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Chapter 1

INTRODUCTION




Chapter 1: Introduction

Acute SARS-CoV-2 Disease (COVID-19)

During the winter of 2019 and 2020, the SARS-CoV-2 epidemic took the world by storm. In
the first several waves of the epidemic, the acute SARS-CoV-2 infection (resulting in
coronavirus disease 2019; COVID-19) was one of the worst global viral diseases to date,

resulting in over 700 million cases and over 7 million deaths globally'.

Similar to other coronaviruses, SARS-CoV-2 entry occurs via the epithelium, typically in the
respiratory tract?. Specifically, the interaction between the spike protein of SARS-CoV-2 and
the angiotensin converting enzyme 2 (ACE2) receptor allows for viral entry>*. During the
incubation period, typically lasting 2-7 days, a myriad of symptoms occur, including fever,
fatigue, muscle aches or pain, and respiratory distress, among others>’. While many respiratory
viruses may also cause the aforementioned symptoms® ™!, it is the severity of COVID-19 that
has resulted in a global record of hospitalizations and deaths. In instances where COVID-19
results in severe infections not resulting in death, patients often are admitted to intensive care

units and placed on ventilation due to the severe respiratory distress experienced®!?.

Not all SARS-CoV-2 infections result in severe COVID-19 sequelae, such as respiratory
distress or the need for intensive care unit admission. Particularly after vaccinations began, the
proportion of reported infections and severe COVID-19 was reduced'*'°. However, even in
mild cases of COVID-19, individuals frequently report atypical symptoms, such as loss of taste
or smell, brain fog, confusion, and heart palpitations or myocarditis™’-!%!”. Although the typical
resolution of mild COVID-19 occurs between 7-14 days'?, it is not uncommon for individuals
to report at least one symptom lingering upwards of one month following’, typically being

anosmia, inability to taste, brain fog or fatigue.

Long COVID

Despite the reductions in hospitalizations and deaths due to acute COVID-19, 10-26% of
individuals did not show improvements in symptoms beyond 3 months'®. The non-resolution
of symptoms 3-months following an acute COVID-19 infection was termed long COVID or
post-acute sequelae of COVID (PASC)!**. Commonly, patients with long COVID report a
debilitating fatigue, which does not allow them to conduct daily tasks as they would have prior
to infection? . Often, this is also associated with brain fog and post-exertional malaise
(PEM), which is the worsening of symptoms or development of new symptoms with physical,

cognitive, or emotional exertion®***. While the persistence of symptoms between acute and
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long COVID are similar, the underlying mechanism as to the development of long COVID is

unclear.

Patients with long COVID report a variety of different symptoms (Figure 1), however the most
commonly reported are brain fog, myalgia, fatigue, and post-exertional malaise (PEM)?®. While
the heterogeneity of reported symptoms suggest a systemic dysregulation, symptoms such as
myalgia, fatigue and post-exertional malaise imply a skeletal muscle characteristic may be
present. While little is known about the persistence of any of the symptoms, myalgia and
fatigue may be closely linked. Myalgia, or muscle pain, occurs from the noxious stimulus in
response to acid accumulation®’, which occurs during heavy intensity exercise®®?’. Fatigue,
similarly, also generally occurs in a response to increased skeletal muscle acidity*’. Fatigue is
further dependent on complex interactions of metabolites and ions, as outlined in section 2.3.
Both myalgia and fatigue therefore have a skeletal muscle origin, which is subsequently sensed
by the central nervous system, as acid triggers acid sensing receptors in sensory neurons>’.
Early studies in long COVID patients suggest a higher lactate accumulation®!, indicative of
more acidosis, however it is unknown whether this is a result of altered skeletal muscle

metabolism or due to central nervous signal integration.

PEM, which can be instigated by both physical, cognitive and emotional exertion, still remains
largely unknown as to its physiological onset and its functional repercussions following
exertion. It is understood that PEM episodes result in worsening of patient condition, however
the exertional threshold resulting in PEM is patient dependent and often will vary daily or

weekly or by type of exertion within a single individual®?

