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Abstract

Purpose The effect of AMP deamination (AD) on the skeletal muscle bioenergetic system in constant-power exercise to
exhaustion of different durations/intensities is studied.

Methods A computer model of the skeletal muscle bioenergetic system, involving the each-step-activation mechanism of
system activation during work transitions and P; double-threshold mechanism of muscle fatigue, is used.

Results The effect of AD on the system is stronger and more beneficial in extremely intense exercise (EIE) than in very
intense exercise (VIE) and intense exercise (IE). Namely, in IE, AD accelerates P; increase, shortens very significantly the
time to exhaustion, slightly enhances the ATP/ADP decrease (harmful effects), does not affect significantly AMP and pH,
and attenuates ADP increase (beneficial effect). In VIE and EIE, AD accelerates P; increase and moderately shortens the
duration of exercise (harmful effects), significantly attenuates the ATP/ADP and pH decrease (beneficial effects), and very
significantly lowers the ADP and AMP increase (strong beneficial effects). Generally, the more intense the exercise, the
greater are the beneficial effects and the smaller are the harmful effects. AD prevents significant cytosol acidification dur-
ing muscle recovery after exercise. The slow AMP and total adenine nucleotide pool (especially ATP) resynthesis during
recovery accelerates ADP and pH, and delays P, return to the resting value.

Conclusion The main advantageous physiological role of AMP deamination is attenuation of the harmful effects of the AMP,
ADP, and H* increase during and after very intense exercises.

Keywords ATP decrease - Adenine nucleotide pool - Intense exercise - Work transition - Bioenergetic system - Computer
model

Abbreviations P H,PO4~; Pi_, critical P;, above which the
Aot Total adenine nucleotide pool additional ATP usage, underlying the VO, and
AD AMP deamination metabolite slow component, appears

AD- AD absent Pipear Peak P; at which exercise is terminated

AD+, AD present because of fatigue

ADD AMP deaminase deficiency PP, Pyrophosphate

EIE Extremely intense exercise

IE Intense exercise

VIE Very intense exercise Introduction

ESA Each-step activation

OXPHOS Oxidative phosphorylation The enzyme AMP deaminase (EC 3.5.4.6) catalyzes the
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monophosphate (AMP) to inosine monophosphate (IMP)
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Together with the reaction catalyzed by adenylate kinase
(EC 2.7.4.3) of very quick and reversible conversion of
two adenine diphosphate (ADP) molecules to one adenine
triphosphate (ATP) molecule and one AMP molecule:

2 ADP = ATP + AMP,

they lead during skeletal muscle work to a
decrease in the total free adenine nucleotide pool
(A, =ATP+ ADP + AMP), especially in ATP that consti-
tutes the main component of this pool. The extent of AD-
related ATP decrease can be very different, from < 10%
to>50%, depending on exercise type and intensity, muscle/
fiber type (oxidative vs. glycolytic), type of muscle stimula-
tion (cortical vs. electrical), muscle perfusion type (natural
vs. external), oxygen availability, training status, and other
factors (Meyer and Terjung 1979; Meyer et al. 1980; Sabina
et al. 1984; Dudley and Terjung 1985; Katz et al. 1986;
Sahlin and Bloberg 1990; Harris et al. 1991; Soderlund and
Hultman 1991; Hellsten et al. 1999; Parolin et al. 1999; Tull-
son et al. 1995; Zhao et al. 2000; Norman et al. 2001; Han-
cock et al. 2006a; Sundberg et al. 2019; Smith et al. 2024).

AMP deamination takes place in some cases during skel-
etal muscle exercise and is particularly intense in strong
energy crisis related to high ADP and AMP increase during
high muscle work and/or in hypoxia (see e.g., Hancock et
al. 2006a for discussion). The physiological role of AD is
still not fully understood. Several potential benefits have
been proposed (see Zoladz et al. 2025 for recent discus-
sion): attenuation of the decrease in the ATP/ADP ratio and
decrease in the phosphorylation potential AGp during mus-
cle exercise (Sahlin and Broberg 1990; Tullson and Terjung
1991; Smith et al. 2024), prevention of an excessive ADP
and/or AMP accumulation (Sahlin et al. 1992; Hellsten
et al. 1999; Hancock et al. 2006a), delay in muscle acidifi-
cation (Korzeniewski 2006), and increase in the muscle H*
buffering capacity by the produced NH; (Hochachka and
Mommsen 1983). Of course, the last mechanism also leads
to a delay in muscle acidification. However, the direct mech-
anism (Korzeniewski 2006) and the NH;-mediated mecha-
nism (Hochachka and Mommsen 1983) do not exclude each
other and can act in parallel.

AMP and A, (and thus ATP) are resynthesized very
slowly during recovery after exercise: this process lasts
from minutes to tens of minutes (Taylor et al. 1986; Zhao
et al. 2000; Smith et al. 2024) and occurs through reactions
catalyzed by adenylosuccinate synthetase (EC 6.3.4.4) and
adenylosuccinate lyase (EC 4.3.2.2). The reason for the slow
rate of this process also remains unknown.

The previous article devoted to AMP deamination by
the author (Korzeniewski 2006) led to the conclusion that a
major benefit of this process is attenuation of cytosol acidi-
fication during exercise. However, while this conclusion can
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still remain valid, that study used an earlier version of the
computer model of the skeletal muscle bioenergetic system
that lacked the fatigue component, that is, the P; double-
threshold mechanism that allows to simulate the exercise
duration in constant-power exercise, which was impossi-
ble in the previous model version. That version also lacked
additional ATP usage underlying the VO, and metabolite
slow component and contained an older version of the
kinetic description of glycolysis and some other minor ele-
ments. Additionally, the previous article only dealt with a
relatively long and not very intense exercise lasting 4 min.
Therefore, the theoretical results and conclusions obtained
in Korzeniewski (2006) should be significantly updated and
extended, especially in the context of muscle fatigue and
very short/intense exercises. Indeed, the predictions of the
two studies differ quite significantly: while the main effect of
AMP deamination in the previous article was an attenuation
of cytosol acidification, in the present article the main effect
is a delay in ADP and AMP increase, while the delay in H*
increase is a secondary effect (see below).

