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ABSTRACT

Background: Recent studies provide strong evidence for a key role of skeletal muscle pathophysiology in myalgic encephalomy-
elitis/chronic fatigue syndrome (ME/CFS). In a 2021 review article on the pathophysiology of ME/CFS, we postulated that hy-
poperfusion and ischemia can result in excessive sodium and calcium overload in skeletal muscles of ME/CFS patients to cause
mitochondrial damage. Since then, experimental evidence has been provided that supports this concept.

Methods: We collect, summarize and discuss the current state of knowledge for the key role of skeletal muscle pathophysiology.
We try to explain which risk factors and mechanisms are responsible for a subgroup of patients with post COVID syndrome (PCS)
to develop ME/CFS (PC-ME/CEFS).

Results: Mitochondrial dysfunction is a long-held assumption to explain cardinal symptoms of ME/CFS. However, mitochon-
drial dysfunction could not be convincingly shown in leukocytes. By contrast, recent studies provide strong evidence for mi-
tochondrial dysfunction in skeletal muscle tissue in ME/CFS. An electron microscopy study could directly show damage of
mitochondria in skeletal muscle of ME/CFS patients with a preferential subsarcolemmal localization but not in PCS. Another
study shows signs of skeletal muscle damage and regeneration in biopsies taken one day after exercise in PC-ME/CFS. The si-
multaneous presence of necroses and signs of regeneration supports the concept of repeated damage. Other studies correlated
diminished hand grip strength (HGS) with symptom severity and prognosis. A MRI study showed that intracellular sodium in
muscles of ME/CFS patients is elevated and that levels correlate inversely with HGS. This finding corroborates our concept of
sodium and consecutive calcium overload as cause of muscular and mitochondrial damage caused by enhanced proton-sodium
exchange due to anaerobic metabolism and diminished activity of the sodium-potassium-ATPase. The histological investiga-
tions in ME/CFS exclude ischemia by microvascular obstruction, viral presence or immune myositis. The only known exercise-
induced mechanism of damage left is sodium induced calcium overload. If ionic disturbance and mitochondrial dysfunction is
severe enough the patient may be captured in a vicious circle. This energy deficit is the most likely cause of exertional intolerance
and post exertional malaise and is further aggravated by exertion.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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Conclusion: Based on this pathomechanism, future treatment approaches should focus on normalizing the cause of ionic
disbalance. Current treatment strategies targeting hypoperfusion have the potential to improve the dysfunction of ion

transporters.

1 | Introduction

Following COVID-19 infection, a substantial fraction of patients
suffers from long-lasting or persistent symptoms known as
long COVID or post-COVID-19 condition or syndrome (PCS).
Symptoms show a broad overlap with myalgic encephalomyeli-
tis/chronic fatigue syndrome (ME/CFS), and a subset of PCS pa-
tients fulfils the diagnostic criteria for ME/CFS [1-6]. ME/CFS
is a frequent and debilitating disease triggered by various infec-
tions. There is no effective treatment, mainly due to the lack of
understanding of the underlying pathomechanisms, which pre-
cluded the identification of appropriate targets for drug develop-
ment. The pandemic has led to more research and initiation of
clinical trials. Evidence is now mounting for an involvement of
skeletal muscles in the pathophysiology of both conditions.

Skeletal muscle involvement in PCS and ME/CFS is obvious
from clinical findings, exercise testing, force measurements, bio-
markers, imaging and histological studies. Patients frequently
suffer from muscle weakness, pain, fasciculations (involuntary
contractions) and cramps. Diminished muscle strength can be
shown in most ME/CFS patients by hand grip and quadricep
strength measurement [7]. In a prospective observational study,
lower hand grip strength early in the disease correlated with
symptom persistence in patients with PCS strongly suggesting an
important role of skeletal muscle pathophysiology [8]. Exercise
testing shows limited exercise capacity, more rapid exhaustion
and metabolic changes indicative of anaerobic metabolism and
mitochondrial dysfunction that occur early on in exercise as well
as reduced oxygen extraction [6, 8-14]. It is finally clear that ex-
ercising skeletal muscles do not produce the necessary amount
of energy for enduring performance and that the inability to do
soisinvariably linked to exercise intolerance and post exertional
malaise (PEM), a deterioration of pre-existing symptoms and a
further diminution of exercise and muscle performance com-
pared with pre-exercise. As exercise intolerance and PEM are
the hallmarks of ME/CFS, understanding of the mechanisms
involved is key to understanding of ME/CFS pathology, and for
the development of effective drugs.

