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Abstract 

Chronic Fatigue Syndrome or Myalgic Encephaloymelitis (ME/CFS) is a frequent debilitating disease with an enigmatic 
etiology. The finding of autoantibodies against ß2-adrenergic receptors (ß2AdR) prompted us to hypothesize that 
ß2AdR dysfunction is of critical importance in the pathophysiology of ME/CFS. Our hypothesis published previously 
considers ME/CFS as a disease caused by a dysfunctional autonomic nervous system (ANS) system: sympathetic 
overactivity in the presence of vascular dysregulation by ß2AdR dysfunction causes predominance of vasoconstric-
tor influences in brain and skeletal muscles, which in the latter is opposed by the metabolically stimulated release 
of endogenous vasodilators (functional sympatholysis). An enigmatic bioenergetic disturbance in skeletal muscle 
strongly contributes to this release. Excessive generation of these vasodilators with algesic properties and spillover 
into the systemic circulation could explain hypovolemia, suppression of renin (paradoxon) and the enigmatic symp-
toms. In this hypothesis paper the mechanisms underlying the energetic disturbance in muscles will be explained 
and merged with the first hypothesis. The key information is that ß2AdR also stimulates the Na+/K+-ATPase in skeletal 
muscles. Appropriate muscular perfusion as well as function of the Na+/K+-ATPase determine muscle fatigability. We 
presume that dysfunction of the ß2AdR also leads to an insufficient stimulation of the Na+/K+-ATPase causing sodium 
overload which reverses the transport direction of the sodium-calcium exchanger (NCX) to import calcium instead 
of exporting it as is also known from the ischemia–reperfusion paradigm. The ensuing calcium overload affects the 
mitochondria, cytoplasmatic metabolism and the endothelium which further worsens the energetic situation (vicious 
circle) to explain postexertional malaise, exercise intolerance and chronification. Reduced Na+/K+-ATPase activity is 
not the only cause for cellular sodium loading. In poor energetic situations increased proton production raises intra-
cellular sodium via sodium-proton-exchanger subtype-1 (NHE1), the most important proton-extruder in skeletal mus-
cle. Finally, sodium overload is due to diminished sodium outward transport and enhanced cellular sodium loading. 
As soon as this disturbance would have occurred in a severe manner the threshold for re-induction would be strongly 
lowered, mainly due to an upregulated NHE1, so that it could repeat at low levels of exercise, even by activities of 
everyday life, re-inducing mitochondrial, metabolic and vascular dysfunction to perpetuate the disease.
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Background
Chronic Fatigue Syndrome or Myalgic Encephaloymeli-
tis (ME/CFS) is a debilitating disease with a world-wide 
prevalence of 0.2–0.5% and is often triggered by vari-
ous viral infections among them EBV, enteroviruses, 
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influenza, dengue fever and others [1]. ME/CFS is char-
acterized by profound fatigue, exertional intolerance, 
sleep disturbance, muscle pain, orthostatic intolerance 
and various other symptoms. The cardinal symptom 
is exertional intolerance with post-exertional malaise 
(PEM), a disproportionate aggravation of symptoms 
after physical or mental effort [2]. Chronic muscle pain 
and weakness is a typical symptom of ME/CFS which 
can increase for days after minor exertion. Assessment 
of hand grip strength shows both impaired strength and 
enhanced fatiguability in ME/CFS and correlates well 
with disease severity, muscle pain and PEM [3]. Diagnos-
ing of ME/CFS is challenging for patients and physicians 
due to many unspecific symptoms, the broad differential 
diagnosis of chronic fatigue and the lack of an established 
biomarker. So far, ME/CFS is a clinical diagnosis classi-
fied as neurological disease by the WHO with the inter-
national Canadian Consensus Criteria (CCC) as the most 
accepted [1].

To date, the etiology and pathophysiology of ME/CFS 
is still unresolved, but there is ample evidence for auto-
nomic and vascular dysregulation [4–6]. Hypoperfusion 
of muscles and impaired cerebral blood flow upon exer-
tion are considered as key mechanisms for fatigue mus-
cle pain, PEM and impaired cognition [6–10] (Fig.  1). 
Further, there is evidence for autoimmunity and natural 
autoantibodies against ß2-adrenergic receptors (ß2AdR) 
and M3-muscarinergic receptors were found upregu-
lated in about one third of the patients and the function 
of ß2AdR antibodies was found to be attenuated in a 

subsequent study [11–13]. A recent study showed a cor-
relation between levels of ß2AdR antibodies and brain 
network alterations associated with pain [14]. Immuno 
adsorption removing IgG resulted in improvement of the 
disease [15]. These antibodies belong to a of natural anti-
bodies against adrenergic, cholinergic and other GPCR 
receptors which is dysregulated in various autoimmune 
diseases [16]. These findings prompted us to deeper con-
sider the possibility that dysfunction of ß2AdR could play 
a major role in the pathophysiology of ME/CFS [6]. To 
strengthen the argument of ß2AdR dysfunction, adoles-
cent ME/CFS was found associated with polymorphisms 
of the ß2AdR gene [17]. Mutations of this receptor show 
a cardiovascular profile in healthy adults which can be 
considered an asymptomatic form of the cardiovascular 
changes found in ME/CFS [18, 19]. ß2AdR are particu-
larly sensitive to desensitization by chronic sympathetic 
stimulation evident in ME/CFS [20, 21]. The propensity 
for agonist induced desensitization is even enhanced in 
subjects with mutant ß2AdR [18]. It was reported that 
ME/CFS patients had lower expression of ß2AdR [22]. 
Altogether, autoantibodies, mutations and desensitiza-
tion may cause dysfunction of the ß2AdR and act syn-
ergistically with other causes of endothelial dysfunction 
(ED) induced by the viral infection.

In a previous paper entitled “A Unifying Hypothesis 
of the Pathophysiology of Myalgic Encephalomyelitis/
Chronic Fatigue Syndrome (ME/CFS): Recognitions 
from the finding of autoantibodies against ß2-adrenergic 
receptors “we discussed how ß2AdR dysfunction could 

Fig. 1  Key symptoms of ME/CFS related to hypoperfusion
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be causally involved in the pathophysiology of ME/CFS 
[6]. To briefly summarize this hypothesis: ß2AdR are 
important vasodilator receptors in the heart, brain and 
skeletal muscles, and are expressed on endothelial cells to 
release nitric oxide and on vascular smooth muscles cells 
to cause direct vasodilation. M3-muscarinergic receptors 
release nitric oxide from endothelial cells. The dysfunc-
tion of these receptors may result in ED impairing vaso-
dilator influences. Mental and skeletal muscle fatigue that 
are hallmarks of ME/CFS may be caused by ED resulting 
in misery perfusion. Along with this vascular disturbance 
a unique cardiovascular situation is found in ME/CFS 
that is characterized by hypovolemia, preload failure, 
small hearts, orthostatic intolerance, postural tachycardia 
(POTS), chronotropic incompetence and most surpris-
ingly a paradoxically low activity of the renin–angioten-
sin–aldosterone system. Numerous heart rate variability 
studies show a high sympathetic (vasoconstrictor) tone 
and a low vagal tone. Altogether, vasoconstrictor influ-
ences seem to be increased while vasodilator effects are 
obviously impaired by ß2AdR dysfunction and/or ED of 
other causes mentioned above.

Our hypothesis considers ME/CFS as a disease of a 
dysfunctional autonomic nervous system (ANS) resulting 
from sympathetic overactivity in the presence of dysfunc-
tional ß2AdR and ED. The combined disturbance leads 
to a disruption of the physiological interaction between 
skeletal muscles and the cardiovascular system. High 
sympathetic tone in the presence of vascular dysfunction 
may lead to an excessive vasoconstrictor stimulus in the 
brain and skeletal muscles, which in the latter is counter-
regulated by the metabolically stimulated generation of 
endogenous vasodilators in the physiological process of 
functional sympatholysis. A still enigmatic bioenergetic 
disturbance in skeletal muscle [23] strongly enhances the 
metabolically stimulated compensatory release of endog-
enous vasodilators in the muscle. Some of the released 
vasodilators like bradykinin and prostaglandins have 
algesic, hyperalgesic and spasmogenic actions and cause 
microvascular leakage and even open the blood brain 
barrier. Excessive generation of algesic vasodilators and 
their spillover into the systemic circulation could explain 
the unfavorable CV-situation causing hypovolemia and 
preload failure by microvascular leakage, renal hyperex-
cretion and by inhibition of renin production as conse-
quence of renal hyperemia and tubular effects induced by 
those vasodilators. The latter annihilate the physiological 
signals for renin generation so that renin remains low and 
re-filling of the vasculature does not take place to perpet-
uate the state of hypovolemia. This in turn further raises 
sympathetic tone to even cause more vasoconstriction 
leading to a vicious circle. The appearance of hyperalgesic 
and spasmogenic vasodilators in the systemic circulation 

may explain many of the enigmatic symptoms of ME/CFS 
including pain, hyperalgesia, intestinal complaints, flu-
like symptoms, sore lymph nodes and others.

In this second hypothesis paper the presumed mecha-
nisms underlying the energetic disturbance in skeletal 
muscles in ME/CFS will be discussed. Various studies 
provide evidence of impaired muscle function and metab-
olism in ME/CFS. Patients with ME/CFS perform worse 
than controls in a controlled repeated exercise study [24]. 
Cultured human skeletal muscle cells from patients with 
ME/CFS show impaired glucose uptake and ATP levels 
[25]. Skeletal muscle acidosis or dysregulation of protons 
is found in ME/CFS patients during or after exercise [23, 
26–29]. A diminished oxygen supply of muscles upon 
exercise is shown in several studies in ME/CFS patients 
[24], 30. In line with this, metabolic changes in ME/CFS 
indicate hypoxia and ischemia [31].

