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Abstract

Post-exertional malaise is commonly observed in patients with myalgic en-
cephalomyelitis/chronic fatigue syndrome, but its mechanism is not yet well
understood. A reduced capacity for mitochondrial ATP synthesis is associated
with the pathogenesis of CFS and is suspected to be a major contribution to
exercise intolerance in CFS patients. To demonstrate the connection between
a reduced mitochondrial capacity and exercise intolerance, we present a model
which simulates metabolite dynamics in skeletal muscles during exercise and re-
covery. CFS simulations exhibit critically low levels of ATP, where an increased
rate of cell death would be expected. To stabilize the energy supply at low
ATP concentrations the total adenine nucleotide pool is reduced substantially
causing a prolonged recovery time even without consideration of other factors,
such as immunological dysregulations and oxidative stress. Repeated exercise
worsens this situation considerably. Furthermore, CFS simulations exhibited
an increased acidosis and lactate accumulation consistent with experimental
observations.
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Introduction

Myalgic encephalomyelitis, also referred to as chronic fatigue syndrome (CFS),
is characterized by a persistent debilitating fatigue and a variety of other symp-
toms with an as yet unidentified pathogenesis. Since no simple and unam-
biguous diagnostic tests exists and CFS patients often do not feature a sickly
appearance it was mostly treated as a psychosocial disorder. But recent studies
published in the last two decades repeatedly demonstrated evidence for physical
abnormalities [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] indicating a complex
organic dysfunction. Cognitive behavioural therapy and graded exercise, which
are often used to treat depression, have been reported to be ineffective or even
harmful to CFS patients [15, 16, 17]. Exacerbation of the symptoms even af-
ter minimal exercise is a common feature among CFS patients, referred to as
post-exertional malaise (PEM), which includes increased fatigue, muscular pain,
headache, nausea, and physical weakness [10, 11]. Post-exertional malaise was
found to be linked to an increased oxidative stress [12] and to immunological and
adrenergic dysregulations that persisted for up to 48 h after exertion [18, 19].
Oxidative stress is not only induced after exercise, but was shown to be also
present in rest and associated with CFS symptoms [7, 8, 9].

Even though PEM is considered only as an optional symptom in the criteria
for CFS by Fukada et al. [20], it was included into later definitions of CFS as a
requirement [21, 22]. The most recent redefinition by the Institute of Medicine
of the National Academies regards PEM as the second most essential symptom
and proposes the term “systemic exertion intolerance disease “ for CF'S to include
its importance [22].

To investigate further into the commonly observed exercise intolerance in
CFS patients, studies about the performance during exercise were carried out
reporting that the maximal peak work, peak Oy uptake and the aerobic ATP
synthesis rate were significantly lower in CFS patients compared to controls [1,
2, 3, 4, 14]. In other studies there was no clear distinction between the groups

during the exercise test. However a second test, repeated after 24 hours, resulted
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in a conclusive differentiation [23, 24], consistent with the worsening of the
medical condition due to post-exertional malaise. Furthermore an increased
acidification, a reduced anaerobic threshold and a prolonged pH recovery have
been reported [1, 25], suggesting a compensatory upregulation of anaerobic ATP
synthesis.

The reduced rate of aerobic ATP synthesis indicates a deficiency of the mito-
chondrial oxidative phosphorylation, which could be related to the observations
of unusual mitochondrial DNA deletions in CFS patients [13]. There is also
preliminary evidence for alterations in gene transcripts affecting mitochondrial
functions after Epstein Barr virus infection [26], which is associated with the
pathogenesis of CFS [27], although there is no conclusive evidence for the iden-
tification of a single virus as the trigger of CFS. Still, the often reported onset
of CFS after a viral infection emphasizes the role of dysregulation in the im-
munological response to viruses in the pathogenesis of CFS [27].

Part of the dysregulation is a chronic immune activation with high elastase
and RNase L activities and elevated concentration of proinflammatory cytokines
such as IFN-vy and TNF-«, which have been shown to decrease the capacity of
mitochondrial respiration [27, 28]. It was also confirmatively reported that the
elastase and RNase L activities correlate with the severity of exercise intolerance
in CFS patients [29].

In order to demonstrate the effects of a reduced mitochondrial capacity on
the exercise response and to predict the recovery time in CFS patients, we
present a model to simulate the metabolite concentrations during high intensity
exercise. The model is based on an existing model of oxidative phosphorylation
and glycolysis in skeletal muscle by Korzeniewski et al. [30, 31]. The original
model has been demonstrated to have a similar qualitative behaviour as exper-
imental observations [32, 33, 30, 31]. Moreover, other models integrating the
model of Korzeniewski et at. proved to be consistent with experimental data in
the special case of cyclic excitation in heart cells [34, 35]. But neither has been
tested against the literature data of several independent measurements after

high intensity exercise yet. Furthermore, the purine nucleotide degradation and
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subsequent loss has not been considered before, therefore the models mentioned
above were not able to explain the increased fatigue and prolonged recovery
time after intermittent training or high intensity exercise.

Extending the original model, we also include the lactate accumulation, a
more detailed description of acidosis and the purine nucleotide degradation dur-
ing exercise and de novo synthesis during recovery. Thus, we are able to inves-
tigate into the mechanisms influencing the exercise response and show that the
duration of recovery is prolonged considerably in CFS patients, especially for
repeated exercise scenarios. Additionally, the model predictions demonstrate
how a reduced mitochondrial capacity alone, without consideration of other
pathological factors, is sufficient to explain some of the main symptoms of PEM
caused by low ATP levels during recovery, subsequent higher apoptosis rates

and increased acidification of muscle tissue after exertion.