Vascular dysregulation and hypoperfusion are now recognized
as central mechanisms for cerebral and muscular disturbance
in ME/CFS and PCS [10,15,16]. Diminished muscle strength
was associated with markers of hypoperfusion in the blood of
PC-ME/CFS patients and with markers of inflammation in PCS
[6]. In PCS, many findings show endothelial dysfunction and a
capillary-microvascular perfusion disturbance [17,18] in which
inflammatory capillary wall changes, impaired red blood cell
deformability and probably microclots interact with a high vaso-
constrictor tone (enhanced vascular constriction) to severely im-
pair microcirculation. This primary microvascular disturbance
is strongly aggravated by the diminished cardiac preload [10]
resulting in low ventricular filling pressure, low stroke volume
and diastolic dysfunction, which has been outlined in a recent
publication [19].

The disturbance in skeletal muscle can result not only from di-
minished perfusion and hypoxemia but also from inflammation
or viral infection in skeletal muscle or damage to mitochondria.
Both hypoperfusion and impaired mitochondrial function can
cause the energetic deficit. Mitochondrial dysfunction is a long-
held assumption to explain cardinal symptoms of ME/CFS. The
most convincing evidence has been provided by plasma meta-
bolic studies so far [20,21].

2 | Histology of Muscles Provides Evidence for a
Predominant Mitochondrial Pathology

Recent EMG and biopsy studies provide strong evidence for
the skeletal muscle pathophysiology in PCS and ME/CFS.
Pathohistological findings include fibre atrophy, signs of ne-
crosis and regeneration, moderate leukocyte infiltration and
capillary rarefication (loss of capillaries) and mostly basement
membrane endothelial changes [9, 13, 22-24].

Two muscle biopsy studies performed in PCS patients with fa-
tigue and exertional intolerance at least 6 months after acute in-
fection with a subset of patients fulfilling diagnostic criteria for
ME/CFS deliver the most valuable information regarding vas-
cular and mitochondrial pathology. There were no more signs
of capillary obstructions or microclots as reported for the earlier
PCS stage [17, 25] and no evidence for viral reactivation in either
study as well as only mild signs of inflammation [9, 24]. In the
exercise study, nucleocapsid was equally detected in patients as
well as in healthy controls with a previous SARS-CoV2-infection
making a role of the virus unlikely [9]. In the non-exercise study,
SARS-CoV-2 RNA could not be detected in the muscle tissues
[24]. In patients, fewer capillaries, thicker capillary basement
membranes and increased numbers of CD169+ macrophages
were found. In the exercise study, the skeletal muscle capillary-
to-fibre ratio, capillary density and intracellular and circulating
lactate concentrations were not different between PCS patients
and controls. While in the non-exercise study patients had been
sick less than a year, in the exercise study, they had been sick
between 1 and 2years. Both studies provide evidence of mito-
chondrial dysfunction, and the exercise study also shows signs
of muscle damage with tissue necrosis and more glycolytic fibres
[9]. Hence, the initial capillary disturbance is no more seen in
those studies [9, 24] but mitochondrial dysfunction and, most in-
terestingly, for the first time necroses as signs of muscle damage
in the exercise study. This is most likely due to the fact that the
biopsies were optimally timed 1 day after the exercise challenge
to detect damage. The finding of necroses emphasizes the role of
skeletal muscle pathophysiology for ME/CFS. This study clearly
shows that the skeletal muscle damage is related to exercise. In
line with this finding, increases of the skeletal muscle proteins
tropomyosin TPM4, tropomodulin TMOD3 and calmodulin
CALM2 were found in extracellular vesicles and were strongly
correlated with higher levels of myalgia after exercise in the ME/
CFS patients suggesting at least mild damage [26].
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Mitochondrial respiration in skeletal muscle biopsies and me-
tabolomic signatures was indicative of mitochondrial dysfunc-
tion [9, 13, 24]. A recent study performing mRNA sequencing
from muscle biopsies provides further evidence of diminished
mitochondrial function [27]. Electron microscopy revealed mito-
chondrial damage in muscles in ME/CFS [13]. Subsarcolemmal
mitochondria were preferentially damaged compared with in-
terfibrillary mitochondria. Table 1 gives an overview of the re-
sults of the skeletal muscle biopsy studies.