. Thus, PEM creates a scenario in
which the patient is largely unknowing of whether a certain stimulus may result in a PEM
episode or not. Overtime, this can result in patients experiencing PEM abstaining from physical
activity, reducing social contact, or decreasing work severely in order to manage PEM and the
associated symptoms following a PEM episode. This removes the patient from their regular
routine, and creates an instability in their daily lives. Further, it is well known that the reduction

in social®*** and physical activity>>-

can have dramatic impacts on patient well-being and
mental health. Moreso, as it is poorly understood the underlying physiology behind PEM, it is
unknown whether PEM may be triggered by oxidative or structural skeletal muscle damage

during exercise.

It has been suggested that the severity of infection is likely predictive of long COVID
occurrence’” . However, in that mild COVID cases also develop into long COVID suggests

that severity alone cannot account for the development of long COVID?. Thus, other likely
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explanations include recurring immune response (possibly from viral persistence), the

development of autoimmunity, the development of sarcopenia, physical inactivity, and

psychological alterations®'#1~43,

Symptoms Hypotheses
(e Fatigue ) Autonomic nervous system
» Brain fog * Altered parasympathetic

¢ Postural orthostatic nervous system

tachycardia syndrome

. I(:’l?a(s).tT-Siertional malaise < %\’(ﬁgulation
\. bl J / Pﬁ * Autoimmunity
A\ | + Viral replication
* Shortness of breath TN
* Dysfunctional breathing - 5
+ Fatigue Blood circulation

* Microclots
* Endothelial dysfunction
* Hypercoagulation

/ ]

,7;
£ -
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* Limited exercise capacity
» Post-exertional malaise
(PEM)

Joint and muscle pain ‘ I,
Muscle weakness | &

Musculoskeletal system

Myopathy
Deconditioning
Endothelial dysfunction
Local hypoxia

Figure 1: Symptoms (blue boxes) common to both patients with long COVID and ME/CFS, along with
pathophysiological hypotheses (red boxes) with regards to each symptom. Common bodily systems of interest
include the brain, lungs, skeletal muscle, autonomic nervous system, immune system, and circulatory system.

Although patient psychological state may be affected during acute infections, particularly in
the case of hospitalizations*® (i.e. similar to post-traumatic stress disorder), this has been largely
discounted for being a sole contributor to long COVID development. Early studies have shown

that SARS-CoV-2 could be detected via PCR testing upwards of 20 months following initial

Mitochondrial dysfunction
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infection?’, suggesting that persistent viral load may rather contribute. Additionally, imaging
studies of individuals whom had recovered from an acute infection have been shown to have
abnormal accumulations in the lungs*®, indicative of an ongoing inflammatory response. Thus,
the evidence suggests an underlying physiological response in long COVID related to

continuity of symptoms.

While there are some indications that there are persistent immune responses in patients, no
studies have found alterations in blood immune cell activation, cytokine profiles, or markers
such as c-reactive protein, which would normally be indicative of infection or inflammatory
responses!. Some early research has indicated that long COVID indicated the development of
sarcopenia®’. However, due to the inconsistency with which long COVID is diagnosed, a large
majority of these patients may have presented with pre-sarcopenia prior to infection, and
patients recovering from an intensive care unit admission likely have a longer period of
recovery®~!. This then called for a revision and definitive definition of long COVID for more
accurate diagnosis®*?°. Specifically, it is noted that symptoms experienced by patients cannot
be accounted for by any other co-morbidity, hospitalization event, or sex- or age-related

phenomena.

Due to the reduction in physical activity levels of patients with long COVID, it is surmised that
deconditioning may be implicated in its progression®>**. It is well documented that mild to

severe reductions in physical activity have reduced whole-body aerobic capacity, altered

54-63

skeletal muscle oxidative function, and alterations to metabolism , all of which may

64

negatively influence immune response and function®. Skeletal muscle itself has been

implicated largely in endocrine function and can heavily influence immune function®¢7.
However, whether skeletal muscle alterations occur in long COVID patients is largely

unknown.