While in the previous hypothesis paper we had focused 
on the role of ß2AdR as important vasodilators in the 
brain and skeletal muscle and on their role in the heart 
(positive chronotropic and inotropic effects) in this 
paper we focus on the potential pathomechanistic role 
of the ß2AdR as an important stimulator of the Na+/K+-
ATPase in skeletal muscles [32, 33]. Appropriate muscu-
lar perfusion as well as function of the Na+/K+-ATPase 
activity determine muscle fatigability. Experimentally, the 
function of Na+/K+-ATPase is strongly related to recov-
ery of muscular force [32]. We presume that dysfunction 
of the ß2AdR in the presence of a high sympathetic tone 
not only leads to impaired muscular perfusion but also 
to an insufficient stimulation of the Na+-K+-ATPase and 
that this entails complex ionic disturbances in the mus-
cles, which particularly affect the mitochondria, to fur-
ther worsen the energetic situation and cause exercise 
intolerance and postexertional malaise (PEM).

Disturbances of ions in skeletal muscles in ME/
CFS as the main mechanism of PEM and exercise 
intolerance
Physiological regulation of intracellular ion homeostasis 
in muscle cells
Sodium enters the myocytes in the process of excitation 
contraction coupling via sodium channels and via activ-
ity of the sodium-proton exchanger subtype1 (NHE1). 
The latter exports one proton for which the driving force 
is the import of one sodium ion tending to load the cell 
with sodium. The NHE1 as the most important proton 
transporter [34–36] is dependent on the sodium gradient 
as the driving force for proton extrusion (and not directly 
on ATP). The physiological sodium gradient that drives 
the NHE1is maintained by the Na+/K+-ATPase. Sodium 
is removed from the cell by the Na+/K+-ATPase at the 
expense of ATP consumption to maintain excitability and 
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the sodium gradient as a driving force for transport pro-
cesses. Na+/K+-ATPase is electrogenic exporting three 
sodium ions in exchange for the import of two potassium 
ions.

Disturbances of intracellular ions in ME/CFS
Disturbances of ionic transport are well known from 
experimental ischemia–reperfusion injury situations in 
the heart and in skeletal muscle. Harmful ionic distur-
bances appear abruptly within a minute of reperfusion 
after a period of total ischemia whether it is the heart or 
skeletal muscle. Although ME/CFS is not an ischemia–
reperfusion situation we provide arguments that simi-
lar ionic disturbances (the ischemia–reperfusion injury 
paradigm) could occur in skeletal muscles of ME/CFS 
patients but would appear more slowly and be less severe. 
These ionic changes in skeletal muscles finally result in 
calcium overload to cause mitochondrial dysfunction, 
muscular insulin resistance and vascular (endothelial) 
dysfunction in muscles with repeated exercise. Major 
players involved are the sodium–potassium ATPase 
(Na+/K+-ATPase), the sodium-proton-exchanger 
(NHE1; SLC9A1) and the sodium-calcium-exchanger 
(NCX) (Fig.  2). The isoform in skeletal muscle is NCX3 
(SLC8A3) [37]. The NCX can reverse its transport direc-
tion to import calcium instead of exporting it under 

conditions of a strong rise in intracellular sodium. In the 
following we try to work out how sodium overload could 
occur in ME/CFS which would then entail calcium over-
load as the final damaging mechanism.

What are the mechanisms that could cause sodium loading 
in ME/CFS?
In the working muscles, particularly in hypoxia, the 
increase in anaerobic metabolism should raise proton 
generation and therefore also cellular sodium load via 
the NHE1. Previous exercise deteriorated physical per-
formance and increased arterial lactate during exer-
cise in patients with ME/CFS while it lowered lactate in 
healthy subjects [38]. Under conditions of insufficient 
ATP production Na+/K+-ATPase may not be able to 
remove sodium in sufficient quantities, and intracellular 
sodium may therefore accumulate. In experimental situ-
ations ß2AdR activation stimulates the Na+/K+-ATPase 
activity [32] and improves muscle force recovery and so 
do insulin and calcitonin-gene related peptide (cGRP). 
Dysfunctional ß2AdR may be a major cause in the patho-
physiology of muscular fatigue affecting not only perfu-
sion and the energetic situation but also impairing the 
stimulation of the Na+/K+-ATPase. If insulin resistance 
occurred as a consequence of the metabolic changes of 

Fig. 2  Transporters and channels involved in the handling of protons, sodium, calcium and potassium in myocytes. At normal sodium 
concentrations the NCX of the sarcolemma works in the forward mode to export calcium. At high sodium concentrations caused by high 
NHE1- and low Na+/K+-ATPase activity the NCX reverses its transport direction to import calcium leading to calcium overload. Since intracellular 
sodium is the driving force for the mitochondrial NCX, elevated intracellular sodium (even below the threshold for reverse mode of the sarcolemmal 
NCX) activates the mitochondrial NCX to diminish mitochondrial calcium while elevated cytoplasmatic calcium has the opposing effect and tends 
to increase it. KATP is closed at normal but activated at low ATP levels. Opening will cause hyperpolarization, a protective mechanism against 
calcium overload. But if open for a longer time it can cause potassium loss together with the weak Na+/K+-ATPase activity, for which the causes are 
listed in Table 1. Intracellular hypokalemia reduces the driving force of the protective KATP opening
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skeletal muscle in ME/CFS, as will be outlined below, the 
Na+/K+-ATPase activity would be further impaired.

In skeletal muscle Na+/K+-ATPase is stimulated by 
ß2AdR and cGRP, probably during exercise, and by insu-
lin and acetylcholine at rest [32, 33, 39]. We strongly 
assume that the function of the Na+/K+-ATPase is 
severely disturbed in ME/CFS, not only by dysfunctional 
ß2AdR but also by low ATP production, insulin resist-
ance (explained below) and lowered cGRP production. 
cGRP-release could be lower for two reasons: (1) lowered 
expression of the cation channel TRPM3, which could be 
a predisposing factor. (2) small fiber neuropathy which 
could develop as a consequence of ME/CFS or be pre-
sent before as a risk factor [40]. Expression of the cation 
channel TRPM3 has been found reduced in leukocytes of 
patients with ME/CFS [41]. It is unknown and remains 
to be explored whether reduced expression of TRPM3 
is also present in small fibres in skeletal muscles. Activa-
tion of TRPM3 induces vasodilation of resistance arter-
ies by releasing cGRP und Substance P from perivascular 
nerves [42] so that this mechanism of vasodilation may 
be impaired enhancing the need for the metabolically 
stimulated release of hyperalgesic vasodilators as com-
pensation for this deficit. Impaired cGRP release would 
also reduce the stimulation of the Na+/K+-ATPase dur-
ing exercise increasing the risk of sodium overload as 
mentioned above. It remains to be investigated whether 
there is an interaction between ß2AdR dysfunction and 
possible TRPM3 deficiency, i.e. whether both distur-
bances are required for ME/CFS to develop or whether a 
dual disturbance is related to disease severity. The poten-
tial disturbances of the Na+/K+-ATPase in skeletal mus-
cles in ME/CFS are shown in Table 1.

Due to these stimulatory deficits Na+/K+-ATPase can-
not sufficiently clear increased intracellular sodium as 
we will outline below (imbalance between high sodium 
influx by NHE1 and low activity of the Na+/K+-ATPase) 
leading to sodium overload (Fig.  3). There is also evi-
dence for an inhibition of the Na+/K+-ATPase by reac-
tive oxygen species (ROS) in ME/CFS patients that may 

stem from inflammatory processes or mitochondrial 
dysfunction [43]. During prolonged exercise for example 
even in the healthy situation oxidative stress may reduce 
Na+/K+-ATPase activity via glutathionylation [39].

A strong rise in intracellular sodium can activate the 
sodium-calcium-exchanger (NCX) to operate in its 
reverse mode. Instead of removing calcium the NCX 
imports calcium to cause calcium overload. The final cel-
lular damage is then due to calcium overload, the para-
digm of ischemia–reperfusion damage. This mechanism 
is well-known to occur in the heart [34–36] and skeletal 
muscle [44, 45] where abrupt reperfusion follows a brief 
episode of total ischemia. Ischemia alone in this situation 
of ischemia/reperfusion situation is too short to cause 
damage but reperfusion strongly activates the NHE1 and 
the reverse mode of the NCX to cause damage via cal-
cium overload. The ME/CFS situation is certainly not an 
ischemia–reperfusion situation where ischemia is total 
but short and reperfusion is abrupt. What is needed to 
cause calcium overload is a certain extent of sodium 
overload only to reverse the transport direction of the 
NCX. The reversal potential of the NCX does not only 
depend on sodium concentrations and gradient, but also 
on calcium concentrations and the membrane potential 
so that it is not possible to give the sodium concentration 
at which this occurs.

Sodium overload seems to occur in exercise in ME/CFS 
suggested by the following findings. Skeletal muscle aci-
dosis is found in ME/CFS patients during or after exer-
cise [23, 26–28, 46]. Proton efflux from skeletal muscle 
immediately post-exercise was found strongly diminished 
[46] for a short time only, indicating a transient distur-
bance of sodium-proton-exchange mechanisms. NHE1 
is the most important proton extruder in skeletal muscle. 
There is no other simple explanation for a transient inhi-
bition of the NHE1 than a high intracellular sodium con-
centration—accumulated during exercise—as the NHE1 
is not directly dependent on ATP but only indirectly via 
the Na+/K+ATPase. The latter maintains the sodium gra-
dient at which the NHE1 can work. Sodium and calcium 

Table 1  Activation of Na+/K+-ATPase by physiological transmitters and ATP in skeletal muscle: possible dysfunction and modulation 
in ME/CFS

Mechanism Importance Na+/K+−ATPase function in ME/CFS

Acetylcholine At rest Enhanced by physostigmine (Mestinon™)

Insulin At rest Decreased by potential insulin resistance

ß2AdR-agonist Exercise Decreased by ß2AdR-dysfunction/downregulation

ccGRP Exercise Decreased by small fiber degeneration
Diminished due to low expression of TRPM3?

ATP Exercise mainly Decreased due to ATP depletion

ROS Exercise mainly Inhibition
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overload could occur in ME/CFS in muscles if exercise is 
continued under poor energetic conditions.

