indeed, initial studies on CK KO mice found significant
hypertrophy (25) and changes in mitochondrial organization
(26). However, in these earlier studies, CK KO mice on a
mixed S129/C57Bl6 background were compared with C57Bl16
mice. In contrast, when CK KO mice were backcrossed to a
pure C57Bl6 background, the CK KO and WT echocardio-
grams were similar, and there were no signs of hypertrophy
(27). Thus, the initial perception that CK KO cardiomyocytes
have a severely altered phenotype turned out to be incorrect.
Among the creatine-deficient mice, GAMT KO cardiomyo-
cytes have unaltered mitochondrial organization and ener-
getics (28, 29), and normal cardiac performance until 1 yr of
age (30). Only older GAMT KO (>18 mo) mice exhibit slightly
lower intrinsic heart rate and systolic developed pressure,
but their longevity is the same as that of WT mice (31). In
contrast, AGAT KO mice, which have a more severe pheno-
type in terms of body weight reduction and skeletal muscle
atrophy (32, 33), have been shown to exhibit characteristics
reminiscent of heart failure. Although the cardiac phenotype
is relatively mild, their left ventricular end systolic pressure
is lower, and the rates of contraction and relaxation are
slower (34), resembling heart failure.

If inhibition of the CK system does, in fact, promote heart
failure development, one might expect that cardiomyocyte
Ca?* homeostasis is also similar in these two conditions. A
study using whole cell patch clamp and fluorescence micros-
copy demonstrated that AGAT KO cardiomyocytes exhibit
reduced voltage-sensitive L-type Ca>* channel (LTCC) cur-
rent and lower sarcoendoplasmic reticulum Ca?* ATPase
(SERCA) activity (35). Reduction of SERCA activity is charac-
teristic of failing hearts with reduced ejection fraction
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(HFrEF), and, through contribution to altered Ca?>* handling
in HFYEF, promotes contractile dysfunction (36). SERCA
activity is lowered in HFrEF due to a decrease in SERCA
expression (37, 38) and increased inhibition by unphosphoryl-
ated phospholamban (PLB) (39-41). A resulting reduction in
sarcoplasmic reticulum (SR) content decreases the magnitude
of the Ca®* transient, while lowered SERCA activity addition-
ally slows the Ca®>* transient decline (42). Spark frequency is
also reduced in HEYEF and, similar to the overall Ca®>* tran-
sient, the sparks have a smaller amplitude and slower dynam-
ics (36). However, in HFrEF, Ca’?*-induced Ca’?* release
(CICR) is further reduced and desynchronized as LTCCs and
ryanodine receptors 2 (RyRs) in dyads are uncoupled due to
the reduction and disorganization of the transverse tubular
(t-tubular) network (43-45) and dispersion of RyR clusters
(46, 47). It is unknown if these alterations in HFYEF are linked
to inhibition of the CK system.

The aim of the present study was to assess whether AGAT
KO cardiomyocytes exhibit traits characteristic of cardiomyo-
cytes from failing hearts. In the previous study using patch
clamp, the pipette contained phosphocreatine, which could
have partially rescued energy transfer during the experi-
ments (35). Therefore, in the present study, we focused on
intact cardiomyocytes, expecting a more severe pheno-
type. We assessed overall Ca transients, Ca sparks, and the
organization of t-tubules and RyRs that are known to be criti-
cal modulators of the excitation-contraction coupling. In
addition, as the previous study showed no changes in LTCC
and SERCA expression, we assessed the expression and phos-
phorylation of RyR and PLB. In contrast to our expectations,
the AGAT KO cardiomyocytes exhibited larger Ca%™* transi-
ents and higher Ca?>* spark frequency than WT cardiomyo-
cytes. This could be due to a higher SR Ca?* content and/or
higher gain of CICR. Thus, we also recorded the SR Ca®>* con-
tent and the expression of SI00A1 and Bridging Integrator 1
(BIN1, also known as amphiphysin II), which are known mod-
ulators of CICR gain and dyadic space organization (48-50).

To comply with the 3Rs and reduce the number of experi-
mental animals, many of these experiments were performed
in parallel. To take into account the differences between
sexes in Ca®* handling (51-53), we studied male and female
mice as separate groups. The original dataset obtained in KO
animals is compared with the reference data from WT litter-
mates, which were presented earlier, describing sex differen-
ces in calcium handling in the heart (51).

METHODS

Animals

All animal procedures were carried out according to the
guidelines of Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes and
had been approved by the Project Authorisation Committee for
Animal Experiments in the Estonian Ministry of Rural Affairs.

For the experiments, arginine:glycine amidinotransferase
(AGAT) KO and WT littermates were used (11). The animals
were back-crossed for more than 10 generations with C57BL/
6J0laHsd (Envigo). They were bred and kept at our local ani-
mal facility with free access to water and food at an ambient
temperature of 22-23°C and a 12:12-h light-dark cycle. KO
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mice were separated from WT to prevent creatine ingestion
via coprophagia. Because the AGAT KO animals were skinny,
but active, they were housed in groups whenever possible,
given moistened food at the bottom of the cage, and had lon-
ger cages with a heating lamp at one end to allow for behav-
ioral thermoregulation. All animals were fed the same
creatine-free chow (V1534-000 R/M-H complete mainte-
nance diet for rats and mice; Ssniff Spezialdiaten GmbH,
Soest, Germany). As shown earlier (34), this housing and diet
arrangement led to the absence of cardiac creatine in KO
animals.