Overall, it seems that the extent of AMP deamination,
expressed as a relative ATP decrease during exercise, tends
to be larger in more intense exercises to the limit of tol-
erance, in fast-twitch fibers/glycolytic muscles, sedentary/
untrained subjects, and generally in conditions of muscle
stress and severe energetic crisis (highly elevated ADP and
AMP), for instance very high work, hypoxia/anoxia, and/
or electrical stimulation of externally perfused muscles
(Meyer and Terjung 1979; Meyer et al. 1980; Sabina et al.
1984; Dudley and Terjung 1985; Katz et al. 1986; Sahlin and
Bloberg 1990; Harris et al. 1991; Soderlund and Hultman
1991; Hellsten et al. 1999; Parolin et al. 1999; Tullson et al.
1995; Zhao et al. 2000; Norman et al. 2001; Hancock et al.
2006a; Sundberg et al. 2019; Smith et al. 2024). Neverthe-
less, the effects of AMP deamination on the skeletal muscle
bioenergetic system in exercises of different intensities (or,
more generally, various magnitudes of bioenergetic stress)
have not been compared in a single study using the same
group of individuals (it is not possible to have the same indi-
viduals with (different intensities of) and without AD) or the
same model.

This in silico study is intended to compare the effects
of AMP deamination in three constant-power exercises to
exhaustion of different durations and intensities: intense
exercise (IE), very intense exercise (VIE), and extremely
intense exercise (EIE) lasting 4 min, 30 s, and 10 s in the
presence of increasing rates of AD (AD+) (and longer in the
absence of AD (AD-)), respectively, on system variables
(especially metabolite levels) and to estimate the beneficial
(improvement of muscle performance, health, and condition)
and harmful (worsening of muscle performance, health, and
condition) consequences of this phenomenon in each case.
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The second aim is to test the effect of the very slow AMP
and the total adenine nucleotide pool (chiefly ATP) resyn-
thesis during muscle recovery after exercise on the system
variables. It is hypothesized that the beneficial and harmful
effects will be different in exercises of different durations/
intensities, with the beneficial effects being strongest and
harmful effects weakest in the shortest/most intense exer-
cises. It is supposed that the most beneficial result of AMP
deamination is an attenuation of the ADP, AMP, and H*
increase. It is expected that AMP deamination accelerates P,
increase and thus muscle fatigue (shortens exercise duration
to the limit of tolerance) as a consequence of an attenua-
tion of ADP increase (see below, Theoretical results). It is
hypothesized that the slow AMP resynthesis and thus total
adenine nucleotide pool (especially ATP) recovery after ter-
mination of exercise accelerate the return of ADP and H* to
the resting values and thus hasten the myocyte repair after
bioenergetics stress-generated damage (as proposed previ-
ously for the PCr recovery overshoot, Korzeniewski 2003).
Generally, the present study is intended to determine the
role of AMP deamination in the skeletal muscle bioenergetic
system during and after intense exercise.

Theoretical procedures
Ethical approval

This is a purely a theoretical study that did not involve any
experiments on humans or animals.

Computer model

A dynamic computer model of the skeletal muscle bioen-
ergetic system (Korzeniewski 1998, 2019; Korzeniewski
and Zoladz 2001; Korzeniewski and Liguzinski 2004;
Korzeniewski and Rossiter 2015, 2020) was used in the
present study. The model comprises the ATP usage block
(actomyosin-ATPase, Ca®*-ATPase, resting ATP usage),
particular OXPHOS complexes, NADH supply block
(TCA: tricarboxylic acid cycle, fatty acid p-oxidation, MAS:
malate/aspartate shuttle), glycolysis block, creatine kinase,
adenylate kinase, proton leak through the inner mitochon-
drial membrane, and proton efflux/influx through the cellular
membrane.

The model involves the each-step-activation (ESA) mech-
anism of the activation of the system during work transi-
tions (Korzeniewski 1998, 2003, 2007, 2017; Korzeniewski
and Rossiter 2015). According to this mechanism, not only
ATP usage is activated by cytosolic Ca>* ions, but also all
steps of the ATP supply system taken into account explicitly
within the model, namely all OXPHOS complexes (complex
I, complex III, complex IV, ATP synthase, ATP/ADP carrier,

P, carrier), NADH supply system and (anaerobic) glycolysis
are directly activated by some cellular mechanism, likely to
involve cytosolic and mitochondrial Ca®* ions and protein
(de)phosphorylation, during rest-to-work or low-to-high-
work transition in skeletal muscle, heart, neural tissue, liver
and perhaps other.

The model also involves the P; double-threshold mecha-
nism of muscle fatigue (Korzeniewski and Rossiter 2020).
This mechanism is based on three assumptions: (i) the addi-
tional ATP usage, underlying the VO, and metabolites slow
component, is initiated when P; exceeds the critical concen-
tration Pi_;; (ii) exercise is terminated because of fatigue
(exhaustion, reaching the limit of tolerance) when P, reaches
the peak level Pi,;; (iii) the P; increase and additional ATP
usage increase stimulate each other, forming a positive feed-
back. The P; double-threshold mechanism received recently
strong experimental support (Hureau et al. 2022). This
mechanism was preceded by the “fatigue-factor-F-double-
threshold” mechanism based on a similar logic, where F rep-
resented a group of fatigue-related metabolites (ADP, AMP,
IMP, NH;, P;) (Korzeniewski and Zoladz 2003).

The model has been extensively tested by compari-
son with a wide range of experimental data and is able to
account for and explain numerous properties of the skeletal
muscle bioenergetic system (see Korzeniewski 2017 for a
relatively recent review of earlier studies, and Korzeniewski
2019, 2021, 2022, 2023a, b, 2024; Korzeniewski and Ros-
siter 2020, 2021, 2022). The complete model description
is given in Korzeniewski (2019), still without complete P;
double-threshold mechanism, and located on the website:
http://bernardkorzeniewski.pl.