Does muscular acidosis itself play an important role 
as a damaging mechanism? Although proton efflux is 
found decreased immediately post-exercise in ME/
CFS there is no severe acidosis and the delay of pro-
ton efflux is in the range of less than a minute [46]. It 
is unlikely that such a short and moderate acidosis 
could cause a severe disturbance to explain PEM that 
can last for more than 24  h but calcium overload can 
do. A big surprise in the early pharmacology of NHE1-
inhibition was the recognition that it was not acidosis 
that damaged muscles but the attempt to get rid of the 
intracellular protons that finally leads to calcium over-
load via sodium uptake and overload. In a number of 
pathological cardiovascular conditions the NHE1 was 
found upregulated and inhibition of NHE1 conferred 
strong tissue protection by reducing sodium load and 
subsequent calcium overload [34–36, 44, 45]. Myocar-
dial fibrosis has been found in some patients with ME/
CFS [47]. It causes diastolic (filling) dysfunction to 
enhance the effect of hypovolemia on preload failure. 

An upregulated NHE1 is linked with cardiac fibrosis 
in cardiac diseases, indeed. In experimental cardiovas-
cular medicine cardiac fibrosis is prevented by phar-
macological inhibition of (an upregulated) NHE1 [34, 
48]. A candidate for stimulating systemic upregulation 
of NHE1 in ME/CFS is the myocardial infarction asso-
ciated transcript (MIAT). The latter is found upregu-
lated in ME/CFS patients [49]. MIAT regulates the zinc 
finger E-box binding homeobox  1 (ZEB1) expression 
which can cause upregulation of NHE1 [50]. ZEB1 was 
found upregulated in ME/CFS patients as well [49]. 
Furthermore, NHE1 activity could be increased via 
stimulation by alpha1-adrenergic receptor agonists. 
Since sympathetic tone is increased in ME/CFS (an 
upregulated) NHE1 may be stimulated by this mecha-
nism [51].

In cardiovascular pathophysiology, NHE1 in the heart 
is easily upregulated in many pathological situations that 
are related to a worsened metabolic situation. Since the 
NHE1 is the most important proton-extruder in skel-
etal muscle, too, it would really be surprising if it were 
not upregulated in skeletal muscle in ME/CFS in face of 

Fig. 3  Presumed sodium load in ME/CFS at rest and during exercise in skeletal muscles. Intracellular sodium concentration in striated muscle in 
ME/CFS is presumably close to the threshold for reverse mode activation of the NCX or at least shows a very rapid rise at even low levels of exercise. 
This treshold is then rapidly crossed during exercise causing calcium overload which leads to mitochondrial and vascular dysfunction and muscular 
insulin resistance. The proximity of intracellular sodium concentration to this threshold is the presumed main cause for exercise intolerance in ME/
CFS and the potential explanation for the characteristics of a threshold of effort for the induction of PEM
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the deep metabolic disturbance. Overall, an enhanced 
NHE1-activity in skeletal muscle would increase the 
potential for sodium- and subsequently calcium overload.

The response of PBMCs from ME/CFS patients to a 
hyperosmotic stressor (high extracellular sodium) in a 
test measuring impedance was dramatically different 
from the response observed among the controls so that 
this test may have the potential as a diagnostic marker 
of ME/CFS [52]. The hyperosmotic stress applied, which 
induces cellular shrinking, is a massive challenge for cel-
lular osmo- and volume regulators. NHE1 is most likely 
the most important volume regulator in leukocytes [53]. 
As shown before, suspension of human PBMC in exactly 
the same hypertonic medium indeed induced rapid cel-
lular shrinkage and subsequent activation of NHE1 [53] 
leading to sodium influx which is followed by influx of 
water causing repletion of the cellular volume. Intracel-
lular sodium and cell shape (through cellular volume) are 
certainly determinants of electrical conductance in such 
an experimental setting measuring impedance. We won-
der whether the altered change in conductance in ME/
CFS is related to an altered NHE1 activity and potentially 
secondary consequences arising from sodium overload 
and potentially calcium overload.

Taken together, we strongly assume that NHE1 activ-
ity is enhanced in ME/CFS in skeletal muscles by sev-
eral mechanisms including increased proton load by 
an altered muscular metabolism. Both effects would 
increase cellular sodium load while Na+/K+-ATPase 
activity would be decreased because of low ATP levels, 
insufficient agonistic stimulation and inhibition by ROS, 
leading to calcium overload as the final damaging mecha-
nism. We assume that the threshold for this ionic distur-
bance is very much lowered by the disease mechanisms 
outlined above (Fig. 3) so that it could repeat again and 
again even under efforts of everyday life to perpetuate the 
disease as will be explained below. The proximity of the 
intracellular sodium concentration to this reverse mode 
threshold of the NCX is the presumed main cause for 
exercise intolerance in ME/CFS and the potential expla-
nation for the characteristics of a threshold of effort for 
the induction of PEM (Fig. 3).

Disturbances of intracellular potassium
Diminished activity of the Na+/K+-ATPase  could affect 
potassium homeostasis as the Na+/K+-ATPase takes up 
two potassium ions in exchange for three sodium ions 
(Fig. 2). There is evidence for a reduced potassium efflux 
in exercising muscle in ME/CFS patients which can only 
be explained by the development of intracellular hypoka-
lemia as a consequence of a diminished activity of the 
Na+/K+-ATPase [43]. These authors incriminate ROS to 
inhibit the Na+/K+-ATPase [39]. Potassium leaving the 

cells during excitation via repolarizing potassium chan-
nels would not be taken up fast again into the myocytes 
by the Na+/K+-ATPase and potassium would be renally 
excreted resulting in a loss of potassium, mainly intra-
cellular potassium but blood potassium could also be 
lowered at least at rest. Renal potassium loss may be 
favored by renal hyperfunction which we have explained 
above. In line with a diminished activity of the Na+/K+-
ATPase  total body potassium was found decreased by 
about 10% in a group of patients with severe fatigue [54]. 
In this study, there was a strong inverse correlation of the 
total body potassium and the total time spent resting as 
a measure of fatigue and exhaustion. We also observed 
lower serum potassium to correlate with more severe 
fatigue and orthostatic dysfunction in ME/CFS patients 
(unpublished).

The ß2AdR agonist salbutamol stimulates the Na+/K+-
ATPase and thereby increases cellular potassium uptake 
in man to lower plasma potassium as does insulin dem-
onstrating the relevance of the ß2AdR for the activation 
of the Na+/K+-ATPase and for intracellular potassium 
[55, 56]. Accordingly, diminished Na+/K+-ATPase activ-
ity by dysfunctional ß2AdR and the other causes men-
tioned in Table 1 would cause intracellular hypokalemia. 
Diminished Na+/K+-ATPase activity may not be the 
only cause for intracellular hypokalemia. ATP-sensitive 
potassium channels (KATP) are present on the surface 
and internal membranes of cardiac, skeletal, and vascu-
lar smooth muscle cells (VSMC) and provide a feedback 
between muscle cell metabolism and electrical activ-
ity (Fig. 2). In doing so, they can play an important role 
in the control of contractility, particularly when cellular 
energetics are compromised protecting the tissue against 
calcium overload [57, 58]. Typically, the KATP-channel 
is closed and not functional at normal ATP levels but 
opened with ATP depletion. Opening of KATP-channels 
in a situation of ATP-depletion would cause hyperpolari-
zation to reduce calcium influx to limit contractility and 
muscle work. While this may reduce the risk of damage 
it could limit the ability to exercise. Longer lasting open-
ing of KATP channels could lead to significant potassium 
efflux that could contribute to intracellular hypokalemia 
as re-uptake of potassium is already reduced by an insuf-
ficiently stimulated Na+/K+-ATPase. Low intracellular 
potassium has depolarizing effects causing hyperexcit-
ability to increase calcium influx. This may cause cramps 
and pain at rest to contribute to PEM and myalgia and 
increase energy consumption at rest which would impair 
recovery potentially together with a lower blood flow at 
rest due to the sympathetic vasoconstrictor predomi-
nance. Intracellular hypokalemia would finally reduce 
the driving force for the KATP as a protective mecha-
nism during exercise. A diminished KATP would take 
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away a physiological brake against overexertion to enable 
a higher muscle performance even when the metabolic 
situation has already worsened which could bring the 
patient closer to the threshold of muscular damage. Mus-
cular performance would be incommensurate to the true 
energetic situation. In other words, ME/CFS patients may 
perform better than reflected by their true, probably poor 
energetic situation in skeletal muscle so that they may 
already perform muscle work at a limit or an energy level 
which is not tolerable for them (relative overexertion). 
“Overexertion” can already be said to occur in ME/CFS 
patients at levels of everyday life exercise which cause the 
typical PEM.

Promising preliminary effects were reported with the 
acetylcholine-esterase inhibitor Mestinon™ (Pyridostig-
mine) presumed to cause constriction of capacity ves-
sels to reduce venous pooling so as to improve cardiac 
preload [59]. Since the effect of acetylcholine in skeletal 
muscle includes stimulation of Na+/K+-ATPase – the 
effect is presumed to occur and to be limited to rest-
ing conditions [39]—one has to consider an alternative 
possibility namely that the improvement by Mestinon™ 
occurs via stimulation of the Na+/K+-ATPase. The path-
ological ionic changes during exercise—intracellular rise 
in sodium and loss of potassium—could be corrected 
much earlier at rest providing faster and better recovery. 
By stimulating the Na+/K+−ATPase Mestinon™ could 
also reduce hypokalemia-induced depolarizations that 
otherwise lead to cramps and that increase energy con-
sumption at rest. Faster and better repletion of intracel-
lular potassium could restore the driving force of this 
protective KATP potassium current in critical energetic 
situations.