Genotyping
AGAT mice were genotyped as in Refs. 28, 29, and 35.
Cardiomyocyte Isolation

Mice were anaesthetized with a ketamine/dexmedetomi-
dine mixture (150 mg-kg™ and 0.5 mg-kg™, respectively)
and received an injection of 250 U of heparin to prevent
blood coagulation. When the toe-pinch reflex was absent,
the animal was euthanized by cervical dislocation. The heart
was immediately excised and transferred to ice-cold Krebs-
Henseleit buffer. Cardiomyocytes were isolated as in Refs.
28,29, and 35.

Determination of Cardiomyocyte Sizes

Bright-field images of the isolated cardiomyocytes were
taken using a Zeiss PrimoStar upright microscope with a Zeiss
Plan/ACROMAT x10/0.25 objective and equipped with an
AxioCam ERc5s camera connected to a computer running the
ZEN 3.4 Blue software (Zeiss, Inc). An image of a stage calibra-
tion slide with a length of 1 mm was used to determine the
pixel size. The images were imported into ImageJ, and the
length and width of 20 randomly selected cells from five ani-
mals from each group (5 female WT, 5 male WT, 5 female KO,
and 5 male KO) was determined using the line tool.

Detection and Analysis of Calcium Transients and
Sparks

Ca?™ sparks and transients were detected according to a
previously described protocol (54). Freshly isolated cardio-
myocytes were loaded in the presence of 5 uM fluo-4 AM
(Invitrogen, Carlsbad, CA) for 20 min in Tyrode solution
containing (in mM): 150 NacCl, 5.4 KCl, 0.33 NaH,POy4, 1
MgCl,, 1.13 CaCl,, 10 glucose, and 10 HEPES (pH was
adjusted to 7.4 with NaOH). After loading cells with the
Ca?"-sensitive dye, 100 uL of cell suspension was placed
in a measuring chamber RC-21BRFS (Warner Instruments,
Hamden), and 100 uL of Tyrode with or without 100 nM
ISO was added, corresponding to p-adrenergic stimulated
condition or control, respectively.

For experiments, rod-shaped cardiomyocytes with clear
striations that responded to each stimulation pulse were
chosen for imaging Ca®* transient and sparks. Before start-
ing linescan imaging, the cardiomyocyte was field-stimu-
lated for ~5 min at 21°C with square pulses (width 10 ms,
height 10 V) at 1 Hz using Stimulator C Type 224 (Harvard
Apparatus, Holliston, Massachusetts) connected to the imag-
ing chamber with platinum wires. After starting the acquisi-
tion, transients were recorded for 5-15 s, after which sparks
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were recorded for ~100 s. After each measurement, cells
were replaced with freshly loaded cells.

Confocal images were acquired using a Zeiss LSM510 Duo
confocal microscope with a x63 water-immersion objective
(1.2 NA). The signal was obtained via a single high-voltage
PMT using 8-bit mode; the pinhole was set to one Airy disk.
Fluo-4 was excited with a 488-nm Argon laser (0.8% of the
power), and after passing 488-nm dichroic, the fluorescence
was recorded through a long-pass 505-nm filter. Linescans
were performed unidirectionally, and xt images were made to
cover a line of ~70 um (512 pixels, 0.14 um pixel size) along
the cell, avoiding nuclei. In total, 70,000 lines 1.53 ms apart
were acquired. For background estimation, a single 2-D image
of each cell with the surrounding background was recorded
after linescans with the same imaging configuration.

Ca?* sparks were detected and analyzed using default
parameters with IOCBIO Sparks open-source software (54).
The background intensity from the separately recorded
image was determined using ImageJ. Ca®* transients were
analyzed by IOCBIO Kinetics open-source software after
manually marking each Ca?™" transient (55). In this analysis,
transient signal was fitted by splines, and transient proper-
ties, such as amplitude, duration at half-maximum, and
time-moments at which transient reached half-maximum
values were determined. Corresponding analysis modules
are incorporated into IOCBIO Kinetics and available.

For further statistical analysis of calcium sparks and tran-
sient amplitude, decay time, full width at half maximum
and full duration at half maximum were used.

Detection of Sarcoplasmic Reticulum Calcium Content

SR Ca’* content was determined using the same setup as
for calcium transients and sparks measurements. The cardi-
omyocytes in the chamber were perfused with different solu-
tions. After loading with 5 uM of Ca®*-sensitive fluo-4 AM,
the cell suspension was placed in a measuring chamber and
perfused with Tyrode solution (see composition in Detection
and Analysis of Calcium Transients and Sparks) with or with-
out 50 nM ISO.