Methods

We extended an existing model of oxidative phosphorylation and glycolysis
by Korzeniewski et al. [30, 31] to perform computer simulations which repro-
duce exercise dynamics close to the experimental observations. As described
in [30], the model space consists of two compartments, the cytosolic space and
the mitochondrial matrix, separated by the inner mitochondrial membrane with
specific carrier enzymes for the exchange of species and a volume ratio between
inner and outer compartment of 1:15 [30, 31]. The outer mitochondrial mem-
brane and the intermembrane space are not included. An overview of the species
interactions is depicted in fig. 1. These interactions were included because of
their major influence on the metabolite dynamics during muscle exertion and
recovery.

Equations (la - 1lo) determine the time evolution of the system. Reactions
and species not included in the original model of Korzeniewski et al. [30, 31] are
marked in boldface. The equations of all reaction velocities are shown in table 1

with additional explanatory remarks in the following three sections.
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w Intramitochondrial reactions
The tricarboxylic acid cycle and the transport of pyruvate and other as-
sociated metabolites through the inner mitochondrial membrane are modeled

by a simple phenomenological equation for the production of NADH as de-
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scribed in [30], but with an additional dependence on the pyruvate concen-
tration. The ratios between the fluxes of dehydrogenase, the mitochondrial
complexes, the ATP synthesis and glycolysis were determined under the follow-
ing conditions: The ATP yield per NADH was assumed to be 2.5 [36] and the
number of NADH gained per glycogen during oxidative phosphorylation was
set to 10 + 2 - 0.6 = 11.2, since 10 NADH and 2 FADH, are formed, where
the ATP yield of FADH; equals 60 % of the ATP yield per NADH [36]. Thus
28 ATP are obtained per glycogen via oxidative phosphorylation and 3 ATP
during the preceding glycolysis. The equations for the mitochondrial complexes
I-IIT and the ATP synthase are taken from [30]; however, the kinetic constants
are adjusted to fulfill the steady state conditions for realistic intramitochondrial

concentrations, redox ratios (see table 2) and flux ratios mentioned above.

FExtramitochondrial reactions

For simplicity the glycolytic flux is modeled only as ADP and pH dependent,
which is a good approximation to the complex glycolytic regulation [31].

To take into account the effect of purine nucleotide loss during exercise we
included the AMP deaminase and the subsequent degradation of IMP. Measure-
ments of the AMP deaminase activity revealed about a twofold increase when
the pH is reduced from 7.0 to 6.5 [37], which is modeled as a linear function.
The regulation of AMP deaminase is modeled by a dependence of the K, value
on the concentrations of free ADP and phosphate, since ADP is known for its
activating and phosphate for its inhibitory effect [38, 37, 39]. Furthermore, the
binding to myosin was found to reduce the K, value 20 fold [40] and the amount
of bound AMP deaminase ranges form 10-60 % depending on the stimulation
of the muscle [41]. As an approximation of the mean effect the K, is divided
by Tmyo, which reaches up to a value of 10 for high workloads. It was reported
that some of the accumulated IMP is degraded to inosine and hypoxanthine,
which passes into the bloodstream and is not utilized for nucleotide resynthesis
by rested muscles [42]. We use a linear approximation to describe both, the

degradation of IMP and the efflux of its products from the cell. No measurable
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loss of purines was reported below the lactate threshold [43], thus the purine
nucleotide loss is assumed to be activated only during exercise and set to zero
otherwise.

Since the de novo synthesis of IMP is a complex mechanism, it is modeled
by an effective equation taking into account the rate-limiting key enzymes. The
first regulatory reaction is the ATP dependent transfer of diphosphate to D-
ribose 5-phosphate via the enzyme ribose-phosphate diphosphokinase, which
is competitively inhibited by ADP [44]. The subsequent committed step of
the IMP pathway is the synthesis of 5-Phosphoribosylamin catalyzed by the
enzyme amidophosphoribosyltransferase, which is allosterically inhibited by its
end products AMP and IMP.

The resynthesis of AMP from IMP catalyzed by the adenylosuccinate syn-
thase is feedback inhibited by its product AMP and consumes one GTP [45, 46].
Since Guanosinphosphates are not included in our simulations the GTP concen-
tration is estimated as 14.8 % of the ATP concentration [47]. The reported K,
and K; values differ considerably depending on the organism, tissue type and
conditions of assay [45, 48, 49, 46]. There are two types of adenylosuccinate
synthase isozymes in mammals of which muscles contain mainly one with a
high Kvp value of 0.2-0.7mM [45, 48, 49, 50] compared to its concentration,
a Kycrp between 0.024-0.38 mM [48, 49, 50] and a Kjanmp in the range of 0.7-
3.0mM [46, 49]. In our simulations we used Kymyp = 0.3, Knamp = 0.05 and
Kiamp = 0.7.

A detailed simulation of pH kinetics

The dynamic of the HT concentration depends on a multiplicity of effects, for
most of the simulated enzymatic reactions release or consume protons. In addi-
tion to the model of Korzeniewski et al. [30, 31], our model takes into account
the lactate formation, which consumes one H* and thus acts against acidifica-
tion [51] rather than causing it as it was often misunderstood. As a consequence
the proton balance of glycolysis is almost neutral when lactate formation is con-

sidered [51]. Thus the cause of acidification during high glycolytic rates is not
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caused by glycolysis itself but rather by the hydrolysis of ATP, which produces
H>PO,4. Taking into account the ratio between HoPO4 and HPO, a fraction
of (1-Ru,po,) (see table 1) would release one proton into the cytosol. Similar
considerations have to be made for the consumption of three HPO,4 during gly-
colysis, which causes a release of three Ry,po, from the remaining HoPOy in
addition to the 1 HT already produced in glycolytic reactions when using glyco-
gen [51]. The contributions of glycolysis and ATP hydrolysis are assumed to be
compensated during oxidative phosphorylation in the resting state, where the
lactate concentration stays constant. The ratio Riu,po, also plays a role for the
effect of the mitochondrial phosphate carrier on the HY concentration, because
it solely transports HoPOy.