Disturbance of muscular metabolism by calcium overload
Mitochondrial dysfunction is one of the favourite expla-
nations in the literature for fatigue and the pathophysi-
ology of ME/CFS but there is no clear idea about the 
mechanism [60, 61]. The typical ischemia–reperfusion 
situation causes mitochondrial dysfunction by cellu-
lar calcium overload as a consequence of sodium over-
load [62, 63]. Mitochondrial dysfunction could play an 
important role in conjunction with impaired perfusion to 
explain fatigue and PEM. Calcium overload in the skel-
etal myocytes could cause cramps or necrosis (probably 
single cell necrosis if any). The typical ischemia–reperfu-
sion injury usually causes cellular damage and necrosis 
apart from inducing vascular and mitochondrial dysfunc-
tion and insulin resistance. We assume that the dam-
age caused in ME/CFS mainly remains in the functional 
range as a stronger disturbance would make the patient 
stop working immediately while ischemia–reperfusion 
experiments are performed in anesthetized animals. 

However, there is even recent evidence for minimal 
structural damage of skeletal muscles in ME/CFS by the 
finding of actin network proteins, talin-1 and filamin-A 
in circulating extracellular vesicles [64]. The latter are 
released from damaged or stressed cells with cellular con-
tent, such as proteins, and circulate in the bloodstream.

Does skeletal muscle insulin resistance occur in ME/
CFS in consequence of ischemia–reperfusion like dam-
age to skeletal muscles? High insulin levels have been 
reported in ME/CFS patients [65]. We assume that the 
elevated insulin levels are caused by insulin resistance (as 
in the metabolic syndrome) mainly in the muscles which 
would further disturb muscular metabolism. Impor-
tantly, the Na+/K+-ATPase is also stimulated by insulin 
(Table  1). Ischemia–reperfusion injury has been shown 
to cause insulin resistance by muscular calcium over-
load [66, 67]. Insulin-resistance, in turn, has been shown 
to worsen the ischemia–reperfusion damage [68–70]. 
Hence, there is a potential other vicious cycle that could 
maintain the state of ME/CFS. Previous exercise nega-
tively affected exercise 24  h later with regard to physi-
cal performance and arterial lactate (rise) in ME/CFS 
patients while the opposite occured in healthy subjects 
[38] in line with a deterioration of the muscular meta-
bolic situation by exercise. The expectation is that insu-
lin sensitivity is decreased in the affected muscles in ME/
CFS but (primarily) normal in adipose tissue (at least for 
a longer period) where higher insulin levels could favor 
fat deposition. Insulin resistance (together with mito-
chondrial dysfunction) may only represent a broader 
disturbance of cellular metabolism induced by calcium 
overload. Cultured human skeletal muscle cells from 
patients with ME/CFS showed impaired glucose uptake 
upon stimulation proximal to AMPK-activation [25] for 
which insulin resistance could be a theoretical explana-
tion. Apart from other metabolic effects insulin resist-
ance could further raise intracellular sodium levels in 
skeletal muscles because the importance of the insulin-
independent but sodium-dependent glucose transporters 
(SGLT) could increase to compensate for the diminished 
activity of the insulin-dependent but sodium-independ-
ent glucose transporters (GLUT).

Interestingly, MELAS, a severe genetic mitochon-
drial disease, which affects about ~ 1 in 5000 (~ 65k US 
patients) mainly affects brain, heart and skeletal mus-
cles and like all mitochondrial diseases is associated 
with fatigue, elevated lactate levels and with defects in 
nitric oxide (NO) signaling, ED and impaired blood flow 
[71]. In ME/CFS mitochondrial dysfunction is acquired, 
milder, functional, and most likely restricted to skeletal 
muscle while in MELAS mitochondrial dysfunction in 
the CNS leads to CNS symptoms including stroke-like 
episodes, headaches, and seizures. Thus, MELAS and 
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ME/CFS share mitochondrial dysfunction with ele-
vated lactate levels, fatigue, ED and perhaps also insulin 
resistance as has been outlined in the paragraph above. 
MELAS clearly demonstrates that mitochondrial dys-
function can induce ED.

Vascular (endothelial) dysfunction induced by calcium 
overload
The typical ischemia/reperfusion situation causes micro-
vascular dysfunction [72–76]. Effects on endothelial 
cells known from hypoxia/reoxygenation experiments 
are a strong increase in endothelial contraction increas-
ing endothelial permeability [74] potentially leading to 
muscular swelling. If this mechanism of sodium overload 
leading to detrimental calcium overload was present in 
the endothelium of the muscle it could cause endothe-
lial dysfunction repeatedly with every “excessive” physi-
cal effort to fix the state of endothelial dysfunction in the 
skeletal muscle favoring sympathetic vasoconstriction.

Molecular mechanisms underlying ischemia–reper-
fusion injury in striated muscles involve the production 
of reactive oxygen species (ROS) [77]. In ME/CFS, ROS 
released as a result of the presumed calcium overload 
may also be involved as a mechanism damaging myocytes 
and endothelium contributing to vascular and endothelial 
dysfunction and to an inhibition of the Na+/K+ATPase.

Possible scenario of altered ion homeostasis at rest 
on mitochondrial function
After having considered the consequences of high 
sodium loading above the threshold where the NCX (of 
the sarcolemma) changes from forward to reverse mode 
and importing calcium to cause calcium overload we now 
explain the ionic changes that could take place at sodium 
concentrations below this threshold where the NCX 
would still operate in the forward mode. This is probably 
the case most time at rest and perhaps still during very 
moderate levels of exercise in ME/CFS. Even in the for-
ward mode a rise in intracellular sodium would already 
raise intracellular calcium by a decrease in the sodium 
gradient lowering the driving force of the exchanger leav-
ing more calcium in the cells, but this would occur in a 
controlled and rather linear manner. By the way, this is 
the mode of action how digoxin raises calcium in the 
heart to cause its positive inotropic effect (rise in intra-
cellular sodium is followed by a rise in calcium). By 
contrast, reversal of the transport direction of the NCX 
(reverse mode) by high intracellular sodium leads to a 
sudden and steep rise in intracellular calcium that can 
easily get out of control and lead to calcium overload. 
This occurs at levels of exercise that cause PEM accord-
ing to our hypothesis.

Cytoplasmatic calcium stimulates cytosolic metabo-
lism. What about mitochondrial calcium which drives 
mitochondrial metabolism? The mitochondrial situa-
tion is much more complicated. There are two oppos-
ing forces on mitochondrial calcium in this situation of 
elevated sodium. A higher cytoplasmatic calcium would 
also tend to raise mitochondrial calcium. However, 
since cytoplasmatic sodium rises and since cytoplas-
matic sodium is the driving force for the mitochondrial 
NCX – named NCLX—which is different from the NCX 
of the sarcolemma [78], a rise in intracellular sodium 
tends to lower mitochondrial calcium (Fig.  2). It is dif-
ficult to predict what the result of these two opposing 
forces on mitochondrial calcium would be. Would it be 
higher than normal or lower than normal? What can 
be said is that the relative rise in cytoplasmatic calcium 
would always be higher than that of the mitochondrial 
calcium and therefore be disproportionate to the latter. 
A dysbalance between cytoplasmatic and mitochondrial 
calcium may occur with potential consequences for mito-
chondrial versus cytosolic metabolism: is stimulation of 
glycolysis in cytoplasm therefore stronger than that of 
oxidative phosphorylation in the mitochondria? Does 
this lead to a situation of anaerobic glycolysis even at 
rest? To be more specific, ME/CFS patients do not only 
show elevated lactate levels after exercise; a recent paper 
shows that a group of ME/CFS patients (about half ) has 
already elevated lactate levels at rest and these corre-
late with PEM [79]. During exercise blood flow to skel-
etal muscle can increase 20 to 30-fold reflecting the high 
metabolism during exercise. While a mismatch between 
ATP demand and generation is highly likely to occur 
during exercise in ME/CFS the reported anerobic glyco-
lysis at rest is unlikely to be due to such a mismatch as 
the metabolic need is so much lower at rest. This find-
ing of elevated lactate levels at rest could be due to a dys-
regulation of metabolism by disparate calcium signals 
in cytoplasm versus the mitochondrium so that their 
respective metabolisms could get uncoordinated (uncou-
pling between cytosolic and mitochondrial metabolism). 
It cannot be predicted on theoretical grounds whether 
mitochondrial calcium is lower or higher than normal 
at rest. This might even be situation dependent or dif-
ferent between individuals. In the following we want to 
speculate on what could happen if mitochondrial cal-
cium were lower than normal most of the time at rest. 
A lower mitochondrial calcium at rest may lower oxida-
tive phosphorylation creating unfavorable conditions for 
starting exercise (fatigue at rest to be distinguished from 
fatigability during exercise). The level of mitochondrial 
calcium may suddenly change with exercise when a fur-
ther rise in intracellular sodium will abruptly change the 
mode of the NCX of the sarcolemma into the reverse 
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mode to suddenly cause cellular and mitochondrial cal-
cium overload. This may hit a mitochondrium potentially 
sensitized to calcium. Thus, even relatively moderate 
but sudden increases in calcium could have detrimental 
effects. Is mitochondrial calcium low at rest (potentially 
causing hypersensitivity to calcium) but gets abruptly 
high during exercise (overload) to cause functional mito-
chondrial damage? Does mitochondrial calcium overload 
then cause temporary desensitization to calcium while 
mitochondrial calcium concentration may be low again 
at rest for reasons explained above. Both effects together 
could cause a substantial deficit in calcium stimulation 
of the mitochondrium at least for a while with serious 
consequences for mitochondrial metabolism (energy 
crisis). With a time delay low mitochondrial calcium at 
rest could then again cause hypersensitivity to calcium 
improving energy production but creating the conditions 
for the next hit by effort-induced sodium overload and 
subsequent calcium overload thus contributing to the 
perpetuation of the disease.

We assume calcium overload is the main mechanism 
of PEM, exercise intolerance and of more severe relapses. 
In ME/CFS patients, intracellular sodium is presumably 
either close to the threshold for reverse mode NCX acti-
vation already at rest or, alternatively, rises rapidly dur-
ing exercise to reach the level at which the NCX changes 
into the reverse mode to cause calcium overload (Fig. 3). 
Thus, even at moderate levels of exercise of everyday 
life this threshold may be easily crossed causing calcium 
overload and PEM. The sodium concentration threshold 
for reverse mode NCX activation may explain the exist-
ence of an effort threshold for the induction of PEM.