Each cell was subjected to two protocols. First, calcium
transients were recorded for 45 s, after which the perfusion
was switched to Tyrode solution containing 10 mM caffeine
and Ca® ™ release from SR was recorded for ~30 s by record-
ing Ca® " -induced fluo-4 fluorescence signal. Next, the fluo-
rescence was calibrated by assessing the fluorescence
intensity of the fluo-4 in the absence of calcium (zero cal-
cium) and under calcium-saturated conditions (maximal cal-
cium). For calibrating zero calcium, each cell, after perfusion
with caffeine, was perfused for 120 s with Tyrode solution
with zero free calcium containing an additional 10 mM
EGTA and 10 uM calcimycin. Then, for calibrating maximal
calcium, the same cell was perfused with Tyrode solution
containing: 10 mM CacCl,, 10 pM calcimycin, 10 pM FCCP, 2
uM Thapsigargin, 2 uM oligomycin, and 55 pg/mL escin. In
addition, solutions with caffeine, zero and maximal calcium
contained 20 mM BDM.

Confocal images were acquired using Zeiss LSM 900 sys-
tem (Carl Zeiss) with a x63 water-immersion objective (1.2
NA). Fluo4 was excited with a 488-nm laser and the emission
in the range of 490-700 nm was collected by a gallium arse-
nide phosphide photomultiplier tube using 8-bit mode.
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Similarly to calcium transients and sparks measurements,
linescans were performed unidirectionally, and xt images
were made to cover a line of ~70 um (512 pixels, 0.83-um
pixel size) along the cell, avoiding nuclei. The background
estimation and analysis of the data were performed as in
Detection and Analysis of Calcium Transients and Sparks
(see above).

Dyssynchrony Index Calculation

The dyssynchrony index was calculated as in Ref. 51. In
short, xt scan images acquired for Ca?* transients and spark
determination (see above) were split into smaller sections
along the x-axis, 16 pixels per section. The signal in each sec-
tion was averaged and analyzed as Ca?™ transient above.
Time-moments at which local Ca?* transient reached half-
maximum at the beginning of the transient were found and
stored in the central database. Dyssynchrony index was cal-
culated as a logarithm of standard deviation of the time-
moments for each transient separately. Next, the dyssyn-
chrony index for an experiment was found as an average
index of all transients measured in the experiment, usually
5-1S.

Detecting t-Tubular Network

Freshly isolated cells were loaded with CellMask Green
Plasma Membrane Stain (Invitrogen, C37608) at 1:1,000
dilution in respiration solution containing (in mM): 110
sucrose, 60 K-lactobionic acid, 3 KH,PO,4, MgCl,, 20 HEPES,
20 taurine, 0.5 EGTA, and 0.5 dithiothreitol (pH was adjusted
to 7.1 with KOH). After incubation for 20 min at room temper-
ature and sedimentation of the cells, the supernatant was
removed and replaced with the fresh respiration solution.
Cell suspension (100-150 uL) was added into the chamber of
a flexiPERM micro 12 reusable silicone cell culture chamber
(Greiner Bio-One) attached to a coverslip. Imaging was per-
formed using either Zeiss LSM 510 Duo or Zeiss LSM 900 sys-
tem (Carl Zeiss) with a x63 water-immersion objective (1.2
NA). CellMask was excited with a 488-nm laser. In the case of
Zeiss LSM 900, the emission in the range of 495-700 nm was
collected by a gallium arsenide phosphide photomultiplier
tube using 16-bit mode. When Zeiss LSM 510 Duo was used,
emission was recorded through a 505-nm long-pass filter by a
high-voltage single photomultiplier tube using 12-bit mode.

The t-tubular network was detected and analyzed as in
Ref. 51. In short, the confocal microscopy images were ana-
lyzed using Ilastik (56) and custom postprocessing scripts.
All images were stored and processed using local OMERO
server (57). The analysis was performed in the following
stages. First, a neural network was trained in Ilastik to clas-
sify pixels belonging to the t-tubules or background. Care
was taken to mark as t-tubules only the pixels close to the
center of each t-tubule, thereby obtaining the thinnest possi-
ble representation of the t-tubular network. Second, in all
analyzed images, a region corresponding to the intracellular
space excluding nuclei and sarcolemma was marked in
OMERO. Third, with the training ready and intracellular
space marked in OMERO, we processed all images using the
custom script to detect t-tubules and store corresponding
skeleton in OMERO as a region of interest. For that, Ilastik
classification was loaded, and pixels classified as belonging
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to the t-tubule network were dilated by one pixel. After that,
connected regions were evaluated for size and regions
smaller than 16 pixels were excluded from further analysis.
Remaining regions were skeletonized. Skeleton was analyzed
to remove small edges (smaller than 5 pixels), with the
remaining skeleton saved as region of interest in OMERO.
These image manipulations were performed using packages
scikit-image (58) and sknw of ImagePy (59).

With t-tubules detected and stored in OMERO, we deter-
mined the overall t-tubule network length per intracellular
area. The network orientation was described by calculating
the overall length of all network segments in that orienta-
tion (within given range of angles, see results) per intracel-
lular area. To describe branching patterns of the network,
Minkowski-Bouligand fractal dimension was determined.

Developed scripts are released open-source and available
at https://gitlab.com/iocbio/ttubules.