Computer simulations

The simulation of the rest-to-work transition in constant-
power exercise to the limit of tolerance was initiated by
an instantaneous increase of the ATP usage activity (rate
constant Ayp) from 1 (scaled rest value) to a desired
active value. Three active Ayp values of 77 (intense
exercise, IE), 130 (very intense exercise, VIE), and 245
(extremely intense exercise, VIE) were adjusted to obtain
the duration of exercise to exhaustion of 4 min, 30 s, and
10 s in the presence of AMP deamination (AD +) with the
rate of 0.33. 5.0 and 20.0 mM min~!, respectively. This
meant that during exercise, the ATP usage activity was
77, 130, and 245 times greater than that at rest. One Ay
unit corresponds to about 3 W during whole-body exer-
cise (about 2—4 W depending on the working muscle mass
and exercise type). These values were adjusted to obtain
the relative decrease in ATP during exercise and exercise
duration to exhaustion, characteristic for experimental
data or reflect extremely intense/stress-generating exer-
cise (Meyer and Terjung 1979; Meyer et al. 1980; Sabina
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«Fig. 1 Simulated time courses of selected fluxes and metabolite con-
centrations during constant-power intense exercise (IE) to the limit of
tolerance with ATP usage activity Ayr=77 and no AMP deamina-
tion (vyp=0 mM min~!). vUT ATP usage flux, vOX ATP supply by
OXPHOS (+aerobic glycolysis) flux; vGL ATP supply by anaerobic
glycolysis flux; vCK ATP supply by creatine kinase (CK) flux

et al. 1984; Dudley and Terjung 1985; Katz et al. 1986;
Sahlin and Bloberg 1990; Harris et al. 1991; Soderlund
and Hultman 1991; Hellsten et al. 1999; Parolin et al.
1999; Tullson et al. 1995; Zhao et al. 2000; Norman et al.
2001; Hancock et al. 2006a; Sundberg et al. 2019; Smith
et al. 2024).

At the same time, OXPHOS complexes, NADH supply,
and glycolysis were directly activated (their rates were
increased) in parallel with ATP usage with some delay
(the ESA mechanism of the system activation during work
transitions) (Korzeniewski 1998, 2017; Korzeniewski and
Rossiter 2015). Analogous simulations were carried out
for the same parameter values in the absence of AD.

The rate of AMP deamination was approximated by a
very simple equation, as in Korzeniewski (2006):

VvAD = c, ey

which means that a constant rate of AD during exercise was
assumed. This simple kinetics was completely sufficient, as
the topic of the present study is not the regulation of AMP
deaminase, but the effect of AMP deamination on the system
properties. The near-linear decrease in ATP with a short
lag in the initial stage of exercise (Hellsten et al. 1999)
confirms that this is a reasonably good approximation. ¢
equaled O in the absence of AD (AD—-) and 0.33, 5.0, and
20.0 mM min~"' for IE, VIE, and EIE in the presence of AD
(AD+), respectively.

Summing up, three types of exercise were simulated:
1. intense exercise (IE): Ayp =77, vop=0 (AD-) or
0.33 mM min~! (AD+); 2. very intense exercise (VIE):
Ayrp= 130, vop=0 (AD-) or 5.0 mM min~! (AD+); and
3. extremely intense exercise (EIE): Ayp =245, vop=0
(AD-) or 20.0 mM min~' (AD+).

Exercise was terminated because of fatigue at the
moment P; reached Pipeak (=25 mM) (severe or very
heavy exercise intensity domain). In the first set of simu-
lations of IE, VIE, and EIE for AD— and AD+, simu-
lations were terminated at this point. In the second set
of simulations, concerning only VIE (as an illustration),
also muscle recovery was simulated after the termination
of exercise. The rate of AMP resynthesis ¢ was either 0
(AD-) or equaled — 0.2 mM min~' (AD+, slow AMP
resynthesis) or — 5.0 mM min~! (AD+, fast AMP resyn-
thesis). The resynthesis was instantaneously switched off
the moment ATP recovered to the initial (resting) value.

Theoretical results

AD— and AD+in IE (Ayr=77) differ in several important
aspects. This is demonstrated in Figs. 1 and 2 and Table 1.
While the figures show the variable time courses to the
termination of exercise for AD— and AD+, Table 1 shows
the variables values after the time of the termination of
exercise in AD+IE (4 min) both in AD— and AD+ to
enable a direct comparison. Therefore, the end values are
the same in the figures and the table for AD+, but not for
AD-. In fact, AD— IE is actually terminated after as long
as 23.3 min (Fig. 1). This is a huge, almost sixfold differ-
ence compared to 4 min in AD+IE. This is caused by a
much faster reaching of Pi,, by P; in AD+than AD- IE
— the exercise duration is very sensitive to the attenua-
tion/acceleration of P; increase, as in this duration region
P; rises relatively slowly (shallow increase slope) and a
small acceleration/delay in the P; increase can affect very
significantly the time when it reaches Pi,,,. AMP deami-
nation causes the acceleration of P; increase through the
attenuation of ADP increase (see below). Both ADP and
P; are activators of OXPHOS, so if ADP decreases then
P, must increase to keep ATP supply unchanged and thus
match ATP usage. Of course, at the end of exercise, in both
cases P; reaches the Pi, value=25 mM. However, after
4 min in AD— exercise P; equals 22.5 mM (Table 1), while
in AD +exercise P;=Pi, ., =25 mM. Also H,PO4~ (P;")
rises more slowly in AD— than AD+ (Fig. 1 vs. Figure 2).

After 4 min of AD+ IE, ATP drops by 23%, mostly due
to AMP deamination (Fig. 2, Table 1), while in AD- IE,
ATP decreases by only 2% after 4 min (3% at the end) of
exercise, due to the hydrolysis of ATP to ADP (and AMP)
(Fig. 1, Table 1). AMP deamination somewhat attenu-
ates the ADP increase and does not affect significantly
H™ increase after 4 min of exercise, although at the end
of AD- IE (23.3 min) ADP and H™ rise to much higher
values than in AD+ exercise (Fig. 2 vs. Fig. 1, Table 1).
The ATP/ADP ratio after 4 min of exercise is slightly
lower in AD+ than in AD- IE (Table 1). The AMP level
increases to a similar value in both cases after 4 min of
exercise, although at the end of exercise AMP is over twice
higher in AD- IE than in AD+IE (Fig. 1 vs. Fig. 2). In
both AD— and AD+IE, the additional ATP usage begins
(P; exceeds Pi_;) after 1 min of exercise or slightly later.
Creatine kinase (CK) is the main ATP supplier during
first 15 s of exercise, while later ATP synthesis is taken
over by OXPHOS, with a small contribution of anaerobic
glycolysis.