Autoimmunity, which is the production of antibodies against one’s own tissue such that one’s
self is recognized as a pathogen by immune cells, is not an uncommon development following
some infections®®®?. For example, it is well documented that cases of multiple sclerosis (MS)
have developed after an initial Eppstein-Barr or measles viral infection’®2. While there are
D73.74

some indications of autoantibodies being present in patients with long COVI , it 1s

unknown whether this impacts the skeletal muscle of patients.
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Myalgic encephalomyelitis/chronic fatigue syndrome

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is another disease in which
patients experience the poorly understood symptom of PEM”°. Typically, following acute viral
or bacterial infections, the majority of people are able to resolve symptoms within 1-2

weeks’®”7

, and can return to normal routine. However, in some individuals, symptoms may
never fully resolve, and in some cases symptoms may worsen or patients may develop new
symptoms’®#°. The prolonged continuation of symptoms longer than 6 months, which does not
improve despite rest and the presence of PEM, results in ME/CFS diagnosis’. Patients with
ME/CFS often observe reduced cognition (i.e. difficulties concentrating or remembering),
orthostatic intolerance, disturbed sleep, and muscle pain73. Research of ME/CFS, which was
initially recognized in the 1950’s, has produced a myriad of theories as to the development of
symptoms associated with ME/CFS. Some studies indicated that an exhausted or abnormal
immune response in patients with ME/CFS, due to the frequent onset following an infection
like stimulus. However, in many instances, patients could not recall a recent illness, but rather
a trauma, high workload or other overstimulating life event®!#2. Due to this association with
high stress life events and epidemics, some historical accounts proposed that ME/CFS was

81-83

largely a psychiatric disorder and has been often compared to hysteria. However, whilst

the disease remains poorly understood, there exists more evidence as an organic disease rather

than psychiatric®. Early studies of patients with ME/CFS in indicated deranged mitochondrial

85,86

formations®>*°, and as such was speculated that mitochondrial function may be impaired in

patients with ME/CFS. While some studies have investigated metabolic alterations in ME/CFS,

87-89

immune cells are reported to have lower respiration capacities®’ ', while skeletal muscle

t90,91

results are inconsisten , suggesting that perhaps the abnormal mitochondria do not result in

significant alterations to patient skeletal muscle metabolism.

Skeletal Muscle Physiology: Implications in long COVID and
ME/CFS Fatigue

Muscle contractile function

Everyday tasks involve movement of some kind, and while it may not be associated directly
with voluntary exercise, skeletal muscle physiology dictates how we can perform these
movements. For every movement we make, we perform skeletal muscle contractions, which is

the result of multiple individual fibres contracting nearly simultaneously. For a muscle fibre to
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contract, contractile elements must cycle between cross bridge formations, creating a ratcheting
motion®>**. This involves myosin heads engaging with actin filaments, releasing, and sliding
the myosin-titin structures past actin filaments. Therefore the ability for whole muscles to
contract is dependent on several contractile and metabolic factors, but most predominantly

myosin ATPase activity and oxidative function of the muscle fibre.

Muscle fibres can be classed by the myosin heavy chain, which can be classed generally as
type 1, type Ila, and type IIx in humans®*. Type I fibres, known as “slow-twitch” myofibres,
have myosin ATPases that have lower enzymatic rates, and are generally more oxidative in
nature, typically possessing more mitochondria than type Ila and IIx fibres. Type IIx fibres then
represent the other extreme, being “fast-twitch” and possessing myosin ATPases with high
enzymatic rates, are heavily glycolytic in nature, whilst type Ila fibres are somewhat of an
intermediate fast-twitch oxidative. The faster myofibres turn over ATP rapidly in order to
accommodate rapid myosin-actin cross bridge cycling, whereas slower myofibres then
turnover ATP and therefore the cross bridges at a slower rate. Early studies in ME/CFS show

conflicting results with respect to fibre type dominance in patients®®-9>%

Muscle Metabolic Demand

While all muscle fibre contractions have an energetic cost, not all muscle fibres have the same
energetic needs. Muscle energetic needs are dictated largely by the contractile nature of myosin
heads, due to their differing ATPase activities ******5. The generation of ATP is largely
accounted for by four main biochemical processes: the phosphocreatine system, glycolysis,
oxidative phosphorylation, and fatty acid oxidation (or B-oxidation)’”8. The phosphocreatine
system plays a dual role in energy homeostasis, the first being rapid production of ATP by the
transfer of phosphate from phosphocreatine to ADP, resulting in creatine and ATP®’. The
phosphocreatine system also supports the transfer of ADP and ATP in and out of the
mitochondria too support oxidative phosphorylation®. Glycolysis, on the other hand, is
primarily involved in ATP production!®*!"! however metabolites can be shuttled through other