Energy waste in skeletal muscle by overstimulation 
of thermogenesis?
It is widely assumed that a cellular energetic disturbance 
in skeletal muscle is present in ME/CFS that is mainly 
resulting from a mitochondrial dysfunction as we out-
line above. The prevalent cardiovascular situation with 
low preload and high sympathetic (vasoconstrictor) tone 
should reduce skeletal muscle perfusion. Both distur-
bances (i.e. mitochondrial dysfunction & reduced skeletal 
muscle perfusion) together could then finally lead to a 
precarious energetic situation.

Skeletal muscle is the most important organ for heat 
production in man at basal metabolic rate as well as 
at stimulated metabolic conditions, like non-shivering 
(NST; uncoupling SERCA) and shivering thermogen-
esis [80]. Since many ME/CFS patients complain about 
fever, sensations of heat or cold and intolerance to heat 
and/or cold the question arises whether disturbed ther-
moregulation is of potential relevance for the skeletal 
muscle pathophysiology and the energetic situation 

in skeletal muscles. Hyperthermia could be explained 
by catecholamines and, particularly, the pyretic effect 
of PGE2 (central stimulatory effect) which we assume 
either is released directly from skeletal muscle or indi-
rectly via bradykinin-stimulated cyclooxygenase not 
only during exercise but also in orthostatic stress and 
mental efforts as we postulate in our first hypothesis 
paper [6]. In ME/CFS, fever stimulating skeletal mus-
cle metabolism could waste energy by heat production 
thereby even more worsening the already precarious 
energetic situation. This, in turn, should again favor 
compensatory release and spillover of inflammatory 
vasodilators including PGE2 to further stimulate ther-
mogenesis resulting in a potential vicious (“pyretic”) 
cycle (Fig.  4). Energy depletion could finally cause 
hypothermia. Would sensation of cold, similar to envi-
ronmental cold—cold stress—then also raise sym-
pathetic tone to cause (more) vasoconstriction and 
potentially (further) stimulate thermogenesis as illus-
trated in Fig.  4? Such a vicious cycle could be of rel-
evance in particular for severe ME/CFS where it may 
considerably delay or hinder recovery of the energetic 
situation by continuously wasting energy by thermo-
genesis. Inappropriate stimulation of thermogenesis, 
in addition to exercise and stress, should therefore be 
added to the list of potentially detrimental mechanisms 
in skeletal muscle pathophysiology of ME/CFS.

Above we describe how following exercise sodium 
overload could lead to calcium overload thereby caus-
ing mitochondrial, energetic and endothelial dysfunc-
tion in skeletal muscle. We assume that the threshold 
for this pathomechanism becomes very low and falls 
into the range of everyday life physical activities as 
soon as the disease is established so that it is repeat-
edly triggered to perpetuate the disease. Is it possible 
that at this lowered threshold such ionic derangements, 
which we assume will finally cause PEM and exercise 
intolerance, are already induced by the combination 
of orthostatic or mental stress  with skeletal muscle 
thermogenesis independent of actual physical exer-
cise by the mechanisms described here, once the dis-
ease has become manifest (Fig.  4)? Orthostatic stress 
seems to be more important than assumed so far and 
manifests as a decrease in cerebral blood flow not only 
when standing up but in severe cases already in a sitting 
position [8, 9] so that it seems to be a basic stressor to 
which in real life all other forms of stress are additive. 
Is the combination of stress of any cause together with 
stimulation of skeletal muscle thermogenesis causing 
energy consumption a pathophysiological equivalent 
in skeletal muscle to low or moderate levels of physi-
cal exercise that can induce PEM via the mechanisms 
described in this paper?
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Discussion
In our first hypothesis paper we identified high sym-
pathetic tone (stress), hypovolemia (preload failure), 
endothelial or vascular dysfunction for which ß2AdR 
dysfunction could be the most important cause, and a 
still enigmatic energetic disturbance in skeletal muscle 
as critical factors in the pathophysiology [6]. Hypoperfu-
sion in skeletal muscle leads to the release and spillover 
of metabolically activated (hyper) algesic vasodilators 
as a compensatory response strongly favored by a poor 
metabolic situation (Fig.  5). The appearance of these 
excessively produced vasodilators with algetic properties 
in the system circulation can explain hypovolemia, the 
renin paradoxon and many symptoms of ME/CFS. In the 
present hypothesis paper, we tried to explain the causes 
of the energetic disturbance in skeletal muscle which we 
assume strongly favors the release of algesic vasodilators 
and which is the major cause of exercise intolerance. A 
higher metabolic production of protons due to the meta-
bolic disturbance leads to cellular sodium loading by the 
NHE1 in the process of proton extrusion while the capac-
ity of the Na+/K+-ATPase to remove sodium is reduced 
for several reasons. Among those ß2AdR dysfunction 
may be the most important one. Insufficient Na+/K+-
ATPase activity leads to a rise in intracellular sodium and 
to intracellular hypokalemia. At high intracellular sodium 
concentration, the NCX of the sarcolemma can change 
its transport direction into the reverse mode importing 
calcium instead of exporting it which can lead to calcium 
overload. The resulting damage can affect metabolism 
particularly the mitochondria in skeletal muscles, cause 
local endothelial dysfunction and insulin resistance. The 
functional damage induced by calcium overload causes 

the poor energetic situation as well endothelial dysfunc-
tion in skeletal muscle. The proximity of the intracellular 
sodium concentration to the threshold for reverse mode 
activation of the NCX in skeletal muscle or alternatively 
a very rapid rise in sodium during even moderate levels 
of exercise causes this threshold to be crossed rapidly 
during exercise in ME/CFS (Fig.  3). As just explained 
above the combination of stress with stimulation of skel-
etal muscle thermogenesis could be a pathophysiological 
equivalent in muscle to low or moderate levels of physical 
exercise.

Spontaneous recovery remains rare in ME/CFS patients 
regardless of disease severity [81] because the patient is 
caught in a self-stabilizing network of these vicious cir-
cles or dysregulations (Figs. 4 and 5). A mechanical anal-
ogy to this interplay shown in Fig. 4 is a gear box in which 
moving a single gearwheel sets the whole gearing mecha-
nism in motion. Based on these hypotheses we try to 
explain the pathomechanisms and the sequence of events 
differentiating between precipitating and perpetuating 
mechanisms and risk factors in the following section.

Precipitating mechanisms
Infections
The etiology of postinfectious fatigue syndromes is yet 
unresolved. Apart from potentially inducing autoim-
munity, infections may initiate hypovolemia by fever 
or diarrhea or induce a state of vascular leakage rais-
ing a potentially high sympathetic tone (stress), cause 
endothelial damage and dysfunction and cardiovascu-
lar and respiratory stress. The latter also raises sympa-
thetic tone via stimulation of peripheral chemoreceptors. 
Viral infections could affect the muscles, particularly its 

Fig. 4  Exercise, Hypovolemia, Stress and Disturbed Thermoregulation in ME/CFS: A Self-stabilizing Interplay between Vicious Circles
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endothelium or vessels causing endothelial dysfunction 
creating the conditions for sympathetic vasoconstriction. 
Covid-19 is a current example for a severe viral infection 
triggering ME/CFS. At least two requirements postulated 
here seem to be met in Covid-19 infections: the endothe-
lium seems strongly affected causing a number of cardio-
vascular complications, and hypoxia causes respiratory 
hypoxic stress [82]. A third potential mechanism will be 
outlined below.

Non‑infectious mechanisms
A fraction of the ME/CFS patients having no history of 
severe viral infection experiences the beginning of ME/
CFS in close temporal relationship with overexertion 
[83]. This is most likely unrelated to mechanisms of infec-
tion or autoimmunity and therefore of high pathophysi-
ological interest. Overexertion can lead to hypovolemia 
and a high sympathetic tone. Exhaustive exercise could 
foster mitochondrial disturbances in skeletal muscles 
[84]. Overexertion could induce the same disturbances in 
sensitive otherwise healthy subjects as outlined above in 
ME/CFS, particularly skeletal muscle calcium-overload 
with mitochondrial, metabolic and vascular (endothelial) 
dysfunction although the threshold for the (first) induc-
tion of this kind of damage should be very high in the 

healthy state. Therefore, ME/CFS patients with overexer-
tion as a likely cause may have unknown predispositions 
for this disturbance. As soon as this damage would have 
occurred in a severe manner the threshold for it to occur 
again could be very much lowered in the presence of a 
high sympathetic tone, hypovolemia and dysfunctional 
ß2AdR so that it could repeat at much lower levels of 
exercise, even during activities of everyday life, re-induc-
ing mitochondrial, metabolic and vascular dysfunction 
again and again to perpetuate the disease. Upregulation 
of the NHE1 would increase the potential for repeated 
sodium- and calcium overload.

In our first hypothesis paper [6] we elaborated on 
the frequent association of OI, POTS and ME/CFS and 
hypothesized that causality could be bidirectional. ME/
CFS could aggravate orthostatic dysfunction by causing 
hypovolemia and preload failure. On the other hand, we 
believe that primary severe orthostatic dysfunction could 
initiate ME/CFS by orthostatic stress causing excessive 
vasoconstriction and desensitization of ß-adrenergic 
receptors, particularly of the ß2AdR leading to the hypo-
thetical pathophysiological changes in skeletal muscle 
as explained above. Meanwhile the appraisal of the role 
of orthostatic dysfunction may have been strengthened 
by several recent publications showing that orthostatic 

Fig. 5  Hypothetical pathomechanisms in skeletal muscle and in cardiovascular system in ME/CFS explaining fatigue and myalgia. Bradykinin (BK), 
Cardiac output (CO), Orthostatic dysfunction (OD)
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dysfunction in ME/CFS is even present in a sitting posi-
tion so that it can be considered as the basic and perma-
nent stressor in almost all human activities in the awake 
state [8, 9]. Orthostatic vascular regulation and vascular 
adaptation to exercise require a high level of coordinated 
physiological regulation. Many disturbances seem pos-
sible leading to orthostatic dysfunction with the conse-
quence of raising sympathetic (vasoconstrictor) tone and 
desensitizing ß-adrenergic receptors which is supposed 
to worsen skeletal muscle blood flow and which has been 
shown to decrease cerebral blood flow [8, 9].