The differences between AD— and AD + become greater
in VIE (Ayr=130). The duration of exercise to the limit
of tolerance is here only moderately longer in AD —than
in AD+:50.4 s vs. 30 s (Fig. 3 and Fig. 4, Table 1). This
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«Fig. 2 Simulated time courses of selected fluxes and metabolite con-
centrations during constant-power intense exercise (IE) to the limit of
tolerance with ATP usage activity Ayr=77 and AMP deamination
rate v,p=0.33 mM min~!. vUT ATP usage flux, vOX ATP supply by
OXPHOS (+aerobic glycolysis) flux; vGL ATP supply by anaerobic
glycolysis flux; vCK ATP supply by creatine kinase (CK) flux

is again caused by an accelerated P; increase in AD+,
but because in this duration region P; rises more quickly
(more steep increase slope), the relative difference in the
time to reach Pip,, is lower. In AD+ VIE, ATP decreases
by 40%, and in AD— by 2% after 30 s (and by 4% at the
end) of exercise. The increase in ADP during exercise is
almost twice greater in AD— VIE than in AD VIE after
30 s of exercise and over three times greater at the end of
AD- VIE (Figs. 3 and 4 and Table 1). The rise in AMP in
AD- VIE after 30 s of exercise is over three times higher,
and at the end of AD- VIE about eight times higher, than
at the end (30 s) of AD+ VIE. Unlike in IE, the ATP/ADP
ratio is slightly higher in AD+ than in AD— after 30 s (the
end of AD+ VIE) (Table 1). Therefore, the tendency of the
impact of AD on ATP/ADP is reversed. The increase in H*
is quite significantly lower in AD+ VIE than in AD- VIE
after 30 s, and markedly lower than in AD- VIE at the end
of exercise.

In VIE, creatine kinase is the main ATP supplier dur-
ing first 10 s of exercise, and later this function is taken
over by OXPHOS and anaerobic glycolysis. However, the
contribution of the latter to ATP supply is significantly
higher than in IE.

The relative shortening of the exercise duration between
AD+and AD- is even less in EIE than in VIE: 10 s vs.
13.9 s (Figs. 5 and 6, Table 1). P; (and P;") rises more
quickly in AD+ than in AD- EIE and its increase is still
steeper than in VIE. ATP drops by 54% in AD+ and by 2%
in AD- EIE after 30 s (4.5% at the end) of exercise. The
increase in ADP after 10 s of exercise is three times lower
in AD+ than in AD- EIE and almost six times lower than
at the end of AD- EIE, so the difference is significantly
greater here than in VIE. The ATP/ADP ratio is signifi-
cantly higher in AD+ EIE, than in AD- EIE (Table 1).
The huge difference between AD+ and AD- EIE can be
observed at the AMP level: 2 pM vs. 9 uM after 10 s
of exercise (Figs. 5 and 6 and Table 1). At the end of
AD- EIE exercise, AMP increases to over 30 pM, and thus
is over 15 times greater, than at the end of AD+ exercise!
The cytosol pH (7.04) is moderately higher in AD+ than
in AD- EIE after 10 s of exercise (6.99) and significantly
higher than at the end of AD— (6.90). Generally, the most
prominent difference between AD+ EIE and AD- EIE
in 10 s exercise to exhaustion (in AD+) is a much lower
increase in ADP, H*, and especially AMP during exercise
in the former.

CK is the main ATP supplier during the first 6-7 s of
EIE and later ATP delivery is to some extent taken over by
OXPHOS and anaerobic glycolysis; the contribution of both
is similar in AD— and greater of OXPHOS in AD+ (Figs. 5
and 6).

Figures 7, 8, 9 show differences in system variables during
the recovery after VIE (Ayr=130) (taken as an example) for
AD- (Fig. 7) and AD+ with slow (0.2 mM min~") (Fig. 8) and
fast (5.0 mM min~") (Fig. 9) AMP resynthesis. AMP resyn-
thesis is of course related to A, especially ATP, return to the
resting value. A discontinuity can be seen in the variable time
courses in Fig. 9 after~30 s of recovery. It is simply caused
by an instantaneous switching off of AMP resynthesis when
ATP reaches the resting value. Of course, this is a rough sim-
plification made within the model and most probably does
not represent the real situation, where the transition is likely
more smooth.

Some significant differences can be observed between
AD- and AD+ exercise and between AD+ exercise with slow
and fast AMP resynthesis.

Of course, in the simulations presented in Figs. 7, §, 9
(AD- VIE and AD+ VIE with slow and fast AMP resynthe-
sis, respectively) during the muscle work period, the system
variables behave as in simulations presented in Figs. 3 and 4
(AD—- and AD+ VIE), resulting in their different end-exercise
values. They constitute different starting points for the return
of these variables to the resting values during muscle recovery
after exercise. Nevertheless, these differences can be enhanced
during recovery. The most spectacular example is pH that
drops to 6.70 after about 20 s of recovery in AD- VIE starting
from 6.80 at the end of exercise. The reason for this phenom-
enon is the “reverse” creatine kinase (CK) reaction: resynthesis
of PCr and ADP from ATP and Cr, in which H* is released.
On the other hand, pH drops only to 6.90 in AD+ VIE during
muscle recovery in both slow and fast AMP resynthesis.

The return to the resting values of VO,, ADP, and PCr
is faster, of AMP and pH is of similar duration, and of P; is
slower in AD+ VIE with slow than with fast AMP resynthesis
(it does not make much sense to compare AD+ with AD— in
this respect, as the changes in variable values in them differ
very significantly). Namely, the half-transition times between
exercise end and resting steady-state 7, s, equal 8 s and 12 s
for VO,, 3 and 6 s for ADP, 20 and 28 s for PCr, 2 and 2 s for
AMP, 185 and 207 s for pH, and 26 and 20 s for P, for slow
and fast AMP resynthesis, respectively.