Another buffering effect is the deamination of AMP, since one of the prod-
ucts is NHgz, which most likely binds one proton due to the very small NHs/ NHZ
ratio in the physiological pH range. The resynthesis of AMP via the adenylo-
succinate synthase, however, produces 2 H and one HPO,, which yields a total

contribution of (2-Ru,po,) protons.

ATP consumption during exercise and parallel activation

Higher work rates are simulated by increasing the velocity of ATP con-
sumption vyt by a factor n, the magnitude of which can be estimated via
experimentally observed ATP synthesis rates from glycolysis, oxidative phos-
phorylation and creatine kinase. We used an initial ATP consumption value of
n = 300, corresponding to an ATP turnover rate of 3.35 mM/s, which is similar
to experimental values of about 3.5mM/s [52, 53].

Even during a short period of 30s the maximal power output cannot be
maintained, but declines to about 60 % of the initial value [52]. Thus in our
simulations the ATP consumption starts at a maximal rate of 3.35mM/s (300
times the value at rest) and decreases linearly to 60 % at the end of the exercise
(see fig. 4A). After the 30s interval we assume the ATP consumption factor to

decline exponentially to its resting value with a time constant of 7 = 5s.
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Similar to Korzeniewski et al. [31] we assume a parallel activation of en-
zymes involved in glycolysis and oxidative phosphorylation, which is modeled
by enhancing those reactions by a factor n? depending on the ATP consump-
tion factor, where p is 0.62 for oxidative phosphorylation and 1.15 for glycolysis.
These exponents were changed compared to the original model [31] in order to
reproduce the experimentally observed metabolite concentrations after high in-
tensity exercise. The relative magnitude of both exponents was estimated from
the observed maximum ratio between glycolytic and oxidative ATP flux of 2.9-
4.0 [53, 52] and from the amount of lactate accumulation after high intensity
exercise (17.1 - 29.8 mM [54, 55, 56, 57, 52, 58]).

To reproduce a faster, more realistic phosphocreatine recovery, we used a
similar approach to that described in [33] with two different factors n for ATP
consumption and synthesis during the post-exercise period (fig. 4A). The decline
of the factor for ATP synthesis is slower (time constant 7 = 25 s), thus leading
to an increased ATP synthesis and a faster phosphocreatine recovery.

Kinetic parameters for the simulation were chosen such that they produce
steady state concentrations comparable with values reported in the literature

as shown in table 2.

Modeling CFES during exercise

Studies concerning the exercise response indicate a lower aerobic ATP syn-
thesis rate in CFS patients. McCully et al. calculated oxidative phosphoryla-
tion capacities from phosphocreatine recovery kinetics and obtained values of
73 % [2] and 80 % [3] as average over the CFS group compared to controls. The
individual oxidative phosphorylation capacity also correlated with the severity
of symptoms. Another study demonstrated that about half of the CFS group
exhibited an abnormal increase in plasma lactate after a sub-anaerobic thresh-
old exercise test [4]. The maximal aerobic ATP synthesis rate of those patients
was only 65 % compared to controls. A similar value (67 %) was reported by
Argov et al. [59] in patients with exercise intolerance, although CFS patients

were intentionally excluded form the exercise test. But due to the heterogeneity
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within the CFS patients and a possible overlap with other chronic disorders
those groups are hard to distinguish. Additionally, in a stress test for neu-
trophils of CFS patients, which is not directly comparable with exercise tests,
a decreased oxidative phosphorylation capacity (about 66 %) compared to con-
trols was reported [5, 6]. Interestingly, also the resting ATP levels in neutrophils
and the ATP-ADP translocase activity were reduced by a similar amount.

To compare the exercise response in CFS to healthy controls we performed
simulations with the parameters listed in table 2, in which the velocities of all
reactions related to oxidative phosphorylation were decreased by multiplying a
factor rcrs in the range of 0.6-1.0, where 1.0 corresponds to healthy controls

and 0.6 to a very severe deficiency.

Results

In the following, we first highlight the main predictions of our model con-
cerning recovery times and proceed to compare the simulation results to exper-
imental data of metabolite concentrations after high intensity exercises. In the
last three subsections we discuss the underlying mechanisms of exercise dynamic

and the consequences for CFS patients in more detail.

Recovery times for various exercise scenarios

The main advantage of the presented model is the ability to simulate the
recovery period of the total adenine nucleotide pool for various cases of CFS
severity, exercise intensity and duration. To predict recovery times for rea-
sonable scenarios in the daily routine of a typical CFS patient, we performed
simulations for three exercise cases: a 30 s intensive exercise, a moderate 1 h ex-
ercise and two moderate 1h exercises at an interval of 24 h. Fig. 2A shows the
time evolution of the ATP concentration for two days after the exercise started.
The species influencing the velocity of IMP de novo synthesis do not change
much during recovery, thus the ATP concentration increases almost linearly

with a slightly lower slope for CFS simulations. Since the preceding formation

10
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of ribose 5-phosphate is thought to set an upper limit on the IMP synthesis
rate [60], a linear recovery would also be expected in vivo. The recovery time
to 97 % of the resting ATP concentration for a CFS case with a mitochondrial
capacity of 70 % of the healthy value is considerably longer than that of controls
(fig. 2B). Interestingly, our model predicts that a long moderate exercise leads
to a recovery period of 49 hours, which is prolonged by 17 hours compared to a
short intensive exercise for CFS patients. For controls the opposite is the case,
the recovery times being 10.3 hours after a short intensive exercise and 4.5 hours
after a moderate 1h exercise. They do not reach such low ATP concentrations,
where purine nucleotide loss is inevitable, during moderate exercise. But it
should be considered that the very low ATP minimum below 50 % of the resting
value in CFS simulations would probably lead to cell damage and prevent the
CFS patients from maintaining the power output simulated in the 30s exercise
scenario. The simulation of a repeated exercise after 24h demonstrates that
if the long recovery periods are not adhered to, it leads to cumulative effects

amplifying the symptoms of PEM for recovery times as long as 61 hours.