The possibility of autoantibodies against other struc-
tures involved in vascular regulation or volume regu-
lation has to be considered, particularly in case of a 
postinfectious onset of the disease.

Perpetuating mechanisms
The infection-induced primary causes of hypovolemia 
and endothelial dysfunction may well disappear but once 
a state of muscular energetic and vascular dysfunction 
was initiated the threshold for a repeated calcium over-
load would be very low and could occur with activities of 
everyday life to maintain a state of metabolic disturbance 
and of endothelial or vascular dysfunction.

Excessive release and spillover of hyperalgesic vasodi-
lators, like bradykinin, which are generated in the pro-
cess of functional sympatholysis in the affected muscles 
as a consequence of dysfunctional ß2AdR receptors 
in the presence of a high sympathetic tone and favored 
by a poor energetic situation could maintain a state of 
hypovolemia as outlined in our first hypothesis paper 
[6]. Orthostatic stress seems to be more important than 
assumed so far; in severe disease it is present already in 
a sitting position [8, 9]. Thermogenesis in skeletal muscle 
may be stimulated by PGE2 and catecholamines to cause 
a waste of energy in skeletal muscle further worsening 
the precarious energetic situation. Energy depletion may 
lead to hypothermia causing cold stress to further stimu-
late thermogenesis giving rise to a vicious cycle in which 
energy loss is even enhanced.

Muscular insulin resistance and degeneration of unmy-
elinated fibres [40] may contribute to diminished Na+/
K+-ATPase activity because insulin and cGRP, which 
is released from these nerves, stimulate the Na+/K+-
ATPase [32] (Table  1). A chronically high sympathetic 
tone may lead to vascular hypertrophy enhancing sympa-
thetic vasoconstriction in skeletal muscles favoring meta-
bolically stimulated release of algesic vasodilators.

Several noncoding RNAs targeting vascular and mus-
cular function were found dysregulated in ME/CFS 
suggesting an important role in their regulation [16, 49, 
85]. A recent study showed different miRNA signatures 
in response to PEM induction allowing classification 

of ME/CFS patients into four clusters associated with 
symptom severity [85].

Potential risk or predisposing factors
A dysbalance between the RAAS, which causes vol-
ume repletion, and its physiological antagonistic sys-
tem, the kallikrein-kinin-system (KKS), which favors 
volume loss by sodium and water excretion, could 
favor ME/CFS. In cardiovascular diseases, particularly 
hypertension, there is a tendency for a predominance 
of the RAAS over the KKS and for hypervolemia as a 
factor causing hypertension. It remains to be investi-
gated whether the opposite is true for ME/CFS, namely 
a predominance of the KKS over the RAAS favoring 
hypovolemia. In Covid-19 this could be the case. There 
is evidence that the RAAS activity is impaired by the 
high expression of ACE2 while the activity of the KKS 
is increased by an enhancement of the sensitivity of 
the bradykinin receptor to bradykinin [86]. Altogether, 
at least three mechanisms postulated here and in our 
previous paper seem to be met to explain the risk for 
developing ME/CFS after Covid-19, including endothe-
lial affection, stress (respiratory and cardiovascular) 
and a potential dysbalance between RAAS and KKS.

Degeneration of unmyelinated fibres may not only be a 
perpetuating factor occurring as a consequence of ME/
CFS but may be present before as a risk factor and con-
tribute to diminished Na+/K+-ATPase- and vasodilator 
activity by a deficit in cGRP [40].

Ehlers-Danlos syndrome, which can also affect the 
large blood vessels, is a known risk factor for ME/CFS 
[87] which is not understood. One of several factors may 
be the inability of contracting distended large capacitance 
vessels, which may limit the possibility of raising the cir-
culating blood volume in hypovolemia. Pain and chronic 
stress may be involved. Cranio-cervical instability could 
cause carotid body chemoreceptor irritation leading to 
a strong sympathetic stimulation as hypothesized previ-
ously [6].

Considering all the potential predisposing factors we 
think that in the presence of a high sympathetic tone dys-
function of the ß2AdR could play an essential role (con-
ditio sine qua non) in the etiology of ME/CFS although 
secondary and rather complex mechanisms have to get 
involved and to interact, particularly in the chronifica-
tion of the disease (Figs.  4 and 5). Dysfunction of the 
ß2AdR by autoantibodies, mutations and desensitiza-
tion by chronic stress would favor vascular dysfunction 
and cause insufficient stimulation of the Na+/K+-ATPase 
at least as a risk factor together with other precipitating 
factors. There may be numbers of different, still unknown 
predispositions.
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Outlook
According to our hypothesis dysfunctions of the ß2AdR 
or post-receptor mechanisms, of the NHE1, the Na+/
K+ATPase, the NCX, the RAAS and the KKS could be 
causally involved in ME/CFS and should therefore be 
further investigated. This concept offers potential novel 
strategies for the treatment of this debilitating disease.

Acknowledgements
We would like to thank Klaus Steinmeyer, Sanofi, for continued scientific dis-
cussion and his critical review of the manuscript and valuable suggestions. We 
acknowledge support from the German Research Foundation (DFG) and the 
Open Access Publication Fund of Charité – Universitätsmedizin Berlin.

Authors’ contributions
KJW and CS conceived the idea and wrote the manuscript. Both authors read 
and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. CS receives 
funding from the Weidenhammer Zoebele and Lost Voices Foundation for 
education and research in ME/CFS.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interests.

Author details
1 KOSA Pharma GmbH, Frankfurt am Main, Germany. 2 Institute of Medi-
cal Immunology, Charité ‑ Universitätsmedizin Berlin, Corporate Member 
of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute 
of Health, Berlin, Germany. 

Received: 9 March 2021   Accepted: 13 April 2021

References
	1.	 Carruthers B, Jain A, De Meirleir K, et al. Myalgic encephalomyelitis/

chronic fatigue syndrome. J Chronic Fatigue Synd. 2003;11(1):7.
	2.	 Mateo LJ, Chu L, Stevens S, Stevens J, Snell CR, Davenport T, et al. 

Post-exertional symptoms distinguish Myalgic Encephalomyelitis/
Chronic Fatigue Syndrome subjects from healthy controls. Work. 
2020;66(2):265–75.

	3.	 Jäkel B, Kedor C, Grabowski P, Wittke K, Thiel S, Scherbakov N, Doehner W, 
Scheibenbogen C, Freitag H. Hand grip strength and fatigability: correla-
tion with clinical parameters and diagnostic suitability in ME/CFS. J Transl 
Med. Accepted Feb 28. 2021.

	4.	 Bond J, Nielsen T, Hodges L. Effects of post-exertional malaise on markers 
of arterial stiffness in individuals with Myalgic Encephalomyelitis/Chronic 
Fatigue Syndrome. Int J Environ Res Public Health. 2021;18(5):2366.

	5.	 Scherbakov N, Szklarski M, Hartwig J, Sotzny F, Lorenz S, Meyer A, et al. 
Peripheral endothelial dysfunction in myalgic encephalomyelitis/chronic 
fatigue syndrome. ESC Heart Fail. 2020;7(3):1064–71.

	6.	 Wirth K, Scheibenbogen C. A unifying hypothesis of the pathophysiol-
ogy of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS): 

recognitions from the finding of autoantibodies against ss2-adrenergic 
receptors. Autoimmun Rev. 2020;19(6):102527.

	7.	 Campen C, Rowe PC, Visser FC. Reductions in cerebral blood flow can be 
provoked by sitting in severe Myalgic Encephalomyelitis/Chronic fatigue 
syndrome patients. Healthcare (Basel). 2020;8(4):394.

	8.	 van Campen C, Rowe PC, Visser FC. Cerebral blood flow is reduced in 
severe myalgic encephalomyelitis/chronic fatigue syndrome patients 
during mild orthostatic stress testing: an exploratory study at 20 degrees 
of head-up tilt testing. Healthcare (Basel). 2020;8(2):169.

	9.	 van Campen C, Verheugt FWA, Rowe PC, Visser FC. Cerebral blood flow 
is reduced in ME/CFS during head-up tilt testing even in the absence of 
hypotension or tachycardia: a quantitative, controlled study using Dop-
pler echography. Clin Neurophysiol Pract. 2020;5:50–8.

	10.	 van Campen C, Rowe PC, Verheugt FWA, Visser FC. Cognitive function 
declines following orthostatic stress in adults with Myalgic Encephalomy-
elitis/Chronic Fatigue Syndrome (ME/CFS). Front Neurosci. 2020;14:688.

	11.	 Bynke AP, Gottfries CF, Heidecke H, Scheibenbogen C, Bergquist J. 
Autoantibodies to beta-adrenergic and muscarinic cholinergic receptors 
in Myalgic Encephalomyelitis (ME) patients—a validation study in plasma 
and cerebrospinal fluid from two Swedish cohorts. Brain Behavior Immu-
nity Health. 2020. https://​doi.​org/​10.​1016/j.​bbi.​h2020.​100107.

	12.	 Hartwig J, Sotzny F, Bauer S, Heidecke H, Riemekasten G, Dragun D, et al. 
IgG stimulated β2 adrenergic receptor activation is attenuated in patients 
with ME/CFS. Brain Behavior Immunity Health. 2020;3:100047.

	13.	 Loebel M, Grabowski P, Heidecke H, Bauer S, Hanitsch LG, Wittke K, 
et al. Antibodies to beta adrenergic and muscarinic cholinergic recep-
tors in patients with Chronic Fatigue Syndrome. Brain Behav Immun. 
2016;52:32–9.

	14.	 Fujii H, Sato W, Kimura Y, Matsuda H, Ota M, Maikusa N, et al. Altered struc-
tural brain networks related to adrenergic/muscarinic receptor autoanti-
bodies in chronic fatigue syndrome. J Neuroimaging. 2020;30(6):822–7.