101 Glycolysis begins

metabolic pathways to support processes such as nucleotide production
with glucose entry into the cell and through several biochemical reactions results in the
production of lactate from pyruvate, and ultimately generating 2 ATP molecules per glucose

molecule'.

Oxidative phosphorylation (Figure 2) largely begins with the process of glycolysis, but rather

than producing 2 lactate molecules from pyruvate, citric acid is produced, which subsequently
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enters the tricarboxylic acid (TCA) cycle by conversion to acetyl CoA'*. Within the TCA
cycle, 2 ATP molecules are produced directly, with an additional 8 NADH and 2 FADH»
reducing equivalents. These reducing equivalents then can be utilized by either complex I or
complex II of the mitochondria to instigate transfer of electrons through to cytochrome c
oxidase (or complex V) of the respiratory chain. Cytochrome c oxidase then passes the donated
electrons to the final electron acceptor: oxygen. The flow of electrons down the respiratory
chain creates an electrochemical gradient, which can then be utilized by complex V (or ATP
synthase) to generate ATP. Oxidative phosphorylation then results in 30-32 ATP per glucose
molecule. Lastly, fatty acid oxidation is the process by which fatty acids are broken down into
smaller chains, releasing a fatty-acyl CoA and acetyl-CoA, which can again enter the TCA
cycle'®. The total number of ATP generated then depends on the length of the fatty acid, but
will generate 4-7 ATP per carbon length.

With the exceptions of the phosphocreatine system and glycolysis, the generation of ATP
requires oxygen to generate the electrochemical gradient for ATP synthase to utilize. Therefore,
for every contraction we perform, there is an associated oxygen cost to replenish ATP utilized,
and as such oxygen utilization during exercise is an indirect reflection of ATP utilization and
oxidative phosphorylation for a given workload. Thus, the use of cardiopulmonary exercise
tests'® (CPET), which measures oxygen consumption and carbon dioxide production at the
mouth (or invasively using catheters), can be very informative of maximal oxidative function
expected at the muscle. In instances where oxygen uptake at the lungs is restricted (in the case
of chronic obstructive pulmonary disorder) or oxygen distribution to the muscles is impaired
(in the case of chronic heart failure), there becomes a mismatch between oxygen consumption,

carbon dioxide production, and oxygen utilization at the muscle!'%>-1%4,
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Figure 2: Graphical representation of oxygen and glucose utilization during exercise. Oxygen passively diffuses
from the capillary into the myocyte, where it binds to myoglobin to be further distributed throughout the
intracellular space. Oxygen is then utilized as the final electron acceptor of the electron transport chain at complex
IV in the mitochondria. Complexes I-IV move protons into the intermembrane space to generate a proton gradient,
which can be used by complex V to convert ADP to ATP. Glucose is taken up by the myocyte via either GLUT2
or GLUT4, and enters into glycolysis. Pyruvate, the final metabolite in glycolysis, will either be converted to
lactate when oxygen is restricted or acetyl-CoA when oxygen is plentiful. Acetyl-CoA then enters the tricarboxylic
acid cycle (TCA cycle), where the substrates NADH and FADH, are generated to initiate oxidative

phosphorylation via complex I and II respectively.
Muscle Fatigue

Depending on duration and intensity of exercise, muscle fibres (and therefore whole muscles)
will become fatigued. Muscle fatigue can be due to several factors, including low oxygen