Comparison of simulations for healthy subjects to experimental data

Here, we compare the results of exercise simulations for healthy subjects with
measurements of the metabolite concentrations after 30s of high intensity exer-
cise. The post-exercise concentrations are listed in table 2 and shown in fig. 3
together with experimental data from [54, 55, 39, 58, 57, 52, 53, 61, 56, 62, 63].
There is good agreement with experimentally observed metabolite concentra-
tions, which were taken after the same exercise period of 30s but nevertheless
exhibit a wide variation probably due to varying bodily constitution and exer-
cise intensity between among individuals. As indicated in the figure, values for
measurements after 3 minutes of exercise are also displayed for comparison.

In fig. 4C and D time series of important metabolites during and after a 30s
intensive exercise are shown. The concentration ATP decreases and the con-
centrations ADP, AMP and IMP increase continuously during exercise, because

the total ATP synthesis rate is not able to match the ATP usage completely.

11
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The phosphocreatine concentration declines fast to ensure enough power output
during the beginning of the exercise and recovers during the first three minutes
of rest to about 77 % of the resting value similar to reported measurements [58].

The ATP fluxes are depicted in fig. 4E, where the AMP and IMP synthesis
are excluded because of their negligible contribution. Glycolysis is the major
energy source during high intensity training with a maximum ratio between
glycolytic and oxidative ATP flux of 2.98, which is in the range of reported values
2.9-4.0 [53, 52]. The creatine kinase flux is high during the first seconds but
since the phosphocreatine recovery consumes ATP it can only act as a temporary
energy storage and thus its contribution declines during exercise. ATP synthesis
via adenylate kinase is low compared to the other fluxes, however, its main is
not only to gain additional ATP; but to stabilize the ATP/ADP ratio and thus
the Gibbs free energy from ATP hydrolysis.

The high rate of anaerobic glycolysis leads to a decreasing pH value (fig. 4B)
during exercise. The post-exercise acidification of about 0.1 pH unit is due to
the fast phosphocreatine recovery, which releases HT to the cytosol. Both, the
post-exercise acidification as well as the recovery time (about 6 min to pH 6.9),
are in good agreement with measurements of pH kinetics [53].

To identify the most important reactions influencing the dynamic of the
system, we performed a global sensitivity analysis regarding the steady state
and post-exercise concentrations in dependence of the kinetic parameters. The
results of the sensitivity analysis are described in the Supplementary Information

section.

Post-exercise recovery dynamics

In the following, we discuss the mechanisms involved in the exercise induced
purine nucleotide degradation and post-exercise recovery of the total adenine
pool. The effects of a reduced aerobic ATP synthesis on the recovery dynamics
will be considered in the subsequent subsection.

When the ATP demand exceeds the supply during exercise, the adenylate ki-
nase converts two ADP to one ATP and AMP, thereby stabilizing the ATP/ADP

12
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ratio and thus the free Gibbs energy gained from ATP hydrolysis. Due to the
high AMP levels and reduced pH the IMP producing activity of the AMP deam-
inase is upregulated and thereby ensures the stabilizing effect of adenylate ki-
nase to be continued. Furthermore, one H' is absorbed during the reaction,
which counteracts the advancing acidification, but increases the amount of IMP
degraded to inosine and hypoxanthine and finally uric acid. The temporary
benefit, which can be essential for survival, comes at a high price: The reduc-
tion of the total adenine nucleotide pool, the recovery of which can take hours
or days of rest. After high energy demand over a long period without sufficient
rest even athletic subjects need more than 72 hours to replenish their adenine
nucleotide pool [64, 65].

Using the original model of Korzeniewski et al. [30, 31], the recovery is much
faster because, without the consideration of purine nucleotide degradation, the
total adenine nucleotide pool is a conserved quantity and steady states are
reached fast due to the typical time scale of the included reactions. In simula-
tions with the extended model however, the purine nucleotide loss accounts for
9% of the resting ATP concentration for healthy controls, which is consistent
with measurements after high intensity exercises [39, 54, 57]. After 10 hours the
ATP concentration recovers to 97 % of its resting value, which corresponds to
a de novo synthesis rate of 0.6 % of the total adenine nucleotide pool per hour.
The experimentally observed rate of purine de novo synthesis is in the range of

0.3-1.0 % per hour [66] containing the simulated value.

Ezercise response and slow recovery in CFS

As described in the last part of the Method section, we performed simu-
lations of various degrees of CFS severity by decreasing the velocity of mito-
chondrial reactions down to 60 % of the control value based on experimental
observations [2, 3, 4, 59, 5, 6]. Fig. 5 displays various observables for the con-
trol case (rcrps = 1.0) and a CFS scenario with mitochondrial capacity of 70 %
compared to the controls (rcps = 0.7), whereas the complete results for all

CFS factors in the range mentioned are shown in suppl. fig. 2. As shown in

13
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fig. 5A and suppl. fig. 2A, the reduced capacity for aerobic ATP synthesis leads
to a much lower minimum ATP concentration during exercise. Even during
high intensity exercise ATP levels rarely drop below 55 % of resting concentra-
tions [54, 55, 39, 58, 57, 52|, therefore CFS patients would probably be prevented
from sustaining work rates above 2mM /s and perform worse compared to con-
trols, as reported in [1, 2, 3, 4].