Thus, in all these studies, neither viral persistence, overt in-
flammation, myositis nor obstructed capillaries are found as
the cause of muscle damage, but mitochondrial damage or dys-
function could be shown. Electronic microscopy revealed the
damage of mitochondria in skeletal muscle in PC-ME/CFS but
not in PCS patients [13]. The absence of obstructed capillaries
does not mean that perfusion is normal; it could be impaired by
functional mechanisms such as endothelial dysfunction, high
vasoconstrictor tone or autoantibodies against vasoregulatory
receptors [28, 29]. It is important to note that these consider-
ations apply to PCS with fatigue, exertion intolerance and PEM
or ME/CFS, and not to other subsets of PCS where other mech-
anisms may still be operative. Studies of circulating miRNAs in
ME/CFS provide further evidence for impairments in exercise
hyperaemia, angiogenic adaptations to hypoxia, antioxidant
defences and mitochondrial function [28, 29]. Potential mech-
anisms involved in skeletal muscle pathophysiology in ME/CFS
have also been highlighted in a recent review paper on ME/CFS
[30]. Altogether, long suspected skeletal muscle pathology, tissue
damage and mitochondrial damage and dysfunction have now
been clearly demonstrated by directly analysing muscle tissue in
ME/CFS. Table 2 gives an overview of the accumulated evidence
of skeletal muscle involvement arranged according to the inves-
tigational method.

3 | Sodium and Consecutive Calcium Overload as
the Cause of Mitochondrial Pathology in ME/CFS

After having summarized the recent evidence for skeletal mus-
cle pathology and mitochondrial dysfunction, we address the
possible pathomechanisms. The recent electron microscopic
investigations show alterations in mitochondrial morphology
in ME/CFS finally proving mitochondrial damage [13]. This
study, however, does not reveal the damaging mechanisms.
Possible mechanisms of mitochondrial damage discussed in-
clude inflammation, viral infection, autoantibodies and damage
by calcium overload. The latter can be caused by muscular hy-
poperfusion upon exertion and consecutive dysregulation of ion
transport resulting in proton and consecutive sodium and cal-
cium overload, which has been outlined in our previous papers
and summarized in Table 3 [19, 31].

The skeletal muscle damage found in ME/CFS was shown to be
related to exercise [9]. This is in line with a recent study show-
ing exercise-induced increase of markers related to muscle dam-
age in peripheral blood extracellular vesicles [26]. Based on our
current knowledge on the known causes of muscle damage re-
lated to exercise and malperfusion, diminished function of ion
transporters and consecutive calcium overload-induced toxic-
ity is the only explanation for tissue necroses and particularly

mitochondrial damage in ME/CFS. Calcium overload occurs
as a consequence of excessive sodium loading in myocytes.
Elevated intracellular sodium levels in skeletal muscle could in-
deed been shown in an MRI study with 23-Na* in ME/CFS pa-
tients [12]. Depending on the muscle type, sodium was already
elevated before exercise or was found elevated after exercise.
Calcium overload cannot be demonstrated in vivo by imaging
techniques, but the histological picture found in the biopsy
study after exercise showing necroses can only be explained by
calcium overload [9]. This histological picture found is remi-
niscent of ischemia-reperfusion experiments and toxicological
studies with high doses of drugs that raise calcium in the heart
(unpublished own data). Calcium overload and the consecutive
impaired energy metabolism can well explain the exercise intol-
erance and PEM in ME/CFS. Muscle cramps and fasciculations
can occur in ME/CFS already upon minor exertions and can be
explained by calcium overload, too. As calcium in the muscle
cell is about 10* times lower than the ionic calcium concentra-
tion outside the cell membrane [32], cellular calcium overload
does not result in changes in plasma calcium.