supply to the working muscle to support oxidative phosphorylation, insufficient substrates to
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support, disbalance of intracellular sodium, potassium and calcium ions, and increased
intracellular hydrogen ion concentration®*!%1% Due to oxygen being the final electron
acceptor of oxidative phosphorylation, sufficient oxygen supply to the working muscle fibres
is necessary to maintain efficient ATP production. When work rates exceed the rate of which
oxygen can be extracted from the capillary into the muscle, muscle fibre metabolism shifts
towards glycolysis to maintain ATP production despite oxygen restriction'®. While this avoids
the initial restriction of oxygen, glycolysis is then dependent on the amount of substrates
available, namely glucose and glycogen. As the dependency on glycolysis increases, muscle
fibres will take up glucose from the bloodstream or via breakdown of muscle glycogen. The
final step of glycolysis is the conversion of pyruvate to lactate, which additionally produces a
free hydrogen ion. Lactate can eventually enter the TCA cycle via monocarboxylate
transporters, and can enter the bloodstream'?’. Thus, elevated blood lactate during exercise

indicates the transition from oxidative phosphorylation to glycolysis.

While lactate can be used as fuel, the rise in intracellular hydrogen ions reduces cross bridge
formation, reduces myosin calcium sensitivity, and decreases velocity of shortening®’. Sodium-
hydrogen exchangers become more active to move hydrogen extracellularly, resulting in
increased intracellular sodium'*®!%. Subsequently, the sodium-potassium ATPase becomes
increasingly more active, particularly the ox-B heterodimer, which is instigated during

exercise! '’

. Whilst this aims to rebalance the sodium-potassium ion gradients (which is
necessary for initiating contractions), this also consumes large amounts of ATP, driving energy
production demand higher.

With each contraction, calcium is released from the sarcoplasmic reticulum, which then binds

to troponin to initiate myosin head binding to actin'"!

. As high intracellular calcium levels are
cytotoxic, calcium must be quickly removed from the cytosol either via Sarcoplasmic reticulum
calcium ATPases (SERCAs) back to the sarcoplasmic reticulum or via the sodium-calcium
exchanger extracellularly''>!'3, As SERCA proteins utilize ATP hydrolysis to drive calcium
back into the sarcoplasmic reticulum, increased contractions result in again higher ATP
demands to support the removal of calcium via SERCA. Calcium is predominantly removed
from the cytosol via the sodium-calcium exchangers, which are also known to be strongly
inhibited by intracellular protons''*. Intracellular calcium and sodium also can enhance and

113

inhibit NCX activity respectively '°. As exercise increases, the intracellular sodium

concentration rises, thus reducing the efficiency of the sodium-calcium exchanger. Calcium

10
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can also be sequestered in the mitochondria via mitochondrial calcium uptake 1, albeit to a

much lesser extent than either SERCA or sodium-calcium exchangers.

Fatigue is then the result of the inability of working muscle to maintain sufficient ATP to
maintain the various chemical gradients and perform cross bridge cycling. While very little is
known about skeletal muscle alterations in either long COVID or ME/CFS, patients with long
COVID or ME/CFS have been reported to have higher blood lactate levels either at rest or

following exercise’>!!?

, which may indicate more glycolytic metabolic function. In patients
with ME/CFS, where deranged mitochondria have been noted, it is plausible that their ability
to generate sufficient ATP during exercise is impacted, resulting in earlier fatigue and lower
exercise capacities. While it is generally known how alterations at the skeletal muscle level
may relate to whole-body aerobic exercise capacity’>"-!1%!17 this has not been assessed in
either long COVID or ME/CFS. While studies have investigated whole-body aerobic capacity
and cellular bioenergetics in ME/CFS, this typically involves the use of peripheral blood
mononuclear cells. Therefore, it is largely unknown how skeletal muscle metabolic alterations
in ME/CFS are subsequently reflected in whole-body aerobic capacity and earlier fatigue onset.
Although patients with long COVID encounter similar symptoms, particularly debilitating
fatigue, it is unknown whether skeletal muscle of long COVID patients also have evidence of
altered metabolic function, and whether this contributes to lower exercise capacities. There is
therefore a large gap in the field that may explain (at least in part) the debilitating fatigue
experience by patients with long COVID and ME/CFS, and how these alterations may also

relate to a differential response to exercise or other physical stressors.