One of the reasons for a reduced power output is the decreasing ATP/ADP
ratio, which leads to a thermodynamically less effective conversion of ATP to

ADP via hydrolysis. The change in the Gibbs free energy

AG = —31.9kJ/mol + RT In(ADP - Pi/ATP), (1)

can be seen in fig. 6A dependent on the ATP consumption rate and the CFS
severity. R refers to the universal gas constant and 7" to the temperature. Due
to the stabilizing effect of the adenylate kinase and AMP deaminase on the
ATP/ADP ratio, the difference in the Gibbs free energy between CFS and con-
trols is less than 3.23kj/mol. Jeneson et al. [67] measured a quasi-linear relation-
ship between the Gibbs free energy and the power output, which is compatible
with our model, considering the variations of the experimental values.
Stabilizing the ATP/ADP ratio has the adverse effect of producing a consid-
erable higher AMP concentration in CFS simulations compared to simulation
for controls (fig. 5B and suppl. fig. 2B). The high AMP concentration then
causes an increased purine nucleotide loss (fig. 5C and suppl. fig. 2C), which
leads to lower ATP and elevated ADP and AMP post-exercise concentrations.
Thus, the de novo synthesis of IMP is slowed down by feedback inhibition of
key enzymes causing a prolonged recovery time for the total adenine nucleotide
pool. 31.9 hours of rest are needed to replenish the ATP concentration to 97 %
of the resting value for a CFS factors of 0.7 (fig. 5D) and up to 45 hour are
needed for even lower CFS factors (suppl. fig. 2D). Similar to these results,
Tullson et al. [66] reported a correlation between the de novo synthesis rate and

the capacity of oxidative phosphorylation. This mechanism could be one of the

14
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reasons for the post-exertional malaise, which typically last for a few days after
an exertion beyond the CFS induced energy limits. The delayed recovery has
been observed in CFS patients by measuring the force of maximum voluntary
contractions, which differed significantly compared to the initial force up to 24 h

after exercise [68].

Acidosis during exercise

As shown in fig. 5E and suppl. fig. 2E, the CFS simulations exhibit an
increased acidosis during exercise with a maximal pH difference to the control
simulations of 0.056 and a slightly prolonged pH recovery, which concurs with
experimental observations [1, 25]. As a consequence of the lower pH both, the
lactate accumulation (fig. 5F and suppl. fig. 2F) and the lactate efflux from the
cell during recovery, were increased up to 15 % and 20 %, respectively, compared
to controls. Both effects were enhance by reducing the rcpg further. Differences
in the lactate accumulation and the anaerobic threshold were also reported in
experimental studies [1, 4].

The relationship between the accumulated lactate content and the pH was
found to be approximately linear in measurements during recovery from exer-
cise [69, 51]. Fig. 6 shows that our model also reproduces the reported linearity,

fitted by the following function

pH = 0.024(lactate + pyruvate)/mM + 7.03, (2)

which is similar to the experimental fit of 0.0213/mM (lactate+pyruvate)-+7.06 [69,

51] when using a dry-to-wet conversion factor of 4.

Conclusions

We presented a deterministic model based on rate equations for the relevant
reactions and processes to simulate metabolite concentrations during exercise in
skeletal muscles and were able to reproduce experimentally observed dynamics

during and after a 30s high intensity exercise [53, 54, 55, 39, 58, 57, 52, 63].
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By simulating a reduced mitochondrial ATP synthesis rate for CFS patients
the model leads to predictions about the duration of recovery after exertion
and demonstrates that long moderate exercises are more exhaustive than short
intensive exercises contrary to the results for healthy controls. Furthermore, it
was shown that ATP reaches critically low concentrations during high inten-
sity exercise in CFS simulations and the acidification in muscle tissue increases
compared to control simulations.

Similar to Korzeniewski et al. [31] parallel activation of ATP consumption
and synthesis was used to model the muscle stimulation. Even though it is a
simplistic approach to describe a complex and not yet understood mechanism,
there is evidence for a parallel activation in vivo [32, 70, 71].

The reduced mitochondrial capacity in CFS results in an increased acido-
sis and lactate accumulation, which was not as pronounced as reported [1, 4].
This could be in part explained by the experimental setup of repeated exercise
bouts [1] and the heterogeneity of CFS patients, where some possibly exhibit a
different parallel activation dynamic with a higher activation of glycolysis.

Investigating the mitochondria in neutrophils of CF'S patients, two subgroups
have been reported, which have been differentiated by the way the mitochon-
drial deficiency is compensated [6]. It was proposed that one of the groups
compensates the lower aerobic ATP synthesis rate by upregulating glycolysis,
the other however, seemed to use an alternative pathway, probably by increas-
ing the purine nucleotide degradation. Our model reproduces the features of
both groups and the proportion between both compensatory mechanisms can
be changed by modifying the activation dynamic of glycolysis and the kinetics
of purine nucleotide degradation. In the simulations presented however, the
corresponding parameters were determined by experimental values of healthy
subjects.

A major difference between the simulations for healthy controls and CFS
patients was the minimum ATP level during exercise, which dropped below
50 % of the concentration in rest for workloads higher than 2.45 ATP/s in the

CF'S simulations. Values below 55 % of the resting value have not been measured
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after high intensity exercise of healthy subjects [54, 55, 39, 58, 57, 52]. Even if
the minimum ATP concentration is still well above the K, value for most of
the ATP-dependent enzymes, a temporary threefold reduction of ATP level has
been reported to increase the likelihood for cell death immensely [72]. Thus CFS
patients would probably not be able to sustain the power output, and the higher
necrosis rates could enhance the symptoms of post-exertional malaise. The level
of cell-free DNA in plasma, which is released after necrosis, was increased up to
3.5 times in CFS patients the normal reference value confirming a higher rate of
cell death [6]. The amount of cell-free DNA was strongly anti-correlated with
the capacity of oxidative phosphorylation indicating that the higher frequency of
cell deaths could be the result of ATP concentrations falling below a threshold
during exertion. This effect would delay the recovery time, which is already
prolonged as our simulations have shown.