The electron microscopic study showed a particular distribution
pattern with damage to subscarcolemmal but not interfibrillary
mitochondria in ME/CFS [13] suggesting proximity to a damag-
ing mechanism. In this subscarcolemmal location close to the
cell membrane, where the NCX is located, calcium concentra-
tion must be highest after the NCX has turned into the reverse
mode at high intracellular sodium to import calcium causing
mitochondrial damage by calcium overload. Such mitochondrial
damage was not seen in PCS in this study [13]. Mitochondrial
changes, comprising loss of cytochrome c oxidase activity, sub-
sarcolemmal accumulation and/or abnormal cristae, were seen
in PCS patients where it is not clear whether they fulfilled the
criteria for ME/CFS [22]. Thus, after SARS-CoV-2 infection, a
presumed dominant capillary or microvascular disturbance in
PCS can cause mitochondrial damage and dysfunction in a sub-
set of patients. Mitochondrial dysfunction in muscles can main-
tain itself and aggravate or induce a new type of dysfunctional
vascular perfusion while the original capillary damage or mi-
crovascular disturbance can heal or improve to a considerable
extent. Additional risk factors for vascular dysfunction proba-
bly cause the transition from PCS to PCS-ME/CFS as outlined
below. In contrast to skeletal muscle, studies of mitochondrial
function of peripheral blood immune cells of ME/CFS patients
have shown inconsistent results [27, 33, 34].

4 | The Mechanisms for the Persistence of
Mitochondrial Dysfunction and Chronification of
ME/CFS

Once mitochondrial dysfunction in skeletal muscle is fully de-
veloped, it can be self-maintaining, causing a new type of vascu-
lar disturbance strongly driven by reactive oxygen species (ROS)
[19, 31, 35, 36]. Mitochondrial dysfunction not only causes vas-
cular dysfunction but also favours itself as low ATP and ROS
inhibit Nat/K*-ATPase [37]. This can aggravate sodium and
subsequent calcium overload and damage. Hypovolaemia evolv-
ing in ME/CFS causes orthostatic stress to desensitize 32 ad-
renergic receptors, which are important for the activation of the
Nat/K*-ATPase [38, 39].
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TABLE1 | Overview of skeletal muscle biopsy studies in ME/CFS and PCS.
Study Patients Type of study Findings
Appelman PCS patients (n=25) 1-2years ® Light microscopic Reduced exercise capacity, metabolic changes
et al. [9] postinfection. All with PEM investigation before in vitro indicative of mitochondrial dysfunction.
by the DSQ-PEM criteria and after exercise Amyloid depositions outside capillaries increasing
(ergometry)- by exercise and focal fibre atrophy, more
inducing PEM glycolytic fibres, moderate leukocyte infiltration,
® In vitro focal necrosis, which increased significantly
mitochondrial after exercise. Signs of regeneration and mild
function damage in biopsies before and after exercise.
Bizjak PCS patients (n=13) with a median @ Light and electron Reduced exercise capacity and
et al. [13] of 15months postinfection. microscopy mitochondrial dysfunction in vitro but
ME/CFS patients (n=15) fulfilling ® Ergometry no morphological mitochondrial changes
CCC criteria with a median of ® In vitro compared with healthy controls.
23 months postinfection. mitochondrial Reduced exercise capacity and mitochondrial
function dysfunction in vitro. Mitochondria show
detrimental alterations of several parameters of
mitochondrial morphology with a preferential
localization in the subsarcolemmal area in
contrast to interfibrillary mitochondria.
Aschman PCS and PCS-ME/CFS (CCC) ® Light and electron Muscle weakness. Type-2b-fibre atrophy and
et al. [24] patients (n =11) 6 months microscopy increased numbers of tissue macrophages.
to 1year postinfection. ® MRI Decreased capillary-to-fibre ratio and
® Muscle proteomics increased capillary basement membrane
thickness. No signs of myositis.
Decreased expression of genes related
to mitochondrial activity.
Hejbel PCS patients (n=16) ® Light and electron Muscle weakness and myopathic
et al. [22] 5-14months postinfection microscopy electromyography.
® Electromyography Muscle fibre atrophy, indications of fibre
regeneration. Mitochondrial changes,
comprising loss of cytochrome c oxidase
activity, subsarcolemmal accumulation and/
or abnormal cristae. Inflammation as T
lymphocytes and/or muscle fibre human
leukocyte antigen I expression. Capillaries
affected, involving basal lamina and cells.
Agergaard PCS patients (n=8) median ® Light and electron Muscle strength reduced. Myopathic changes
et al. [23] 9.8 months postinfection microscopy in quantitative EMG or abnormal single fibre
® Electromyography EMG or both. Microstructural damage to
terminal motor nerves and motor endplate.
Walitt ME/CFS patients (n =8-17) median ® RNA sequencing Males: downregulated mitochondrial and hexose
et al. [27] 33 £ 15months postinfection ® Mitochondrial metabolism, upregulated fatty acid beta oxidation.
genome Female: downregulated mitochondrial
® Mitochondrial and fatty acid metabolism.
function No difference in mitochondrial