	15.	 Scheibenbogen C, Loebel M, Freitag H, Krueger A, Bauer S, Antelmann M, 
et al. Immunoadsorption to remove ss2 adrenergic receptor antibodies in 
chronic fatigue syndrome CFS/ME. PLoS ONE. 2018;13(3):e0193672.

	16.	 Cabral-Marques O, Marques A, Giil LM, De Vito R, Rademacher J, Gunther 
J, et al. GPCR-specific autoantibody signatures are associated with 
physiological and pathological immune homeostasis. Nat Commun. 
2018;9(1):5224.

	17.	 Sommerfeldt L, Portilla H, Jacobsen L, Gjerstad J, Wyller VB. Polymor-
phisms of adrenergic cardiovascular control genes are associated with 
adolescent chronic fatigue syndrome. Acta Paediatr. 2011;100(2):293–8.

	18.	 Snyder EM, Beck KC, Dietz NM, Eisenach JH, Joyner MJ, Turner ST, et al. 
Arg16Gly polymorphism of the beta2-adrenergic receptor is associated 
with differences in cardiovascular function at rest and during exercise in 
humans. J Physiol. 2006;571(Pt 1):121–30.

	19.	 Wittwer ED, Liu Z, Warner ND, Schroeder DR, Nadeau AM, Allen AR, et al. 
Beta-1 and beta-2 adrenergic receptor polymorphism and association 
with cardiovascular response to orthostatic screening. Auton Neurosci. 
2011;164(1–2):89–95.

	20.	 Cotecchia S, Stanasila L, Diviani D. Protein-protein interactions at the 
adrenergic receptors. Curr Drug Targets. 2012;13(1):15–27.

	21.	 Wyller VB, Vitelli V, Sulheim D, Fagermoen E, Winger A, Godang K, et al. 
Altered neuroendocrine control and association to clinical symptoms 
in adolescent chronic fatigue syndrome: a cross-sectional study. J Transl 
Med. 2016;14(1):121.

	22.	 Light AR, White AT, Hughen RW, Light KC. Moderate exercise 
increases expression for sensory, adrenergic, and immune genes in 
chronic fatigue syndrome patients but not in normal subjects. J Pain. 
2009;10(10):1099–112.

	23.	 Rutherford G, Manning P, Newton JL. Understanding Muscle Dysfunction 
in Chronic Fatigue Syndrome. J Aging Res. 2016;2016:2497348.

	24.	 Vermeulen RC, Kurk RM, Visser FC, Sluiter W, Scholte HR. Patients with 
chronic fatigue syndrome performed worse than controls in a controlled 
repeated exercise study despite a normal oxidative phosphorylation 
capacity. J Transl Med. 2010;8:93.

	25.	 Brown AE, Dibnah B, Fisher E, Newton JL, Walker M. Pharmacological acti-
vation of AMPK and glucose uptake in cultured human skeletal muscle 
cells from patients with ME/CFS. Biosci Rep. 2018;38(3):BSR20180242.

	26.	 Jones DE, Hollingsworth KG, Jakovljevic DG, Fattakhova G, Pairman J, 
Blamire AM, et al. Loss of capacity to recover from acidosis on repeat 

https://doi.org/10.1016/j.bbi.h2020.100107


Page 15 of 16Wirth and Scheibenbogen ﻿J Transl Med          (2021) 19:162 	

exercise in chronic fatigue syndrome: a case-control study. Eur J Clin 
Invest. 2012;42(2):186–94.

	27.	 Chaudhuri A, Behan PO. In vivo magnetic resonance spectroscopy in 
chronic fatigue syndrome. Prostaglandins Leukot Essent Fatty Acids. 
2004;71(3):181–3.

	28.	 Tomas C, Newton J. Metabolic abnormalities in chronic fatigue syn-
drome/myalgic encephalomyelitis: a mini-review. Biochem Soc Trans. 
2018;46(3):547–53.

	29.	 Lengert N, Drossel B. In silico analysis of exercise intolerance in 
myalgic encephalomyelitis/chronic fatigue syndrome. Biophys Chem. 
2015;202:21–31.

	30.	 Keller BA, Pryor JL, Giloteaux L. Inability of myalgic encephalomyelitis/
chronic fatigue syndrome patients to reproduce VO(2)peak indicates 
functional impairment. J Transl Med. 2014;12:104.

	31.	 Germain A, Ruppert D, Levine SM, Hanson MR. Metabolic profiling of a 
myalgic encephalomyelitis/chronic fatigue syndrome discovery cohort 
reveals disturbances in fatty acid and lipid metabolism. Mol Biosyst. 
2017;13(2):371–9.

	32.	 Mikkelsen UR, Gissel H, Fredsted A, Clausen T. Excitation-induced cell 
damage and beta2-adrenoceptor agonist stimulated force recov-
ery in rat skeletal muscle. Am J Physiol Regul Integr Comp Physiol. 
2006;290(2):R265–72.

	33.	 Clausen T, Andersen SL, Flatman JA. Na(+)-K+ pump stimulation 
elicits recovery of contractility in K(+)-paralysed rat muscle. J Physiol. 
1993;472:521–36.

	34.	 Karmazyn M, Sawyer M, Fliegel L. The Na(+)/H(+) exchanger: a target for 
cardiac therapeutic intervention. Curr Drug Targets Cardiovasc Haematol 
Disord. 2005;5(4):323–35.

	35.	 Avkiran M, Gross G, Karmazyn M, Klein H, Murphy E, Ytrehus K. Na+/H+ 
exchange in ischemia, reperfusion and preconditioning. Cardiovasc Res. 
2001;50(1):162–6.

	36.	 Allen DG, Xiao XH. Role of the cardiac Na+/H+ exchanger during 
ischemia and reperfusion. Cardiovasc Res. 2003;57(4):934–41.

	37.	 Tal I, Kozlovsky T, Brisker D, Giladi M, Khananshvili D. Kinetic and equi-
librium properties of regulatory Ca(2+)-binding domains in sodium-
calcium exchangers 2 and 3. Cell Calcium. 2016;59(4):181–8.

	38.	 Lien K, Johansen B, Veierod MB, Haslestad AS, Bohn SK, Melsom MN, et al. 
Abnormal blood lactate accumulation during repeated exercise testing 
in myalgic encephalomyelitis/chronic fatigue syndrome. Physiol Rep. 
2019;7(11):e14138.

	39.	 Pirkmajer S, Chibalin AV. Na, K-ATPase regulation in skeletal muscle. Am J 
Physiol Endocrinol Metab. 2016;311(1):E1–31.

	40.	 Oaklander AL, Nolano M. Scientific advances in and clinical approaches to 
small-fiber polyneuropathy: a review. JAMA Neurol. 2019;76:1240.

	41.	 Nguyen T, Johnston S, Clarke L, Smith P, Staines D, Marshall-Gradisnik 
S. Impaired calcium mobilization in natural killer cells from chronic 
fatigue syndrome/myalgic encephalomyelitis patients is associated with 
transient receptor potential melastatin 3 ion channels. Clin Exp Immunol. 
2017;187(2):284–93.

	42.	 Alonso-Carbajo L, Alpizar YA, Startek JB, Lopez-Lopez JR, Perez-Garcia 
MT, Talavera K. Activation of the cation channel TRPM3 in perivascular 
nerves induces vasodilation of resistance arteries. J Mol Cell Cardiol. 
2019;129:219–30.

	43.	 Jammes Y, Adjriou N, Kipson N, Criado C, Charpin C, Rebaudet S, et al. 
Altered muscle membrane potential and redox status differentiates 
two subgroups of patients with chronic fatigue syndrome. J Transl Med. 
2020;18(1):173.

	44.	 Redlin M, Werner J, Habazettl H, Griethe W, Kuppe H, Pries AR. Cariporide 
(HOE 642) attenuates leukocyte activation in ischemia and reperfusion. 
Anesth Analg. 2001;93(6):1472–9.

	45.	 McAllister SE, Moses MA, Jindal K, Ashrafpour H, Cahoon NJ, Huang N, 
et al. Na+/H+ exchange inhibitor cariporide attenuates skeletal muscle 
infarction when administered before ischemia or reperfusion. J Appl 
Physiol (1985). 2009;106(1):20–8.

	46.	 Jones DE, Hollingsworth KG, Taylor R, Blamire AM, Newton JL. Abnormali-
ties in pH handling by peripheral muscle and potential regulation by the 
autonomic nervous system in chronic fatigue syndrome. J Intern Med. 
2010;267(4):394–401.

	47.	 Olimulder MA, Galjee MA, Wagenaar LJ, van Es J, van der Palen J, Visser 
FC, et al. Chronic fatigue syndrome in women assessed with combined 
cardiac magnetic resonance imaging. Neth Heart J. 2016;24(12):709–16.

	48.	 Linz WJ, Busch AE. NHE-1 inhibition: from protection during acute 
ischaemia/reperfusion to prevention/reversal of myocardial remodelling. 
Naunyn Schmiedebergs Arch Pharmacol. 2003;368(4):239–46.

	49.	 Yang CA, Bauer S, Ho YC, Sotzny F, Chang JG, Scheibenbogen C. The 
expression signature of very long non-coding RNA in myalgic encephalo-
myelitis/chronic fatigue syndrome. J Transl Med. 2018;16(1):231.

	50.	 Dykes SS, Gao C, Songock WK, Bigelow RL, Woude GV, Bodily JM, et al. 
Zinc finger E-box binding homeobox-1 (Zeb1) drives anterograde lyso-
some trafficking and tumor cell invasion via upregulation of Na+/H+ 
Exchanger-1 (NHE1). Mol Carcinog. 2017;56(2):722–34.

	51.	 Cuello F, Snabaitis AK, Cohen MS, Taunton J, Avkiran M. Evidence for 
direct regulation of myocardial Na+/H+ exchanger isoform 1 phospho-
rylation and activity by 90-kDa ribosomal S6 kinase (RSK): effects of the 
novel and specific RSK inhibitor fmk on responses to alpha1-adrenergic 
stimulation. Mol Pharmacol. 2007;71(3):799–806.