Superresolution Imaging and Image Analysis

Fixed cardiomyocytes were placed on poly-L-lysine (Sigma
Aldrich, P8920)-coated coverslips (MatTek, P35G-0.170-14-
C) and left to sediment for 30 min. Next, the supernatant
was removed, and cells were permeabilized with the addi-
tion of 0.5% Triton X-100 in Dulbecco’s PBS (Biowhittaker,
No. 4387) for 10 min. After permeabilization, cells were
washed three times with PBS (5 min between each wash) and
blocked using Image-iT FX Signal Enhancer (Invitrogen,
136933) for 30 min at room temperature. Cells were immuno-
labeled with primary anti-RyR antibody (ThermoFisher
Scientific, MA3-916) at 1:100 dilution in a low blocking buffer
(2.5% normal goat serum in PBS) overnight at 4°C. The fol-
lowing day, cells were washed three times with PBS, after
which secondary antibody (goat anti-mouse IgG Alexa Fluor
Plus 647, Invitrogen, A32728) was added at 1:100 dilution in
the low blocking buffer and incubated at room temperature
for 1 h. Finally, cells were washed three times with PBS,
and imaging buffer containing 20% VectaShield (Vector
Laboratories, H-1000) diluted in TRIS-Glycerol (5% vol/vol
TRIS 1 M pH 8 in Glycerol, Sigma Aldrich) was added before
imaging. This composition has been previously shown to pro-
duce comparable, if not superior, quality dASTORM images
compared with conventional oxygen scavenging-dependent
systems (60).

Imaging was carried out using the Zeiss ELYRA/LSM 710
system (Carl Zeiss) equipped with a Zeiss o Plan-Apochromat
%63 1.46 NA objective (420780-9970-000, Carl Zeiss). A 642-
nm laser illumination at 300 W/mm? was used for excitation.
For 3-D imaging, the excitation beam was configured in a
highly inclined and laminated optical sheet (HiLo), utilizing
Phase Ramp Imaging Localization Microscopy (PRILM) tech-
nology (61). Emission >655 nm was collected with an iXon 897
back-thinned EMCCD camera (Andor Technology, Belfast),
where EMCCD gain was set to 100, the frame exposure time to
40 ms, and 15,000 frames were acquired per cell. Throughout
image acquisition, a piezo-operated Definite Focus system was
used to autocorrect for axial drift.

The “PALM Processing” module in the ZEN Black software
(Carl Zeiss) was used to reconstruct dASTORM data. In short,
an 11-pixel circular mask with a signal-to-background noise
ratio of 6 was used to detect the individual single-fluorophore
blinks. For mapping blinks to 3-D space, an experimental 3-D
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point spread function with an axial range of 4 um was
acquired using 100-nm fluorescent beads (Thermo Fisher
Scientific, T7279). The drift correction was performed using a
five-segment piece-wise linear function. Events from only the
central 600 nm of the 4-um stack were included for further
analysis to minimize the inclusion of clusters with larger
localization error (61). The x, y, and z coordinates of each
localization event were saved in a comma-separated value
format.

Custom Python scripts were used to estimate RyR cluster
and Ca’* release unit (CRU) size, count, and density per
imaging volume, the nearest neighbor distance between RyR
clusters, and rendering point data. Briefly, on the basis of the
point data, 3-D histogram was created with a bin size of 30
nm in the lateral and axial directions. The image was then
convolved with a Gaussian filter whose width corresponded
to single event lateral and axial precision values and thresh-
olded image using the thresholding Otsu method. This
resulted in a binary image where each voxel contained no
more than a single RyR. From the binary image, RyR clusters
were determined as areas where the non-zero pixels were
side-by-side. RyR clusters with edges localized within 100
nm were assigned to the same CRU (62).

Western Blot Analysis

PLB, pPLB Ser-16, pPLB Thr-17.

Ten micrograms (8 ug in case pPLB Thr-17) of protein was
preheated at 95°C for 5 min and loaded onto SDS-PAGE gels
(4% stacking gel, 15% separating gel), which were run at 60 V
for 35 min, followed by 120 V for 50-55 min in a Mini-
PROTEAN Tetra System using a PowerPac HC power supply
(Bio-Rad Laboratories). The separated proteins were trans-
ferred onto a 0.2-um PVDF membrane for 5 min following
Bio-Rad low MW protocol (2.5 A, up to 25 V) using a Trans-
Blot Turbo Transfer System (Bio-Rad Laboratories).

RyR, pRyR Ser-2808, pRyR Ser-2814.

Thirty micrograms (RyR and pRyR Ser-2808) or 50 ug (pRyR
Ser-2814) of protein was preheated at 37°C for 10 min (RyR
and pRyR Ser-2808) or 15 min (pRyR Ser-2814) and loaded
onto SDS-PAGE Mini-PROTEAN TGX precast gels (4-15%,
Bio-Rad Laboratories), which were run at 120 V for 1 h in a
Mini-PROTEAN Tetra System using a PowerPac HC power
supply (Bio-Rad Laboratories). The separated proteins were
transferred onto a 0.45-um PVDF membrane for 1 h on ice at
0.35A (RyR and pRyR Ser-2808) or using a Trans-Blot Turbo
Transfer System (Bio-Rad Laboratories) for 10 min following
Bio-Rad high MW protocol (1.3 A, up to 25 V; pRyR Ser-2814).