function of blood immune cells.

The increased anaerobic metabolism as proven by the higher
number of glycolytic fibres [9] due to mitochondrial dysfunction
and malperfusion causes an excessive proton generation and
consecutive sodium overload so that already, small efforts can
lead to calcium overload, calcium-induced tissue necroses and
mitochondrial damage. Signs of regenerating muscle fibres in
the skeletal muscle biopsy in parallel with signs of recent ne-
croses and some necroses present in the biopsy already before
exercise testing strongly suggest that repeated damaging events

have taken place [9]. Such a repetitive nature of the damage can
be well explained by increased intracellular sodium in myocytes
being or quickly getting close to the reverse mode threshold of
the NCX so that otherwise non-damaging exercise causes skele-
tal muscle and mitochondrial damage [31]. Through this strong
tendency to develop PEM upon minor exertion and the repeti-
tive damage by small efforts (low PEM threshold), the disease
can maintain itself to finally become independent of the original
triggers and chronic.
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TABLE 2 | Skeletal muscle pathological findings in patients with PCS with PEM or ME/CFS.

Clinical signs:

® Fatigue, early exhaustion, muscle weakness, muscle pain, fasciculations and cramps [6-8]

Skeletal muscle force test:

® Muscular force impaired assessed via hand grip strength (HGS) and leg strength [7]

O HGS correlates with symptom severity and prognosis

Exercise (endurance) test:

® Metabolic changes during exercise: early appearance of anaerobic metabolism [9, 10, 31]

® Diminished oxygen uptake and extraction [9, 10, 14, 31]

Biopsies from skeletal muscle:

® Skeletal muscle biopsies show signs of muscular damage and regeneration. More damage 1day after exercise [9]

O Biopsies exclude obstructed capillaries, viral presence and autoimmune myositis

® Evidence for muscle mitochondrial dysfunction [9, 13, 22, 24, 27|

® Electron microscopy from skeletal muscle biopsies shows changes in mitochondrial morphology and mitochondrial damage

(13, 22]

© Mitochondrial damage shows a particular localization pattern. Subsarcolemmal mitochondria are affected in contrast to

interfibrillary mitochondria

Imaging (MRI):

® Intracellular sodium in skeletal muscle is elevated and negatively correlates with handgrip strength in a 23-Na-MRI study in

resting or exercising muscle depending on muscle type [12]

O Rise in intracellular sodium is a precondition for damaging calcium overload

TABLE 3 | Disturbed sodium and calcium homeostasis resulting from microvascular disturbances can cause mitochondrial toxicity [19, 31].