	52.	 Esfandyarpour R, Kashi A, Nemat-Gorgani M, Wilhelmy J, Davis RW. A 
nanoelectronics-blood-based diagnostic biomarker for myalgic encepha-
lomyelitis/chronic fatigue syndrome (ME/CFS). Proc Natl Acad Sci USA. 
2019;116(21):10250–7.

	53.	 Krump E, Nikitas K, Grinstein S. Induction of tyrosine phosphorylation and 
Na+/H+ exchanger activation during shrinkage of human neutrophils. J 
Biol Chem. 1997;272(28):17303–11.

	54.	 Burnet RB, Yeap BB, Chatterton BE, Gaffney RD. Chronic fatigue syndrome: 
is total body potassium important? Med J Aust. 1996;164:384.

	55.	 Whyte KF, Reid C, Addis GJ, Whitesmith R, Reid JL. Salbutamol induced 
hypokalaemia: the effect of theophylline alone and in combination with 
adrenaline. Br J Clin Pharmacol. 1988;25(5):571–8.

	56.	 Medford-Davis L, Rafique Z. Derangements of potassium. Emerg Med 
Clin North Am. 2014;32(2):329–47.

	57.	 Flagg TP, Enkvetchakul D, Koster JC, Nichols CG. Muscle KATP chan-
nels: recent insights to energy sensing and myoprotection. Physiol Rev. 
2010;90(3):799–829.

	58.	 Zhu Z, Sierra A, Burnett CM, Chen B, Subbotina E, Koganti SR, et al. 
Sarcolemmal ATP-sensitive potassium channels modulate skel-
etal muscle function under low-intensity workloads. J Gen Physiol. 
2014;143(1):119–34.

	59.	 Systrom D. National Institutes of Health: Accelerating Research on 
Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) Meeting. 
Meeting Information. 4–5. 2019;2019.

	60.	 Myhill S, Booth NE, McLaren-Howard J. Chronic fatigue syndrome and 
mitochondrial dysfunction. Int J Clin Exp Med. 2009;2(1):1–16.

	61.	 Armstrong CW, McGregor NR, Butt HL, Gooley PR. Metabolism in chronic 
fatigue syndrome. Adv Clin Chem. 2014;66:121–72.

	62.	 Ferrari R, Pedersini P, Bongrazio M, Gaia G, Bernocchi P, Di Lisa F, et al. 
Mitochondrial energy production and cation control in myocardial 
ischaemia and reperfusion. Basic Res Cardiol. 1993;88(5):495–512.

	63.	 Pepe S. Mitochondrial function in ischaemia and reperfusion of the age-
ing heart. Clin Exp Pharmacol Physiol. 2000;27(9):745–50.

	64.	 Eguchi A, Fukuda S, Kuratsune H, Nojima J, Nakatomi Y, Watanabe Y, 
et al. Identification of actin network proteins, talin-1 and filamin-A, in 
circulating extracellular vesicles as blood biomarkers for human myalgic 
encephalomyelitis/chronic fatigue syndrome. Brain Behav Immun. 
2020;84:106–14.

	65.	 Allain TJ, Bearn JA, Coskeran P, Jones J, Checkley A, Butler J, et al. 
Changes in growth hormone, insulin, insulinlike growth factors (IGFs), 
and IGF-binding protein-1 in chronic fatigue syndrome. Biol Psychiatry. 
1997;41(5):567–73.

	66.	 Liang GY, Wu HS, Li J, Ca QY, Gao ZY. Role of insulin receptors in myocar-
dial ischaemia-reperfusion injury during cardiopulmonary bypass. Acta 
Cardiol. 2011;66(3):323–31.

	67.	 Liu C, Wang X, Chen Z, Zhang L, Wu Y, Zhang Y. Hepatic ischemia-reperfu-
sion induces insulin resistance via down-regulation during the early steps 
in insulin signaling in rats. Transplant Proc. 2008;40(10):3330–4.

	68.	 Shinlapawittayatorn K, Chattipakorn SC, Chattipakorn N. The influence 
of obese insulin-resistance on the outcome of the ischemia/reperfusion 
insult to the heart. Curr Med Chem. 2018;25(13):1501–9.

	69.	 Aoyagi T, Higa JK, Aoyagi H, Yorichika N, Shimada BK, Matsui T. Car-
diac mTOR rescues the detrimental effects of diet-induced obesity in 
the heart after ischemia-reperfusion. Am J Physiol Heart Circ Physiol. 
2015;308(12):H1530–9.



Page 16 of 16Wirth and Scheibenbogen ﻿J Transl Med          (2021) 19:162 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	70.	 Albadawi H, Oklu R, Cormier NR, O’Keefe RM, Heaton JT, Kobler JB, et al. 
Hind limb ischemia-reperfusion injury in diet-induced obese mice. J Surg 
Res. 2014;190(2):683–91.

	71.	 El-Hattab AW, Adesina AM, Jones J, Scaglia F. MELAS syndrome: clinical 
manifestations, pathogenesis, and treatment options. Mol Genet Metab. 
2015;116(1–2):4–12.

	72.	 Yamamoto S, Matsui K, Itoh N, Ohashi N. The effect of an Na+/H+ 
exchange inhibitor, SM-20550, on ischemia/reperfusion-induced 
endothelial dysfunction in isolated perfused rat hearts. Int J Tissue React. 
2001;23(1):1–7.

	73.	 Gumina RJ, Moore J, Schelling P, Beier N, Gross GJ. Na(+)/H(+) exchange 
inhibition prevents endothelial dysfunction after I/R injury. Am J Physiol 
Heart Circ Physiol. 2001;281(3):H1260–6.

	74.	 Schafer C, Walther S, Schafer M, Dieterich L, Kasseckert S, Abdallah Y, 
et al. Inhibition of contractile activation reduces reoxygenation-induced 
endothelial gap formation. Cardiovasc Res. 2003;58(1):149–55.

	75.	 Symons JD, Schaefer S. Na(+)/H(+) exchange subtype 1 inhibition 
reduces endothelial dysfunction in vessels from stunned myocardium. 
Am J Physiol Heart Circ Physiol. 2001;281(4):H1575–82.

	76.	 Jerome SN, Kong L, Korthuis RJ. Microvascular dysfunction in postisch-
emic skeletal muscle. J Invest Surg. 1994;7(1):3–16.

	77.	 Zhou T, Prather ER, Garrison DE, Zuo L. Interplay between ROS and 
antioxidants during ischemia-reperfusion injuries in cardiac and skeletal 
muscle. Int J Mol Sci. 2018;19(2):417.

	78.	 Palty R, Silverman WF, Hershfinkel M, Caporale T, Sensi SL, Parnis J, et al. 
NCLX is an essential component of mitochondrial Na+/Ca2+ exchange. 
Proc Natl Acad Sci U S A. 2010;107(1):436–41.

	79.	 Ghali A, Lacout C, Ghali M, Gury A, Beucher AB, Lozac’h P, et al. Elevated 
blood lactate in resting conditions correlate with post-exertional malaise 
severity in patients with Myalgic encephalomyelitis/Chronic fatigue 
syndrome. Sci Rep. 2019;9(1):18817.

	80.	 Bal NC, Periasamy M. Uncoupling of sarcoendoplasmic reticulum 
calcium ATPase pump activity by sarcolipin as the basis for muscle 
non-shivering thermogenesis. Philos Trans R Soc Lond B Biol Sci. 
2020;375(1793):20190135.

	81.	 Cairns R, Hotopf M. A systematic review describing the prognosis of 
chronic fatigue syndrome. Occup Med (Lond). 2005;55(1):20–31.

	82.	 Libby P, Luscher T. COVID-19 is, in the end, an endothelial disease. Eur 
Heart J. 2020;41(32):3038–44.

	83.	 Chu L, Valencia IJ, Garvert DW, Montoya JG. Onset patterns and course 
of Myalgic encephalomyelitis/Chronic fatigue syndrome. Front Pediatr. 
2019;7:12.

	84.	 Ostojic SM. Exercise-induced mitochondrial dysfunction: a myth or real-
ity? Clin Sci (Lond). 2016;130(16):1407–16.

	85.	 Nepotchatykh E, Elremaly W, Caraus I, Godbout C, Leveau C, Chalder L, 
et al. Profile of circulating microRNAs in myalgic encephalomyelitis and 
their relation to symptom severity, and disease pathophysiology. Sci Rep. 
2020;10(1):19620.

	86.	 Garvin MR, Alvarez C, Miller JI, Prates ET, Walker AM, Amos BK, et al. A 
mechanistic model and therapeutic interventions for COVID-19 involving 
a RAS-mediated bradykinin storm. Elife. 2020;9:e59177.

	87.	 Hakim A, De Wandele I, O’Callaghan C, Pocinki A, Rowe P. Chronic fatigue 
in ehlers-danlos syndrome-hypermobile type. Am J Med Genet C Semin 
Med Genet. 2017;175(1):175–80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Pathophysiology of skeletal muscle disturbances in Myalgic EncephalomyelitisChronic Fatigue Syndrome (MECFS)
	Abstract 
	Background
	Disturbances of ions in skeletal muscles in MECFS as the main mechanism of PEM and exercise intolerance
	Physiological regulation of intracellular ion homeostasis in muscle cells
	Disturbances of intracellular ions in MECFS
	What are the mechanisms that could cause sodium loading in MECFS?
	Disturbances of intracellular potassium
	Disturbance of muscular metabolism by calcium overload
	Vascular (endothelial) dysfunction induced by calcium overload
	Possible scenario of altered ion homeostasis at rest on mitochondrial function
	Energy waste in skeletal muscle by overstimulation of thermogenesis?

	Discussion
	Precipitating mechanisms
	Infections

	Non-infectious mechanisms
	Perpetuating mechanisms
	Potential risk or predisposing factors
	Outlook

	Acknowledgements
	References