Other factors adding to the reduced recovery efficiency are immunological
and adrenergic dysregulations [18, 19], where the complex interplay with the
exercise induced changes in the metabolism are not yet understood. Also oxida-
tive stress was found to be increased after [12] as well as in rest [7, 8, 9], which
is closely linked to the oxidative phosphorylation capacity since the reduction
of major antioxidants such as ubiquinol, coenzyme ¢ and NADH is dependent
on mitochondrial respiration.

One effort to shorten the recovery time is to enhance the de novo synthesis
rate by providing a higher concentration of D-ribose [60], which also proved to
be beneficial as supplements to CFS patients [73]. But long-term treatment with
D-ribose probably has some drawbacks due to its rapid glycation of proteins,
which is involved in physiological neurodegenerative diseases [74]. As long as the
pathogenesis of CFS is unclear, a reasonable therapeutic approach is to measure
important cofactors for mitochondrial respiration (ubiquinol, NAD, L-carnitine
and others) and provide individual supplements [75, 76].

To conclude, the presented model is able to reproduce several independent
experimental observations and helps to understand the underlying mechanism of

exercise intolerance in CFS by taking into account a reduced mitochondrial ca-
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pacity. The mechanism of post-exercise recovery can be investigated by includ-
ing the purine nucleotide degradation and loss during exercise into the model.
As a consequence of the system dynamics during exercise, the ATP concentra-
tion declines to a very low minimum and the purine nucleotide loss increases
causing a prolonged recovery time and enhancing the severity of post-exertional

malaise.

Competing interests

The authors declare that they have no competing interests.

Authors contributions

NL: Designed model, Implemented model, Designed project, Wrote manuscript
BD: Designed project, Wrote manuscript
The simulation source code (GPLv3 license) including plot functions is available

online at https://github.com/nleng/ATP-exercise-simulation.

Acknowledgements

This work was supported by grants from the German Research Council
(Graduate college 1657). The funders had no role in study design, data col-

lection and analysis, decision to publish, or preparation of the manuscript.

Supplementary Information

Sensitivity analysis

The sensitivity of the steady state and post-exercise concentrations in depen-
dence of the kinetic parameters has been investigated using a global sensitivity
method. Thus, the most important reactions influencing the dynamic of the sys-
tem could be identified. The variations in the parameter space were generated
by multiplying each parameter of the main simulation with a random factor be-

tween 1/3 and 3 using a probability distribution for the random factors, which
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assigned to the interval below 1 the same probability as to the interval greater
than 1. We used the density-based “delta” method with a moment-independent
sensitivity indicator [77, 78], implemented in the python library SALIB, and
generated 10° parameter variations to obtain a confidence interval of about 1%
of the sensitivity measure.

The sensitivity data in suppl. fig. 1A show that the extramitochondrial
purine nucleotides (ATP, AMP, IMP) are generally most sensitive to a change
in any of the model parameters due to their regulating and stabilizing effects
when the ATP synthesis does not match the ATP demand. The constants for
creatine kinase (kyax and kyax) have the largest impact on the steady state
concentration of ATP and by determining the ATP/ADP ratio they affect all
other external species as well.

As expected the parameter kyr corresponding to the ATP consumption
influences the ADP, AMP, phosphate and creatine concentrations greatly, since
parallel activation of ATP synthesis is not included for steady state analysis,
thus creating a mismatch between ATP usage and synthesis.

The intramitochondrial species NADH and ubiquinol are mostly dependent
on the first rate-limiting reaction of the mitochondrial respiration chain (kpg)
and on the pyruvate availability, which in turn is determined by the ratio be-
tween forward and backward flux of lactate dehydrogenase (kypa and kpra).
The redox ratio of coenzyme c, however, is most sensitive to the Oy consump-
tion rate at complex IV.

The sensitivity analysis of the post-exercise concentrations, shown in suppl.
fig. 1B yields similar results, but with a smaller impact of creatine kinase due to
the increasing influence of ATP consumption and glycolysis during high intensity
exercise. Since the ATP consumption (kyr) is increased up to 300 times in
exercise simulations compared to the resting state, a change of the parameter
results in a relatively large mismatch of ATP usage and synthesis and strongly
influences most of the species.

In line with expectations the concentration of IMP is very sensitive to the

rate of ATP consumption and to the parameter for purine nucleotide degra-
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dation and loss kpy during exercise, but less sensitive to all other parameters

compared to the steady state analysis.

During exercise the rate of glycolysis ky;y. mostly influences the lactate ac-

cumulation and both the cytosolic and intramitochondrial H' concentration.

Interestingly, none of the important reactions for ATP synthesis and exchange

(ksn, kgiye, kEx) has an exceptional impact on the ATP/ADP ratio in contrast

to the reaction for ATP consumption, which is probably due to the complexity

of regulatory and compensatory effects. If e.g. the ATP synthase was down-

regulated, the intramitochondrial ATP/ADP ratio would decrease and the pH

difference at the mitochondrial membrane would increase, thus leading to an

upregulation of ATP synthase to a certain extent.

Calculations

Total concentration of cytochrome c [30]:

¢; =0.27mM,

AT =¢, — .