® Hypoperfusion during exercise causes anaerobic metabolism raising proton production

® The sodium-proton-exchanger subtype 1 (NHE1) extrudes the protons via an import of sodium (1:1) leading to sodium rise

® The activity of the Na*/K*-ATPase is insufficient due to lack of ATP, inhibition by mitochondrial ROS, dysfunction of 32
adrenergic receptors (autoantibodies, stress-mediated desensitization) and calcitonin-gene-related peptide (CGRP) shortage (due
to small fibre neuropathy) to remove high sodium loading causing further sodium overload

® The sodium-calcium exchanger (NCX) changes into reverse transport mode importing calcium instead of exporting it

® The ensuing calcium overload affects the mitochondria and cytoplasmatic metabolism

Our hypothetical disease mechanism implies that damage and
regeneration occur in parallel in skeletal muscle as was proven
by histology of ME/CFS patient muscle biopsies [9]. At a certain
point, the number of intact mitochondria able to replicate for
the full repletion of the pool of intact mitochondria is probably
too low. The lower the pool of intact mitochondria is the more
anaerobic metabolism prevails. The increase in the number of
glycolytic fibres found in the biopsies may be seen as an adaptive
mechanism [9]. Anaerobic metabolism leads to a higher proton
load and, by that, a higher sodium load favouring calcium over-
load and damage. This is a possible vicious circle that could de-
velop once disease has progressed and can explain the misery
of the most severe and bedridden patients. Investigations on the
state of the mitochondria by electron microscopy ranging from
healthy people to mild to moderate and severe cases would be
therefore highly desirable.

Altogether, we assume that mitochondrial dysfunction that
triggers and reproduces itself in skeletal muscle at low levels of
effort does constitute the central pathomechanism of ME/CFS.

Thus, although ME/CFS has different triggers and may have
different causes [40], these finally can lead to and converge to
the same pathomechanism carried on by vascular disturbances
and secondary mitochondrial dysfunction. Thus, one could con-
sider ME/CFS as an acquired ischemic mitochondrial myopathy
(AIMM). The development of self-maintaining mitochondrial
dysfunction out of primary vascular disturbances is shown in
Figure 1. How the poor energetic situation in skeletal muscle
then can affect cardiovascular function apart from the genera-
tion of ROS to impair perfusion and to cause hypovolaemia and
other symptoms and systemic sequelae typical of ME/CFS has
been explained in detail in previous publications [38, 44].

In addition to potential vascular disturbances by ROS, cardio-
vascular disturbances like hypovolaemia, low ventricular filling
pressure, endothelial dysfunction, high sympathetic tone and
autoantibodies to vasoregulatory receptors, which have all been
reported for ME/CFS (for review [19]), may aggravate the vas-
cular dysfunction in ME/CFS as shown in Figure 1 [38]. There
is also evidence of reduced erythrocyte deformability impairing
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FIGURE1 | Several mechanisms triggered by an infection can result in circulatory disturbance and hypoperfusion of muscles including autoanti-
bodies [41], inflammation [22], sympathetic overactivity [10], endothelial dysfunction [42], impaired red blood cell deformability [43] and diminished
preload [10]. Upon exertion, hypoperfusion of skeletal muscles leads to rise in protons, intracellular sodium and calcium [12], muscle necrosis [9],
mitochondrial damage and enhanced production of reactive oxygens [13,22]. In ME/CFS, the activation of the sodium pump (Na*/K*-ATPase) upon
exertion may be diminished due to low ATP and dysfunctional 32AdR and CGRP. At a certain level of intracellular sodium, the sodium-calcium-
exchanger NCX changes its transport mode from calcium export to calcium import causing calcium overload that causes mitochondrial and myocyte
damage. As a result, low ATP and ROS production further impair the sodium pump. ROS also impairs vascular function and perfusion. A vicious
circle arises. $2AdR: 32-adrenergic receptor; CGRP: calcitonin-gene-related peptide; ROS: reactive oxygen species. Biorender was used to create the

figure.

their capillary flow [43]. The rarefication of capillaries reported
in two studies can certainly contribute to malperfusion [24,45].
Microclots may disappear, and capillary wall damage may
heal, but residual damage cannot be excluded. The question is
whether capillary rarefication or basement membrane thicken-
ing observed in patients less than 1year after COVID is a resid-
ual damage or a part of the new vascular pathology [9,22-24,45].
It should also be considered that a transition state must exist that
may confuse the picture.