AMPK, pAMPK Thr-172, LKB1, S100A1, BIN1.

Twenty micrograms (AMPK, p-AMPK, and S100A1) or 30 ug
(BIN1) of protein was preheated at 90°C for 5 min and loaded
onto SDS-PAGE gels, which were run at 60 V for 40 min, fol-
lowed by 120 V for 60 min in a Mini-PROTEAN Tetra System
using a PowerPac HC power supply (Bio-Rad Laboratories).
All the gels had 4% stacking gel, and the resolving gels were
8% for BIN1, 12% for AMPK, p-AMPK, and LKB1, and 15% for
S100A1. The separated proteins were transferred using a
Trans-Blot Turbo Transfer System (Bio-Rad Laboratories).
For S100Al, the proteins were transferred onto a 0.2-um
nitrocellulose membrane for 5 min following the Bio-Rad
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low MW protocol (2.5 A, up to 25 V). For AMPK, p-AMPK,
LKB1, and BIN1, the proteins were transferred onto a 0.45-
um nitrocellulose membrane for 7 min following the Bio-Rad
mixed MW protocol (2.5 A, up to 25 V).

After transfer, the nitrocellulose membranes were
treated with 0.1% Ponceau solution to stain the proteins
and imaged in an Image Quant LAS 400 Imager for nor-
malization, before the Ponceau was washed off by three
washes in Tris-buffered saline with 0.1% Tween-20 (TBST)
containing various reagents. All membranes were blocked
for 1 h with 5% nonfat milk or 3% BSA (pRyR Ser-2814) and
then incubated with primary antibody in TBST containing
5% BSA or no BSA (pRyR Ser-2814) overnight at 4°C. The
next day, the membranes were incubated with secondary
antibody in 5% BSA or 3% BSA (pRyR Ser-2814) for 1 h at
room temperature. Between each step, the membranes
were washed three times for 7-10 min in TBST. After the
final wash, the antibodies were detected with the Bio-Rad
Clarity Western ECL substrate, imaged in an Image Quant
LAS 400 imager (GE Healthcare, Chicago, IL). The follow-
ing primary antibodies were used: AMPK (Cell Signaling
2532, RRID AB_330331, dilution 1:1,000), AMPK-phospho-
Thr172 (Cell Signaling 2535, RRID AB_331250, dilution
1:1,000), BIN1 (Santa Cruz sc-23918, RRID AB_667901, dilu-
tion 1:500), LKB1 (Cell Signaling 3047, RRID AB_2198327,
dilution 1:1,000), PLB (Abcam ab86930, RRID AB_1952347,
dilution 1:1,000,), PLB-phospho-Ser16 (Abcam ab15000,
RRID AB_301562, dilution 1:1,000), PLB-phospho-Thr17
(Badrilla A0O10-13AP, RRID AB_2617048, dilution 1:1,000),
RyR2 (Invitrogen PAS5-87416, RRID AB_2804131, dilution
1:2,000), RYR2-phospho-S2808 (Abcam ab59225, RRID
AB_946327, dilution 1:2,000), RYR2-phospho_S2814 (Badrilla
A010-31, RRID:AB_2617055, dilution 1:1,000), and S100A1
(GeneTex GTX11428, RRID: AB_372948, dilution 1:5,000). For
the Western blots on PVDF membranes, anti-GAPDH (Cell
Signaling Technology 2118, RRID AB_561053) was used to
assess the expression of GAPDH, a commonly used house-
keeping protein. When assessing PLB relative to GAPDH, the
anti-GAPDH dilution was 1:6,000, when asessing RyR and
PRyR Ser-2808 relative to GAPDH, the anti-GAPDH dilution
was 1:8,000, and when assessing pRyR Ser-2814 relative to
GAPDH, the anti-GAPDH dilution was 1:10,000. The second-
ary antibody was a horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (H + L, Jackson ImmunoResearch
Laboratories, Inc.), which was used at a dilution of 1:10,000
for detection of AMPK, p-AMPK, BIN1, LKB1, PLB, pPLB Ser-
16, pPLB Thr-17, and pRyR Ser-2814, 1:20,000 for detection of
RyR and pRyR Ser-2808, 1:50,000 for detection of SI00A1,
1:60,000 for detection of GAPDH relative to PLB, pPLB Ser-
16, pPLB Thr-17, 1:80,000 for detection of GAPDH relative to
RYR and pRyR Ser-2808, and 1:100,000 for detection of
GAPDH relative to pRyR Ser-2814.

Expression analysis.

Expression was analyzed as in Refs. 29 and 35, with the
exception that the staining intensity was quantified using
ImageJ or in IOCBIO Gel (63). In short, the samples were dis-
tributed in random order on a gel, with each gel having two
lanes allocated to the reference samples consisting of a mix
of all samples for normalization. Each sample was measured
at least two or three times in different gels. Before the
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measurements, dilutions of primary and secondary antibod-
ies were calibrated to ensure proportionality of the measure-
ment with the content of the protein of interest.