Discussion
Benefits and harms of AMP deamination

The most prominent beneficial effect of AMP deamina-
tion during skeletal muscle contraction is a very significant
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Table 1 Simulated selected variable values in constant-power exer-
cise to exhaustion without (v, =0) and with (v,p>0) AMP deami-
nation for three exercise intensities (ATP usage activities) Ayp="77

(intense exercise, IE), 130 (very intense exercise, VIE), and 245
(extremely intense exercise, EIE)

Simulation Aup=T77 App=130 Ayp=245

Variable Vaop=0 mM min~! Vap=0.33mM min~'  v,;=0mM min~! Vap=5.0 mM min~! Vap=0mM min~! Vap=20.0 mM min~!
tend 23.3 min 3.99 min 52.4s 30.6 s 139s 10.0s
ATPyp. e 6.58 mM 5.18 mM 6.57 mM 3.90 mM 6.54 mM 3.07mM
AATP, b ong 12% 123% 12% 1 40% 12% 154%
ADP,p, g 117 M 103 uM 122 M 64 uM 141 M 46 uM
ATP/ADP,p,..q 56 50 54 61 46 67
AMP, .0 6 1M 6uM 10 M 3uM 9uM 2uM
Piapiond 225 mM 25.0 mM 22.0 mM 25.0mM 22.1 mM 25.0mM
Pi™zptend 11.0 mM 11.9 mM 9.6 mM 10.2 mM 8.7 mM 9.4 mM
PHip s end 6.82 6.84 691 6.96 6.99 7.04

H' spyen 151 nM 145 1M 123 1M 110 nM 102 1M 91 nM

Vap» AMP deamination rate; AD+end in a subscript, value at the time at which the exercise of a given intensity is terminated in the presence of
AMP deamination: 4 min, 30 s, and 10 s, respectively; italic characters, harmful effect; bold-italic characters, profitable effect; underlined char-

acters, neutral/uncertain effect

attenuation of ADP and AMP increase during exercise
and delay in muscle acidification during and, especially,
after exercise (Figs. 2, 4 and 6 vs. Figs. 1, 3, and 5, respec-
tively, Table 1). A significant harmful effect (apart from the
decrease in the total adenine nucleotide pool A, itself) is an
acceleration of P, increase, leading to a significant shorten-
ing of exercise duration to exhaustion (Figs. 2, 4 and 6 vs.
Figs. 1, 3 and 5, respectively, Table 1). P, must increase more
in the case when ADP increases less to activate the ATP sup-
ply by OXPHOS (both ADP and P; are OXPHOS activators).
Moreover, the effect of AD strongly depends on the intensity
of exercise and the rate of AD related to it (Figs. 1, 2, 3, 4,
5, 6, Table 1). The beneficial effects are stronger and the
harmful effects are weaker in shorter and more intense exer-
cises to exhaustion, where the decrease in the total adenine
nucleotide pool (4,,), especially in ATP, is greater.

AMP deaminase is activated by ADP and AMP and inhib-
ited by P, (Wheeler and Lowenstein 1979, 1980). On the
other hand, computer simulations show that AMP deamina-
tion attenuates the ADP and AMP increase and enhances P;
increase during exercise (Figs. 1, 2, 3, 4, 5, 6). Therefore, the
effect of AD on bioenergetic metabolite levels constitutes a
self-limiting mechanism.

High ADP and AMP levels can exert various disadvanta-
geous effects in the skeletal muscle cell. A huge number of
enzymatic reactions and transport processes are driven by
the hydrolysis of ATP to ADP and P, and some by hydrolysis
of ATP to AMP and PP; (pyrophosphate) (e.g., aminoacyl-
tRNA synthetases). The products of ATP hydrolysis, espe-
cially at high concentrations, can inhibit these reactions/
processes and the effect of ADP and AMP is kinetically dif-
ferent from the effect of P, and PP;.

For instance, ADP is a strong inhibitor of Nat/K™*-
ATPase (sodium—potassium pump) (Apell et al. 1986;
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Kennedy et al. 1986; Peluffo 2004), a crucial transporter
responsible, among others, for maintaining the ionic
homeostasis of the cell and the ionic and electrical gra-
dient across the cell membrane. ADP also inhibits the
Ca’*-ATPase (SERCA) and increases Ca’* leak from
SR cisterns (Macdonald and Stephenson 2001; Inesi and
Tadini-Buoninsegni 2014; Zhang et al. 2022). Hundreds of
other reactions/processes are driven by ATP hydrolysis and
are likely to be inhibited by high levels of ADP and AMP.
Of course, this can also potentially concern P; and PP;, but
the kinetic effect of all these metabolites is different, as
they participate in different stages of particular reactions.
Additionally, relative changes in ADP and AMP are much
greater than in P; and PP;. The very moderate effect of AD
on P; increase is not likely to have a significant impact on
the Nat/K*-ATPase or Ca’"-ATPase activity.

Of course, ADP and AMP (and also P; and PP;) are
effective activators of different bioenergetic processes,
for instance glycolysis (Connett and Sahlin 1996; Lam-
beth and Kushmerick 2001; Korzeniewski and Liguzinski
2004), pyruvate oxidation and TCA cycle (Arnold and
Finley 2022), and OXPHOS (Chance and Williams 1956;
Liguzinski and Korzeniewski 2006) that are crucial for
meeting the ATP supply of highly elevated ATP demand
during muscle contraction and thus maintaining metabolite
homeostasis. Also, AMPK (AMP-activated protein kinase)
plays a key role in the regulation of bioenergetic metabo-
lism during exercise (Richter and Ruderman 2009). There-
fore, from this point of view, the increase in ADP, AMP,
P;, and PP, could be considered as advantageous. However,
this most probably concerns a moderate increase. A large
increase could disturb or even strongly inhibit many of the
reactions/processes discussed above.
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AMP deamination and phosphorylation potential

Frequently, the phosphorylation potential AGp is considered
as the key variable for the cell bioenergetics, as an “energy
charge” measure in the cell that controls most bioenergetic
processes (Hancock et al. 2006a; Smith et al. 2024). AGp
or Gibbs free energy or free enthalpy of the ATP hydrolysis
reaction (ATP — ADP +P,) is defined as follows:

ADGy, = ADG) + RTIn ((ADP X P,)/ATP), )

where AG®,=— 32 kJ mol~! is AGp, defined at “standard”
equilibrium conditions (involving, e.g., Mg?*, K*, and H*
ion concentrations), R is the gas constant, and 7 is absolute
temperature (in K) (Nicholls and Ferguson 2002). Of course,
a certain minimal level of AG;p is necessary to drive vari-
ous reactions/processes for purely thermodynamic reasons.
However, once this level is exceeded, this is not AGp, but its
components: ATP, ADP, P,, and H* that kinetically regulate
particular reactions/processes (see Wiseman et al. 2023 for
arecent discussion). A given level of AG,p can result from
different combinations of ATP, ADP, P;, and H* levels, and
their impact on the muscle bioenergetic system can be very
different. Additionally, AMP and PP; that do not “enter into
the composition” of AGp also regulate the cellular metabo-
lism. This is the main reason why AGp is not dealt with
in the present study. Additionally, the exact value of AGy
depends on several factors, for instance, ion (e.g., Mg2+ and
K™) concentrations that are different according to differ-
ent sources. Nevertheless, the ATP/ADP ratio is calculated
that is (to some extent) proportional to AGy to approach to
some extent the cell “energy charge”.

Smith et al. (2024) postulated a smaller decrease in AGyp
in the presence of AMP deamination (fall in ATP by 19%)
during an 8-min incremental protocol (2-min stages of iso-
tonic knee extensions). However, the authors did not take
into account the AD-induced augmented P; increase during
exercise in their considerations on the impact of AD on AGp.

In the absence of AMP deamination, there is a unique
relationship between ATP, ADP, P,, and H" during rest-to-
work transition. However, AMP deamination decouples this
unique relationship. This is another reason why the effect of
ATP, ADP, P,, and H* (and also of AMP and PP,) should be
considered in separation.

Effect of ADP, AMP, P, PP, and H" on cell
metabolism

Particular energy-related metabolites (ADP, AMP, P, PP;,
H™) regulate kinetically various reactions/processes within
the system in a different way and to a different extent. For
instance, most probably the main metabolite related to

muscle fatigue (both peripheral and central) is P;, with H*
as an additional factor and ADP playing essentially no (at
best minor) role (Allen et al. 2008; Hureau et al. 2022; see
also Korzeniewski and Rossiter 2020). Other authors (Wil-
son et al. 1988; Sundberg et al. 2019) suggest that this is not
P; itself, but rather its deprotonated form H,PO,~ (P;”) that
is the “real” fatigue factor. It was shown (Cooke and Pate
1986; Hendry et al. 2025) that P, is the main metabolite
inhibiting actomyosin-ATPase (at the stage of power stroke
generation of the cross-bridge cycle coupled with P, release
from the myosin head) with a smaller contribution of H*
and essentially no impact of ADP. P, precipitates with Ca**
ions within the sarcoplasmic reticulum, which lowers free
Ca’* concentration and thus weakens muscle contraction
(Allen and Westerblad 2001; Hureau et al. 2022). As dis-
cussed above, ADP is a strong inhibitor of Na*/K*-ATPase
and Ca’*-ATPase. ADP and P, activate OXPHOS to a dif-
ferent extent (Chance and Williams 1955; Korzeniewski and
Brown 1998; Liguzinski and Korzeniewski 2006), while
ATP and H* do not affect OXPHOS in the physiological
range of concentrations (Suleymanlar et al. 1992). TCA
cycle is markedly activated by ADP (Arnold and Finley
2022). Glycolysis is differently regulated by ADP, AMP,
P;,and PP; (all of them being activators of glycolysis) (Con-
nett and Sahlin 1996; Lambeth and Kushmerick 2001;
Korzeniewski and Liguzinski 2004).

Factors promoting AMP deamination

AMP deamination is favored by stressing conditions lead-
ing to high ADP and AMP increase during exercise: (1)
high exercise intensity (Sabina et al. 1984; Katz et al. 1986;
Sahlin and Bloberg 1990; Harris et al. 1991; Hellsten et al.
1999; Parolin et al. 1999; Tullson et al. 1995; Hancock et al.
2006a, b; Sundberg et al. 2019; Zhao et al. 2000; Norman
et al. 2001; Smith et al. 2024); (2) hypoxia/anoxia (Meyer
and Terjung 1979; Meyer et al. 1980; Dudley and Ter-
jung 1985; Soderlund and Hultman 1991; Hancock et al.
20064, b)); (3) low capacity for ATP supply by OXPHOS:
fast-twitch fibers vs. low-twitch fibers (Meyer and Terjung
1979; Meyer et al. 1980; Dudley and Terjung 1985; Soder-
lund and Hultman 1991; Hancock et al. 2006a, b) (because
of low OXPHOS complexes activity and/or low/absent ESA,
Korzeniewski 2003); (4) electrically stimulated, externally
perfused muscle (Meyer and Terjung 1979; Dudley and
Terjung 1985) (because of low/absent ESA, Korzeniewski
2003); (5) untrained/sedentary individuals (Dudley and
Terjung 1985; Hancock et al. 2006a, b) (because of lower
OXPHOS activity, Korzeniewski and Rossiter 2021). Addi-
tionally, the intensity of AD seems to have a tendency to
increase with the intensity of the enumerated factors (Meyer
and Terjung 1979; Meyer et al. 1980; Sabina et al. 1984;
Dudley and Terjung 1985; Katz et al. 1986; Sahlin and
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«Fig. 3 Simulated time courses of selected fluxes and metabolite con-
centrations during constant-power very intense exercise (VIE) to the
limit of tolerance with ATP usage activity Ayr=130 and no AMP
deamination (v,p=0 mM min~!). vUT ATP usage flux, vOX ATP
supply by OXPHOS (4 aerobic glycolysis) flux; vGL ATP supply by
anaerobic glycolysis flux; vCK ATP supply by creatine kinase (CK)
flux