The considerations made above imply that the transition to
or development of severe mitochondrial dysfunction in skel-
etal muscle can cause severe PEM and thus ME/CFS devel-
oping in PCS and can most likely be generalized for ME/CFS
of other causes. A probably initially predominant capillary-
microvascular disturbance is shifted into a mitochondrial-
vascular disturbance and explains why the disease cannot
heal or even aggravates due to this self-perpetuating mecha-
nism as outlined below.

5 | Transition of PCS to ME/CFS and Risk Factors

A yet unresolved question is why only a subset of PCS patients
with fatigue and exertional intolerance develop ME/CFS with the
characteristic of more severe and longer lasting PEM [6]. While

symptoms in PCS not fulfilling ME/CFS criteria can improve
over the course of 1-2years, symptoms persist or even aggravate
in most ME/CFS patients [1, 8]. Thus, the question arises if ME/
CFS simply is a severe and persistent form of PCS or if other or
additional pathomechanisms become operative behind a clinical
picture with similar symptoms in the transition from PCS to ME/
CFS. In other words, has something changed ‘behind the scene’?

Microvascular impairment later in disease course may be
more of a functional nature in which endothelial dysfunction
and ROS generated from mitochondrial dysfunction and prob-
ably autoantibodies to vasoregulatory receptors play a role,
while in the early stage, impaired capillary microcirculation
as a result of the combined effects of inflammatory capillary
wall changes and pathological blood components may be the
predominant disturbance [17, 18, 25, 42, 46-49]. The latter are
no more found in the above referenced histological studies in
PC-ME/CFS [9]. Besides this change in the vascular patho-
mechanisms over time, a difference can also be seen in the
mitochondrial pathology between PCS and ME/CFS. In ME/
CFS, mitochondria were morphologically altered and dam-
aged, preferentially in the subsarcolemmal area while no such
damage was seen in PCS [13].

Understanding why a transition to the development of severe mi-
tochondrial dysfunction and damage occurs to prevent healing
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FIGURE2 | InPCSwith fatigue and exertional intolerance, a predominant microvascular disturbance with inflammation was found early in dis-
ease [17, 25] which was no more evident later [9, 24]. While patients with PCS frequently improve in health during the 2nd year, those with PC-ME/
CFS stagnated at their initial level [8]. Risk factors for the development of ME/CFS are autoantibodies, collagen diseases like Ehlers-Danlos and joint
hypermobility as well as genes regulating mitochondrial, vascular and muscle function [59, 60]. Mast cell hyperactivity and dysfunction of the ion

channel TRPM3 may be the other risk factors [61-63].

and to develop ME/CFS and what the risk factors are is of out-
most importance. Autoimmunity and autoantibodies may be
strongly involved [41,50-52]. We and others found autoantibod-
ies to G protein-coupled receptors (GPCRs) to be associated with
symptom severity in PCS [41,50,53]. In our study fatigue, cog-
nitive function and impaired microcirculation correlated with
GPCR autoantibodies predominantly in PCS fulfilling ME/CFS
criteria [41]. These results are in line with previous findings in
post-infectious ME/CFS patients, which described correlations
between clinical symptoms, structural central nervous system
(CNYS) alterations and levels of autoantibodies against adrener-
gic receptors and other GPCR [54-56].

There is evidence for differences in the vascular pathologies,
symptoms, findings and their correlations between PCS and
PC-ME/CFS that suggest a transition takes place. Biomarkers
for vascular function and angiogenesis showed considerable
differences [42,57]. Sera from PC-ME/CFS patients had in-
creased anti-endothelial cell autoantibodies and differed in
their functional effects on endothelial cells, i.e., secretion
profiles and angiogenic potential [57]. PCS sera enhanced the
release of molecules associated with vascular remodelling and
significantly promoted angiogenesis in vitro compared to the
PC-ME/CFS. A pro-angiogenic effect of PCS sera as a compen-
satory mechanism to endothelial dysfunction was assumed,
which is absent in PC-ME/CFS patients. In another study
comparing PCS with PC-ME/CFS patients, endothelial dys-
function and elevated endothelin-1 levels were found in PCS
and PC-ME/CFS patients, indicating that hypoperfusion plays
a role [42]. However, a paradoxical association of the reactive
hyperaemia index with age, blood pressure and BMI as well as
diminished Ang-2 in the PCS group was considered suggestive
of distinct vascular pathomechanisms between both condi-
tions. Retinal microvasculature image analysis using optical
coherence tomography angiography clearly showed retinal
vascular damage 138 days after acute infection of hospitalized
patients [46]. This investigational method enables detailed
analysis of this accessible microvasculature bed that is known
to have homology with systemic vasculature. By contrast, in
patients with PCS 15months on average after SARS-Cov-2