Total concentration of ubiquinone [30]:

U, =1.35mM,
UQ :Ut - UQH2

Total concentration of NAD [30]:

N, =2.97mM,

NAD" =N; — NADH.
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Total creatine concentration [30]:

C, =29.5mM,
Cr :Ct — PCr.

pH calculation:
pH,/; = —log(H,y; - 107%)

Extra and intramitochondrial pH buffering capacity:

dee Coe
Tbuffe =Coe * dH, = In 10 - Hev
_ Coi
"o 10

where cp. = 25 and ¢o; =22 [30].

Potential calculation [30]:

ApH =Z(pH; — pHe),
AP :L - ApH,
1—u
AU = — (AP — ApH),
AV, =0.65A0,

AV, = —0.35A0.

21
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Constants [30]:

T =289 K, (19)
kJ
R =0.0083——— 20
mol - K’ (20)
kJ
F =0.0965 ——— 21
mol - mV’ (21)
Z=10-R-T/F, (22)
u =0.861, (23)

Thermodynamic span of complex I, complex III and ATP synthase [30]:

AGer =Enu — Epn — 2Ap, (24)
AGCZ’) :Emc — LmU — (2 — U)Ap7 (25)
AGgn
v=10"7", (26)
AGSN znAAp — AGP, (27)

n4 =2.5, (phenomenological H" /ATP stoichiometry of ATP synthase)

(28)

ATPy
AG, =31.9k]J/mol/F + Z - log (1000 : m) : (29)
(30)
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Calculation of redox potentials [30]:

NAD

) , (NAD redox potential) (31)

UQ
Epnuy =85mV + Z/2-log (UQHQ

) , (ubiquinone redox potential) (32)

Epe =250 mV + Z - log <Zzi> , (cytochrome ¢ redox potential) (33)

Epa =FEme + Ap - (1 + u), (cytochrome a redox potential) (34)

As)o :mw, (ratio a®T /a*") (35)

a*t :L, (concentration of reduced cytochrome a) (36)
1+ As)o

a*t =a; —a®t, (37)

a; =0.135 mM. (38)

Calculations of free and magnesium bound ATP and ADP from [30]:

Mg, =4.0mM, (39)
ATP
ATPy, :*Mt;, (40)
1+ kpre
ATP,,. =ATP,. — ATPy,, (41)

where kpr. = 0.024mM is the magnesium dissociation constant for external
ATP. The subscripts refer to free (f), magnesium bound (m), external (e) and

intramitochondrial (i) concentrations.

ADPy,

ADPj, =———, (42)
1+ kDDec

ADP,,. =ADP,, — ADPy,, (43)

where kpp. = 0.347mM is the magnesium dissociation constant for external

23



ADP.

Mg; =0.38 mM, (44)
ATPy;
1+ kDg;:@
ATP,,; =ATP,; — ATP;, (46)

where kpp; = 0.017mM is the magnesium dissociation constant for mitochon-

drial ATP.

ADPy,;

ADPy; =N &> (47)
1+ kD%i
ADP,;; =ADP,; — ADPy,, (48)

s where kpp; = 0.282mM is the magnesium dissociation constant for mitochon-

drial ADP.
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Figure Captions

Figure 1: Interaction diagram. The reaction directions are indicated as arrows. The ratio
between the mitochondrial matrix volume and the cytosolic compartment is assumed to be
1:15 [30, 31].

Figure 2: Recovery from various exercise scenarios. (A) Simulated ATP concentration
for CFS patients and controls during exercise and two days of recovery for an intensive 30 s
exercise (initial ATP consumption of 300 times the resting value, time dependence shown in
fig. 4A) and a moderate 1h exercise repeated after 24 h (ATP consumption of 10 times the
resting value). (B) Comparison between CFS and control simulations regarding the recovery
times after three exercise scenarios: 30s intensive exercise, 1h moderate exercise and 1h
repeated exercise after 24 h.
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Figure 3: Species concentrations after 30s high intensity exercise. Simulated post-
exercise concentrations for healthy subjects are compared to measurements from experimental
studies, where values after 30s and 3 min exercises are displayed separately. Literature refer-
ences are listed in table 2. To convert dry weight literature data a factor of 4 was used.

Figure 4: Simulated exercise kinetics for healthy subjects. (A) ATP consumption
factor and ATP synthesis factor for 30s exercise simulations. (B) pH during exercise. (C)
ATP, ADP, AMP and IMP during exercise. For ADP and AMP the increase compared to
resting state is plotted, where the factor for AMP is divided by 10. (D) Phosphocreatine,
Creatine, Pi and lactate. (E) Fluxes.

Figure 5: Post-exercise observables in dependence on the ATP usage. Metabolite
concentration after a 30's exercise of varying intensity (ATP usage) were simulated for controls
(blue dashed line) and for CFS patients with rcrps = 0.7 (red solid line). A complete presen-
tation for all CFS factors in the range from 0.6 to 1.0 can be found in suppl. fig. 2. (A) ATP
minimum during exercise, which should not be confused with the post-exercise value after 30s,
since the ATP level continues to fall during the exponential decay of the ATP consumption
factor. (B) Increase of AMP concentration compared to resting value. (C) Purine nucleotide
loss due to IMP degradation. (D) Recovery time for the ATP concentration to reach 97 % of
the resting value. (E) Cytosolic pH minimum during exercise. (F) Lactate accumulation.

Figure 6: Lactate accumulation and Gibbs free energy. (A) Linear relationship between
lactate concentration and pH. The color gradient displays the effect of different CFS factors.
Simulations for CFS patients are shifted up to 0.56 towards lower pH values compared to
control simulations with the same ATP consumption, thus causing an apparently thin area in
this depiction. (B) Approximately linear relationship between the Gibbs free energy for ATP
hydrolysis and the power output.

Supplementary Figure 1: Sensitivity analysis. Sensitivity of steady state values (A) and
concentrations after a 30s high intensity exercise (B) dependent on the variation of model
parameters. For sensitivity analysis the density-based “delta” method with a moment-
independent sensitivity indicator [77, 78] was used. The color gradient indicates the value
of the sensitivity measure.