Bloberg 1990; Harris et al. 1991; S6derlund and Hultman
1991; Hellsten et al. 1999; Parolin et al. 1999; Tullson et al.
1995; Zhao et al. 2000; Hancock et al. 2006a, b; Sundberg
et al. 2019; Norman et al. 2001; Smith et al. 2024). For
instance, all cases where the fall in ATP exceeded 30%
involved very intense exercise, fast-twitch fibers, hypoxia/
anoxia, and/or electrical stimulation of externally perfused
muscles (Meyer and Terjung 1979; Meyer et al. 1980; Dud-
ley and Terjung 1985; Harris et al. 1991; Soderlund and
Hultman 1991; Zhao et al. 2000; Norman et al. 2001). It
was postulated (Korzeniewski 2003) that each-step activa-
tion (ESA) that elevates the effective OXPHOS activity/
capacity during muscle work (but not at rest) about fivefold
(Korzeniewski and Rossiter 2015; Korzeniewski 2017, 2019)
is highly active in cortically stimulated oxidative muscles
in situ and slightly active or completely switched off in elec-
trically stimulated externally perfused glycolytic muscles.
Generally, ESA attenuates the ADP, P;, and AMP increase
(e.g., Korzeniewski 2017). This could help to explain points
3 and 4 above. In the present work, various conditions lead-
ing to different extents of ADP and AMP increase (bioener-
getic stress) were approximated by constant-power exercises
to exhaustion of different intensities (ATP usage activity,
Ayr) and AMP deamination rates (v ). However, it should
be stressed that AMP deamination to be initiated requires
not only bioenergetic stress (elevated ADP and AMP), but
also high work intensity/ATP turnover (Sahlin et al. 1990).

AMP deaminase deficiencies

The AMP deaminase deficiency (ADD) is the most com-
mon muscle enzyme defect in man, found in about 2-3% of
all muscle biopsies. It can lead to various exercise-induced
muscle symptoms such as early fatigue, cramps, and/or
myalgia (Kelman et al. 1982; Sabina et al. 1984; Gross
1997). However, the vast majority of homozygous subjects
do not develop a metabolic myopathy (Gross et al. 1997;
Sabina 2000; Norman et al. 2001; de Ruiter 2002). In mice,
an induced deficiency of adenosine monophosphate deami-
nase 1 (AMPD1) slows down the rate of muscle contraction
and relaxation, thus significantly impairing muscle function
(Hafen et al. 2022). The reason for this heterogeneity remains
uncertain (Gross 1997). It can be related to the compensa-
tive capabilities of other biochemical pathways or the exer-
cise type. Perhaps, AMP deamination exerts some milder
long-term effects that gave our ancestors an evolutionary

advantage (better fitness) over their competitors. The lack
of pathological syndromes in most ADD patients does not
imply that the presence of AD does not improve muscle per-
formance and intactness over long periods of time. Certainly,
this process would not appear during human (and animal)
evolution without playing a certain beneficial role. Addition-
ally, as AD certainly exerts some harmful effects (deple-
tion of the total adenine nucleotide pool, shortening of the
exercise duration to the limit of tolerance), the advantages
it brings must prevail over these disadvantages. The lack of
pathological symptoms in many (most?) ADD bearers does
not mean that AD does not improve muscle performance
during exercise or especially during continuously repeated
series of exercises during human (and animal) lifetime. The
present study is intended to investigate some of the potential
advantages and disadvantages of AMP deamination.

It is possible that the attenuated increase in ADP, AMP,
and H* during muscle exercise exerts a long-term effect
that is difficult to observe in one exercise, but cumulates
over tens and hundreds of subsequent exercises. This could
involve, e.g., less muscle damage according to stress and/or
more efficient muscle repair after stress during lifetime, so
that damages acquired in subsequent exercises do not accu-
mulate. Some cases of ADD patients with severe pathologi-
cal symptoms seem to support this possibility.

It was demonstrated that in skeletal muscle lacking ade-
nylate kinase, ADP rises to a very high level during heavy
exercise (Hancock et al. 2006b). This is an effect analogous
to the effect of ADD. Therefore, most probably the role
of the concerted action of AMP deaminase and adenylate
kinase is to attenuate the exercise-induced ADP (and AMP)
increase.

Of course, the differences between AD— and AD+ exer-
cises shown in Figs. 1, 2, 3, 4, 5, 6 are conclusive pro-
vided that all other system parameters/properties remain
unchanged. However, this does not have to be the case in
ADDs, where numerous compensative changes are likely to
develop during lifetime.

It may seem contradictory that the model predicts that
AMP deaminase deficiency attenuates task failure and
lengthens exercise, while in reality the deficiency decreases
muscle performance or has no visible effect. The prolonga-
tion of exercise seems beneficial when considered in isola-
tion. However, one should bear in mind that AMP deami-
nation deficiency causes harmful effects through ADP and
AMP increase acceleration during the entire life, affecting
muscle function and causing overall decline in muscle per-
formance. It is likely that the skeletal muscle bioenergetic
system adapts somehow to the absence of AMP deamina-
tion. Therefore, various effects, both harmful and compensa-
tory, accumulate for a long time. The resultant effect of all
these phenomena is difficult to predict and probably depends
on a combination of factors in a given case (e.g., the size of
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«Fig. 4 Simulated time courses of selected fluxes and metabolite con-
centrations during constant-power very intense exercise (VIE) to the
limit of tolerance with ATP usage activity Aypr=130 and AMP deam-
ination rate v,p=>5.0 mM min~'. vUT ATP usage flux, vOX ATP
supply by OXPHOS (4 aerobic glycolysis) flux; vGL ATP supply by
anaerobic glycolysis flux; vCK ATP supply by creatine kinase (CK)

flux

deficiency, compensatory mechanisms). For instance, the

value of Pi,

« could be higher in subjects with intact AMP

deaminase, which would delay task failure and thus lengthen

Fig.5 Simulated time courses
of selected fluxes and metabo-
lite concentrations during
constant-power extremely
intense exercise (EIE) to the
limit of tolerance with ATP
usage activity Ayr=245

and no AMP deamination
(Vap=0mM min~1). vUT ATP
usage flux, vOX ATP supply by
OXPHOS (+ aerobic glycoly-
sis) flux; vGL ATP supply by
anaerobic glycolysis flux; vCK
ATP supply by creatine kinase
(CK) flux
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the exercise. This is perhaps the reason for the huge variabil-

ity of the effect of AMP deaminase deficiency in different
individuals and cases. The model predicts the effect of AMP
deaminase deficiency, provided that all other factors are kept

unchanged. In reality, this is most probably not the case.