For the statistical analysis, the signal of the protein of
interest was normalized to protein content or GAPDH inten-
sity. For analysis of expression levels, all measurements
were taken into account while linking all repeated measure-
ments of each sample in the statistical software. When ana-
lyzing phosphorylated state relative to overall expression of
the protein, repeated measurements from each sample for
the overall and phosphorylated state expressions were aver-
aged before finding the ratio.

Statistics

If not stated otherwise, statistics are reported using means =
SE. For experiments repeated on several cells from the
same animal, we used linear mixed models to quantify the
impact of the fixed factors. The models were composed
with random intercepts. Where repeated measurements
from the same cell were analyzed, the random intercepts
were considered for nested random effects, taking into
account animal-cell relationship. To determine signifi-
cance of the fixed factor(s) and their interaction(s), we
composed models with and without the corresponding
factor or interaction, and P values were obtained by likeli-
hood ratio test of the full and simplified models.

In addition, ANOVA was used to study the effects of fac-
tors when marked in the text.

The impact is calculated as the corresponding P value and
indicates whether the factor is statistically significant (P
value is low) or not. These calculations take into account the
full dataset, not just two separate conditions. To reflect the
results of the statistical analysis of such datasets, as a nota-
tion, the results are shown under the analyzed data if there
were more than two factors considered in the figure. For
example, in Fig. 1, we considered the impacts of genotype
(WT vs. KO), sex (female vs. male), and solution (with and
without ISO). For those unfamiliar with the use of linear
mixed models for testing the significance of the factors, one
could consider them as an analysis of pooled data. Thus, sig-
nificance of the factor solution would correspond to the
pooled data with and without ISO being statistically signifi-
cantly different. Although not exactly the same, it gives a
perception of the analysis to the reader not used to this
approach.

Statistical analysis was performed in R (64) using Ime4 (65)
for linear mixed-model analysis. P < 0.05 was considered stat-
istically significant and is marked in bold in the figures.

Data was fetched from the central database using scripts
from IOCBIO Kinetics (55).

RESULTS

AGAT KO Mice Are Smaller than Their Wildtype
Littermates and Have Smaller Cardiomyocytes

The characteristics of the animals used in the study are
given in Table 1. Body weight, tibial length (TL), and heart
weight (HW) were affected by genotype and sex, with AGAT
KO and females being smaller than AGAT WT and males,
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respectively. These data agree with earlier observations (28,
29, 35).

When heart weights were normalized to body weight, it
was significantly higher in AGAT KO than in WT mice. This
finding has been reported previously and is attributed to the
severe skeletal muscle atrophy characteristic of AGAT KO
mice (29, 32). However, when heart weights were normalized
to tibial length, it was significantly higher in WT than in KO
mice and in males compared with females. A similar conclu-
sion was reached using dimensionally consistent indexing
with tibial length cubed (66), as shown in Table 1. To put the
reduction of heart weight in AGAT KO into perspective, the
knockouts had 17-18% lower normalized heart weight (HW/
TL?) compared with WT mice of the same sex, while the dif-
ference between male and female hearts was 10-12% within
each genotype. Thus, the reduction induced by creatine defi-
ciency was moderately larger than the sex-related differen-
ces observed within each genotype group.

The length and width of the isolated cardiomyocytes are
shown in Table 2. The cardiomyocytes from AGAT KO mice
were significantly smaller than the cardiomyocytes from WT
mice.

Based on these results, we conclude that cardiac atrophy
occurs in AGAT KO mice.

AGAT KO Cardiomyocytes Have Larger and Longer
Ca?" Transients than in WT

Cardiomyocytes from failing hearts (HFrEF) exhibit reduced
amplitude and slower relaxation of Ca?* transients (42). In
AGAT KO, we similarly observed smaller Ca*>* fluxes through
LTCC and SERCA in patch-clamped cardiomyocytes stimu-
lated with square pulses (33). However, the behavior of patch-
clamped cells is strongly dependent on the pipette solution,
and in that study, the solution contained phosphocreatine. To
address this potential confounding factor, we presently
assessed Ca transients in intact, field-stimulated AGAT KO car-
diomyocytes. The Ca®* transients were recorded by meas-
uring the fluorescence of the Ca? " -sensitive dye (FCa), Fluo-4.
The data were analyzed using linear mixed models (for details,
see MATERIALS AND METHODS, Statistics). Representative transi-
ents from AGAT KO and WT cells recorded in the presence of
isoprenaline (ISO), stimulating the B-adrenergic signaling cas-
cade, are shown in Fig. 1A.

According to our measurements (Fig. 1), the Ca’" tran-
sient amplitude was higher and the duration was longer in
AGAT KO in both the absence (Control) and presence of ISO
(Fig. 1, C and D). The larger Ca®>* transient amplitude in
AGAT KO was accompanied by a higher Ca?* rise rate
(Fig. 1E), but the transient decay rate was similar in AGAT
KO and WT (Fig. 1F). Thus, the longer Ca*>* transient dura-
tion was related to the higher Ca®>* transient amplitude and
not due to a slower rate of Ca®>* removal from the cytoplasm.
We did not find any statistically significant impact of sex in
these data.