infection, there were no long-term structural signs of damage
in the retina [58]. Although it is not clear, whether these find-
ings were accompanied by clinical improvement, there were
no more pathological findings in the retinal vessels, implying
that the microvascular disturbance heals. It is important to
note that the vascular disturbances in PCS usually affect the
systemic vasculature while exercise-triggered mitochondrial
dysfunction primarily affects the skeletal muscle. ROS levels
produced by the dysfunctional mitochondria are then highest
in skeletal muscle. These findings support the assumption of
a shift in the vascular pathology over time (Figure 2). Hence,
not only is there a change in mitochondrial pathology but also
in vascular pathology in the transition from PCS to ME/CFS.
Finally, genetic risk factors most likely play a role. Ehlers—
Danlos and joint hypermobility are risk factors for ME/CFS
and are associated with vascular diseases [28]. Genetic risk
factors for severe and fatigue-dominant long COVID and
commonalities with ME/CFS were identified by combinato-
rial analysis including genes regulating mitochondrial, vas-
cular and muscle function [59,60]. A recent study analysing
genomic DNA from muscle mitochondria of ME/CFS patients
showed that all patients had variants in mitochondrial genes,
however of uncertain significance [27]. Mast cell hyperactivity
and dysfunction of the ion channel TRPM3 may be the other
risk factors [61-63]. Figure 2 shows the concept for transition
from PCS to ME/CFS and potential risk factors.

6 | Conclusion and Therapeutic Outlook

Altogether, recent studies investigating skeletal muscle pathol-
ogy have led to an enormous progress in understanding the
pathophysiology of ME/CFS. Skeletal muscle and mitochondrial
damage are finally proven and can explain exertional intoler-
ance and PEM. The diminished skeletal muscle force as a bio-
marker of muscle damage correlates with other key symptoms
providing evidence that it is central in the pathomechanism.
A self-reproducing mitochondrial dysfunction most likely con-
stitutes the final and common disturbance of ME/CFS, which
locks the patients in a vicious circle from which they can hardly
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escape. As the disease is self-maintaining at this stage, treat-
ment of the original trigger, e.g., a persistent virus or vascular
inflammation, does most likely not lead to a therapeutic success.

Currently, treatment strategies are pursued to improve vascu-
lar perfusion. The inhibition of the acetylcholine esterase by
MestinonR has the potential to improve perfusion by enhancing
preload and cardiac output [64]. The guanylate cyclase activator
vericiguat induces vasodilation via directly stimulating the vaso-
dilator cGMP in a nitric oxide mimetic manner (NCT05697640)
[65]. Rise in cGMP can also improve erythrocyte deformability
[66, 67].

Another promising approach is the depletion or neutralization
of autoantibodies targeting GPCR vasoregulatory receptors.
Immunoadsorption, which can transiently remove autoantibod-
ies, was shown to improve symptoms in two thirds of patients
and normalize diminished endothelial function in observa-
tional studies [68-70]. Novel treatments efficiently targeting
autoantibody-producing B cells or plasma cells can achieve an
effective and long-lasting depletion of autoantibodies, and first
studies are already ongoing [71]. An innovative concept neutral-
izing GPCR autoantibodies with an aptamer is currently tested
in a multicentre phase II trial (NCT05911009). However, auto-
antibodies probably do not play a role in all ME/CFS and PCS
patients.

ME/CFS is no more an enigmatic disease for which therapeutic
concepts are missing. Since the assumed disturbances are func-
tional in nature and are treatable by appropriate agents, there is
a good chance of novel highly efficacious drugs and even heal-
ing for this frequent and most debilitating disease. We appeal to
politicians, pharmaceutical companies and stakeholders to sup-
port the rapid development of such promising new drugs.
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