Slow AMP resynthesis during muscle recovery

AMP and ultimately A, (chiefly ATP) is resynthesized very

slowly—it takes minutes/tens of minutes—during muscle
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recovery after exercise (Taylor et al. 1986; Zhao et al. 2000;
Smith et al. 2024). The reason for this phenomenon is
not known. Rather moderate effects of low vs. high AMP
resynthesis rate during muscle recovery were predicted by
computer simulations (Fig. 9 vs. Fig. 8). They comprise a
certain acceleration of the return of ADP and pH and slow-
ing down of the return of P; to the rest values. However, low
ATP resynthesis rate can be important for subsequent exer-
cises with significant AMP deamination that could lead to

@ Springer

(almost) complete depletion of ATP, which seems decidedly
disadvantageous. Therefore, slow AMP and A, resynthesis
remains a puzzle.

It was postulated that the PCr recovery overshoot—
related to ADP undershoot—observed in some cases dur-
ing muscle recovery and lasting several minutes is caused
by a slow decay of ESA during recovery (Korzeniewski
2003; Korzeniewski and Zoladz 2013). The role of this
phenomenon could be activation of muscle cell recovery/
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repair after stressing exercise—such anabolic processes as
protein and RNA synthesis are stimulated by a high ATP/
ADP ratio (or not inhibited by a low ADP level). Therefore,
the somewhat faster return of ADP to the low resting level
at slow than at fast AMP resynthesis during recovery (Fig. 9
vs. Fig. 8) could have a similar effect. Nevertheless, the dif-
ference between both cases is disappointingly small.

time (s)

General discussion

A dynamic computer model was used in this theoretical
study. An advantage of a well-tested model is that it allows
to formulate quantitative and explicit and not only qualita-
tive and intuitive explanations. The very structure of the
model enables to investigate true causal relations as opposed
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to correlations between various variables. As such, a good
model can be a valuable supplement of experimental studies
that helps to explain and integrate them.

Constant-power exercise to exhaustion was used in the
present study, although in reality in VIE and especially EIE
all-out exercise would probably be a better approximation
of the real situation. However, this study is not intended
to refer to any particular kind of exercise, but to stressful

@ Springer
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exercise/conditions in general. IE, VIE, and EIE are intended
to reflect different conditions/situations where bioenergetic
stress in the form of highly elevated ADP and AMP is pre-
sent: e.g., hypoxia/anoxia, fast-twitch muscle fibers, electri-
cal stimulation/external perfusion, and untrained/sedentary
individuals.

The absolute AMP concentration is uncertain, as different
(although usually roughly around 1) equilibrium constants
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of adenylate kinase (AK) are reported (they depend on con-
ditions, e.g., assumed Mg2+ concentration). The values of
a few micromoles at the end of exercise obtained in this
study are comparable to, e.g., those reported in Parolin
et al. (1999), see also Tullson and Terjung (1990). How-
ever, relative changes in AMP are most relevant, and they
are essentially the same at different equilibrium constants of
AK (simulations not shown).

time (s)

Study limitations

Of course, the dynamic computer model of the skeletal mus-
cle bioenergetic system used in this study, as in every model
of this kind, constitutes only an approximation and simplifi-
cation of the complex reality.

In the present study, all conditions of bioenergetic
stress during exercise (especially strongly elevated ADP
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and AMP), for instance intense constant-power exercise
to exhaustion, incremental exercise and all-out exercise,
hypoxia/anoxia, glycolytic muscles/muscle fibers, electri-
cally stimulated externally perfused muscles, and so on, are
approximated by three constant-power exercises of different
intensities and with different rates of AMP deamination. Of
course, this constitutes a significant simplification. However,
it is not of prime importance how ADP, AMP, and H* are
elevated to a high value, but how the initiated AMP deami-
nation counteracts (the effect of) their further increase.

This study used a “one-compartment” model that does
not take into account different fiber types and is averaged
over the whole muscle. However, it was developed based on
“averaged”, “one-compartment” experimental data, such as
pulmonary and muscle VO, and muscle ATP, ADP, AMP,
P,, and H*, and generates predictions concerning this kind
of system variables that can be measured experimentally.

AMP deamination in heart is not the topic of the present
study. However, some difference in this process and its effect
can be expected between these tissues. For instance, primar-
ily because of a significantly lower total phosphate pool in
heart, this organ is much less susceptible to an increase in
P, and fatigue, which is important for tissue specificity of
mitochondrial myopathies (Korzeniewski 2016) or ischemic
conditions.

The model used in this study does not involve explicitly
IMP and NH; concentrations. However, it is reasonable to
assume that their values are increased in the result of AMP
deamination.

Nevertheless, it does not seem that these simplifications
and approximations affect significantly the general conclu-
sions drawn in the present study.

Conclusions

AMP deamination (AD) in skeletal muscle during intense
work and/or in bioenergetic stress conditions has both bene-
fits (improvement of muscle performance, health, and condi-
tion) and harms (worsening of muscle performance, health,
and condition). The harmful effect is of course the decrease
in the total adenine nucleotide pool, especially ATP, par-
ticularly when a series of subsequent intense exercises fol-
lowing each other is considered. Another disadvantage is
acceleration of P; increase and thus shortening of exercise
duration to the limit of tolerance, according to the P; double-
threshold mechanism of muscle fatigue. These harms must
be overcompensated by profits; otherwise, the considered
phenomenon would not be created during biological evolu-
tion. The main advantageous effect of AMP deamination is
the attenuation of ADP, AMP, and H* increase in intense
exercise/bioenergetic stress. These metabolites at high levels
inhibit several reactions/processes in the cell essential for its

@ Springer

functioning, chiefly during exercise, such as Ca’*-ATPase
and Na*/K*-ATPase. The more intense/stressing the exer-
cise, the stronger is this advantageous effect. An additional
benefit of AD is prevention of significant cytosol acidifica-
tion in the initial phase of muscle recovery after exercise.
The slow AMP resynthesis during recovery somewhat accel-
erates the return of ADP and pH to the resting level, which
could help in muscle repair after intense exercise and/or
stress-induced damages. However, this effect is rather mod-
est. Therefore, further studies are needed to fully explain the
role of AMP deamination during intense stressing exercise
and of slow AMP resynthesis during recovery after exercise.
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