When compared with control conditions, ISO led to larger
Ca®™" transients, with faster Kinetics with increases in both
the rates of Ca®* rise and decay (Fig. 1). Interestingly, ISO
increased the Ca?* transient amplitude more in AGAT KO
than in WT cardiomyocytes (P < 0.001 for interaction
between genotype and solution). This suggests that AGAT
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Figure 1. Larger Ca® " transient amplitude with prolonged duration in AGAT KO cardiomyocytes when compared with WT littermates. Ca® ™ concentra-
tion changes were visualized using Fluo-4 with its fluorescence FCa recorded by confocal line-scan along the cardiomyocytes. The figure key is on the
top left. The summary of statistical analysis by linear mixed models is depicted below the graphs and shows the significance of the factors by P value. A:
representative spatially averaged FCa changes recorded in AGAT KO and WT cardiomyocytes in the presence of ISO. Notice the larger amplitude and
prolonged transient in AGAT KO. B: scheme visualizing the determination of duration and rates of rise and decay for a transient. C: transient duration. D:
transient amplitude. E: transient rise rate. F: transient decay rate. All parameters were significantly affected by the solution, as in the presence of 50 nM
isoprenaline (ISO), the transients were shorter (C), but with higher amplitudes (D) and faster rates of rise (E) and decay (F). In AGAT KO compared
with WT cardiomyocytes, the transients were longer (C), with a higher amplitude (D) and faster rate of rise (E), but similar rate of decay (F). The num-
ber of animals and cells used in the experiments were as follows (reported in animals/cells notation): AGAT WT female (11/81), AGAT WT male (4/
29), AGAT KO female (7/49), and AGAT KO male (8/61). As the contribution of solution was significant for all analyzed measurements, the contribu-
tion of the genotype and sex was determined by including solution into the null model. AGAT, arginine:glycine amidinotransferase; FCa, fluores-
cence of the Ca® " -sensitive dye.

KO cardiomyocytes exhibit a stronger response to ISO than  in AGAT KO cardiomyocytes. Cardiomyocytes with synchro-
WT cardiomyocytes. nous and dyssynchronous Ca?* transients were found in all
the groups studied, and each animal would have cells with dif-
ferent characteristics (Supplemental Fig. S1A). Overall, B-adre-
nergic stimulation with ISO led to more synchronous Ca>*

As dyssynchrony of Ca?" transients has been reported in  transients (Supplemental Fig. S1B), but there was no difference
heart failure (44), we studied the synchronicity of Ca** release  between AGAT KO and WT (Supplemental Fig. S1B).

Similar Dyssynchrony of Ca®* Transients and Only
Modest Changes in the t-Tubular Network
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Table 1. Body weight, tibial length, and the heart weight of the animals in the different groups

Genotype Sex n  Age, days BW (n), g TL (n), cm HW (n), mg HW/BW (n) HW/TL (n), mg/cm  HW/TL® (n), mg/cm®
WT Female 24 250+8 25+0.5(24) 2.20+0.01(24) 1099 (6) 4.29+0.25(6) 49.8+3.8 (6) 10.4+0.7 (6)
Male 17 262+9 32+0.7(16) 2.24+0.01(17) 137+2(7) 4.26+0.15(6) 60.6+1(7) 1.8+£0.2(7)
KO Female 21 238+10 15+0.3(21) 2.07+£0.01(21) 79+4(5) 5.68+0.11(5) 37.7+1.8(5) 8.6+0.4 (5)
Male 22 240z8 17+0.3(22) 210+0.01(22) 89+4(7) 5.54+0.16(7) 42.4+17(7) 9.7+0.4(7)
Effect of genotype P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001
Effect of sex P < 0.001 P < 0.001 P = 0.001 P =0.002 P =0.013

Data presented as means = SD with n shown in brackets. BW, body weight; HW, heart weight; TL, tibial length.

Dyssynchrony of Ca®* transients in failing hearts is
related to a disruption of the t-tubular network and, in par-
ticular, to a loss of transversal t-tubules (43-45). Therefore,
we also assessed the t-tubular organization in AGAT KO and
WT cardiomyocytes (Fig. 2). We found moderate differences
between male AGAT KO and WT. In male AGAT KO cardio-
myocytes, the t-tubular network was shorter (Fig. 2B) and
with a reduced fractal dimension, a measure describing how
well the networKk fills the space (Fig. 2C). This could be attrib-
uted to a reduction in longitudinal t-tubules (Fig. 2D).
However, there were no differences in the transversal
t-tubules between AGAT KO and WT. This is in agreement
with the similar dyssynchrony indexes for AGAT KO and
WT, as the transversal t-tubules play a main role in the exci-
tation and Ca®* transients.

Ca?* Sparks Are More Frequent and Prolonged in
AGAT KO Cardiomyocytes

As we found that AGAT KO resulted in changes of Ca®*
transients that were opposite to the impact of heart failure
(Fig. 1), we looked into elementary Ca?* release events, Ca?*
sparks (67), shown in Fig. 3A. We detected sparks with differ-
ent amplitudes and plotted their frequency as a histogram
(Fig. 3B). When analyzing the data from WT mice separately,
we found that cardiomyocytes from female mice have a
higher spark frequency in the presence of ISO (51). When
analyzing the data from AGAT KO and WT together, we
found no significant sex differences, probably due to the
spread of the data. However, cardiomyocytes from AGAT KO
had significantly higher spark frequency than WT (effect of
genotype and its interaction with the amplitude; Fig. 3B). In
addition, the spark duration was longer in AGAT KO than in
WT (Fig. 3C), while the spark width was similar (Fig. 3D).