Supplementary Figure 2: Post-exercise observables. Metabolite concentration after 30 s of
intensive exercise were simulated for various ATP usage and CFS reduction factors. (A) ATP
minimum during exercise, which should not be confused with the post-exercise value after 30s,
since the ATP level continues to fall during the exponential decay of the ATP consumption
factor. (B) Increase of AMP concentration compared to resting value. (C) Purine nucleotide
loss due to IMP degradation. (D) Recovery time for the ATP concentration to reach 97 % of
the resting value. (E) Cytosolic pH minimum during exercise. (F) Lactate accumulation.
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Table 1: Velocities of all model reactions.

reaction velocity [mM /min]

parameters

Intramitochondrial reactions [30]

Substrate dehydrogenase: vpy = kpn

Complex I: ve1 = ke1 - AGea

Complex III: ves = kes - AGes

24 2+
Complex IV: vog = kog &%
1+ Ego
2
ATP synthase: vsny = ksN%

pyruvate

)P

(1+K'"LN NAD

kpmg = 37.689 mMmin~', K,,ny = 100, Pp = 0.8 [30],
pyruvate dependence added

kci = 0.112mMmV ™! min ™!
kes = 0.521mM mV ™! rnirfl7 AGcs defined in Supplemen-
tary informations

kca = 1951.98 mM ~'min~ !, Ko = 0.12mM,
Oz = 0.24mM, a®*is the concentration of reduced
cytochrome a (Supplementary information)

ksn = 3.034mMmin~ ', v (see Supplementary information)

Mitochondrial exchanges [30]

Phosphate carrier:

vpr = kpr(Ruypo,,cPie - HY — Ru,po,,iPi; - H)),
1

with R i= ——=nr——=%
HoPOy,e/i 1_"_10;>He/7.5(is

ATP-ADP-Translocase:
kex ADPy.

’U = .
BX 1+ Kwapp
ADP .

ADPy;

ADPfe + ATPfe - 100-358¢/2

- ADPy; + ATP, - 10-0-654¢/2

vik = kpr(eFER2AP 1)

Ru,pro, is the ratio of HoPOy4 to the total phosphate con-
centration.

kex = 3.508mMmin~ ', Kuapp = 0.0035 mM. Definitions
of A¢p, Z and the calculations of free ATP and ADP can be
found in Supplementary information.

krxa = 7.92-107°mMmin~!, kg2 = 0.003mV™" [30].
krr,1 was set to reproduce the measured proton leak in rest-
ing skeletal muscles (50 % of the respiration rate [79, 30]).

Extramitochondrial reactions of the original model [30, 31]

Proton efflux: vpg = kpr(7 — pH)

Creatine kinase:

vox = ko - ADP-PCr-H' — ky o - ATP - Cr

Adenylate kinase:

VAK = kAK . ADPfe . ADPme — kb,AK 1 ATPmE . AMP

1

Ko A
1t aT6, S

Glycolysis: vgiye = Kglye - ADP - Hy /HT

ATP consumption: vyr = kyr

kpr = 13.1mMmin~" [53]

kex = 1.9258 pM ™2 min™" [30],

kyox = 0.0011602 uM ! min~' (calculated from steady
state concentration)

kar = 862.1 uM ™" min~" [30] ,

kb ax = 340.01uM_1 min~* (calculated from steady state
concentration)

kur = 0.6865 M min~", K,,4 = 0.15mM [30]

kglye = 2.756 min ™"

Extramitochondrial reactions extending the original model

AMP deaminase: vap = kap

AMP (8—pH)

Pi.ADPg

AMP+KmAMP 13- ADP rimyo

Purine nucleotide loss: vpr = kpr (IMP — IMP0)2

IMP de novo synthesis:
—k ATP . 1
Vis = Rr1s 1+ _ATP | _ADP 14 _AMP | _IMP
KmaTp ' KiaDP Kiamp ' Kiimp

AMP synthesis:
GTP-IMP

vas = kas GTP IMP AMP
1 1
( + Kmarp ) ( + Kmivp + Kiamp )

Lactate dehydrogenase:
vrA = kra - pyruvate - HT — ky,a - lactate

Lactate efflux: vp g = ke (lactate — lactateo)

Tmyo = 1+ 35 (n is the ATP consumption factor). kap =
683.0mM min !, Kmanpe = 1.0mM for the free AMP deam-
inase enzyme (literature value 0.6-1.0mM [80, 37, 40])

kpr = 2.05min"?.

k‘[s = 0.0485 min_l, KmATp =0.014 [44}, KiADp =0.01 [44],
Kiamp = 0.092 [81], Kimnvp = 0.18 [81]. If the total adenine
nucleotide pool equals the value in rest v;g is set to zero.
kas = 7487TmM ' min™!, Kumup = 0.3, Kmeup = 0.05,
Kiamp = 0.7 (see section Extramitochondrial reactions)

kra = 950. M~ min™!, kyra = 6.34min~! (calculated
from steady state concentration). NAD/NADH was not in-
cluded as an extramitochondrial species in our model.

kre = 0.06 min~' was chosen to reproduce the experimen-
tally observed lactate decline to 70 % of the post-exercise
concentration after 6 min of recovery [58, 82].
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Highlights

Metabolite dynamics in skeletal muscles are simulated during high inten-

sity exercise.

We take into account exercise induced purine nucleotide loss and de novo

synthesis.
A reduced mitochondrial capacity is assumed for CFS patients.

CFS simulations exhibit critically low levels of ATP and a prolonged re-

covery time.

Additionally an increased acidosis and lactate accumulation is observed

in CFS.