Spark pairs (example shown in the top half of Fig. 3A) can
be used to analyze SR refilling by following the ratio between
amplitudes of the second and first spark in a pair as a function
of spark-to-spark delay time (68), as shown in Supplemental
Fig. S2. However, the number of spark pairs in the AGAT WT
group was too small to perform this analysis with high

precision, and we found no difference between AGAT KO and
WT (F test, nested models comparison).

Interestingly, despite the significantly higher spark fre-
quency in AGAT KO cardiomyocytes, their probability of
exhibiting calcium waves after pacing was the same as in WT
(results not shown).

SR Ca?" Content is Larger in AGAT KO than in WT

As we observed higher Ca?* transient amplitude and
Ca?™" spark frequency in AGAT KO, we performed a sepa-
rate set of experiments to estimate SR Ca?* content. For
that, we recorded the Ca®>* released from the SR by caf-
feine application (Fig. 4). We used the peak Ca2* concen-
tration change (ACa? ™) in the cell as a measure of SR load
(see MATERIALS AND METHODS for details). As shown in
Fig. 4B, when taking KO and WT together, the presence of
ISO increased SR Ca?* content (effect of solution), and
female cardiomyocytes responded more to ISO than males
(effect of interaction between sex and solution). In line
with the observed differences in Ca?* transients (Fig. 1)
and spark frequencies (Fig. 3), we observed a significant
effect of genotype in the statistical analysis, demonstrat-
ing that the SR Ca?" content is higher in AGAT KO
cardiomyocytes.

During caffeine application, the Ca®* released from the
SR is extruded from the cell by the NCX. Therefore, we esti-
mated the NCX activity as the rate with which the intracellu-
lar Ca®* concentration declined after the peak (ACa?* decay
rate). We found no differences between AGAT KO and WT
cardiomyocytes (Fig. 4C), suggesting that their NCX activity
was similar.

The Spatial Arrangement of RyRs is Mainly Altered in
Female WT but Not AGAT KO Cardiomyocytes

The Ca?* spark frequency can be affected by the organiza-
tion of RyRs. Although a higher Ca®>* spark frequency is fre-
quently associated with larger clusters of RyRs (69), the lower
spark frequency often observed in heart failure is accompanied
by the dispersion of RyR clusters (46, 47). Therefore, we

Table 2. Length and width of cardiomyocytes from male and female AGAT KO and WT mice

Genotype Sex n Cardiomyocyte Length, pm Cardiomyocyte Width, pm Width/Length, %
WT Female 5 120.4+3.7 25.5+0.5 22.0+0.6
Male 5 129.6+5.2 27.4+0.7 22.2+10
KO Female 5 109.7+1.6 20.4+0.6 19.4+0.5
Male 5 107.3+2.9 23.7+13 23.2+17
Effect of genotype P < 0.001 P < 0.001
Effect of sex P <0.01

Data presented as means * SD.
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Figure 2. Male AGAT KO mice have fewer longitudinal t-tubules. The sarcolemma of live cardiomyocytes from AGAT KO and WT littermates was labeled
with CellMask and imaged in a confocal microscope. Figure key is above B. A: representative images of the t-tubules (top) in cardiomyocytes isolated
from male KO and WT mice. The automatic detection of the network in the small section of the image (section shown by white box 20 x 7 um on the
image in the top) is demonstrated at the bottom. The orientation of t-tubules was divided into five groups from 0°~90° and indicated in color, as shown
on the right, with 0°-90° corresponding to the transversal and longitudinal orientation, respectively. B: the overall length of the t-tubules was signifi-
cantly lower in male AGAT KO than in male WT littermates. There were no statistically significant sex differences. C: the fractal dimension of the t-tubules,
a measure of the space-filling capacity, was significantly lower in AGAT KO males. D: the overall length of differently oriented segments of t-tubules
clearly shows the reduction of longitudinally oriented t-tubules in male AGAT KO compared with male WT littermates. This difference was not observed
in female AGAT KO and WT. The number of animals and cells used in the experiments were as follows (reported in animals/cells notation): AGAT WT
female (5/47), AGAT WT male (5/53), AGAT KO female (5/54), and AGAT KO male (5/60). 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 (C and D). For contribution of genotype, females WT and KO were compared and similar comparison was done for
males (B, C, and D). In the figure, P value is shown only if smaller than 0.15. AGAT, arginine:glycine amidinotransferase.

studied the RyR distribution in cardiomyocytes using ASTORM When analyzing the data from WT mice separately, we
super-resolution imaging. Representative images of RyRs from  found that the higher spark frequency correlated with fewer,
female AGAT KO and WT are shown in Fig. 5A with 3-D rota- but larger, RyR clusters in female cardiomyocytes (49). In
tion of the region shown in Supplemental Video S1. WT mice, female cardiomyocytes had 25% more RyRs in a
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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,
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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
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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
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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
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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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