Acute Exercise Responses: Possible Contributions to Post-

Exertional Malaise

While the reduction in aerobic exercise capacity may be attributed to multiple factors, either in
isolation or in concert, the adaptive response to acute exercise in ME/CFS and long COVID
has not been investigated. Acute exercise bouts often lead to small amounts of microdamage,
which instigates a brief pro-inflammatory period that is resolved rapidly by anti-inflammatory
responses''®. These signals often trigger transcriptional and translational changes, particularly
involving mitochondrial biogenesis, oxidative phosphorylation, contractile protein
maintenance, antioxidation, and capillarization®>¢%!"7-119-124 FEor an appropriate response to

exercise signalling, resident immune cells, satellite cells, fibroadipogenic progenitor cells, and

11
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endothelial cells, amongst others must cooperate in concert!!®!2133 Thus, any dysregulation

in one or many of the signalling of these cells may have repercussions in muscle adaptation.

The initial inflammatory response (Figure 3) to acute exercise aids to dispose of damaged
proteins and membranes and instigate cellular remodelling to adapt to the stress. Damage
markers, such as mitochondrial-DNA®, can be extruded by the organelles following exercise.
These signals can subsequently activate the NLRP3 inflammasome'*, instigating type I
interferon activation. Ultimately, this can result in the increase production of IL-6 and TNF-a,
which then promotes a proinflammatory response in the local environment!'®. Cytokine release
from the muscle then results in activation of resident macrophages, which phagocytose
extracellular debris. While this is more widely seen with severe muscle damage, it does occur

to a lesser extent with non-damaging exercise as well.

As debris is removed, CD4" T-helper cells secrete IL-4 and IL-13'3° to promote M2
macrophage polarization, instigating a transition from a pro-inflammatory to anti-inflammatory
phenotype'3®'37. M2 macrophages then secrete anti-inflammatory IL-10 and TGF- B, the latter

of which promotes fibroadipogenic progenitor cell activation'?!?’.

In turn, fibroadipogenic progenitor cells also activate muscle stem cells!*®, known as satellite
cells. Satellite cells are quiescent, but once activated a proportion of the activated satellite cells
will integrate as myonuclei. Only about 10% of the activated satellite cells will integrate as
myonuclei, whilst the remainder will finish their cell cycle, replenishing the satellite cell pool,
and return to quiescence. The integration of new myonuclei are necessary for proper muscle

139 As with all stem cells, satellite cells can only undergo a finite number of cell

regeneration
cycles before senescence, complete arrest of the cell cycle. This is most often seen in aging,
however has been associated with a number of other neuromuscular diseases that result in

severe muscle damage.

12
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Figure 3: Graphical representation of typical resident mononuclear cell responses to damage. Neutrophils and
macrophages are rapidly mobilized and remove debris from the damaged area (within 24hrs) producing an acute
pro-inflammatory environment. Over several days, macrophages polarize to M2 macrophages, which promote an
anti-inflammatory environment. Fibroadipogenic progenitor cells then may differentiate into an activated state,
fibroblasts, or adipocytes. Activated fibroadipogenic progenitor cells activate satellite cells to proliferate and
differentiate, of which ~10% of differentiated satellite cells integrate as myonuclei, while the remainder return to
quiescence.

In both long COVID and ME/CEFS, there are indications of continual immune responses. It has
been shown in instances of acute infections that the immune response coincides with minor
amounts of muscle damage'**'*! likely due to the pro-inflammatory cytokines IL-6 and TNF-
alpha. Further, it is well known that intense exercise or exertion also results in initial pro-
inflammatory responses to activate resident immune cells, which ultimately resolve with time.
In both long COVID and ME/CFS, it may be that minor amounts of exertion coupled with
possible persistent immune response results in an inappropriate pro-inflammatory response for
the given stimulus, thus resulting in the worsening of symptoms. The time course of PEM has

yet to been studied, and whether PEM itself results in muscle damage is unknown.

While little is known about PEM onset and the physiological underpinnings, it has been
hypothesized that PEM induces a hyperinflammatory response, wherein resident cells are
activated despite no occurrence of muscle damage. Thus, it may be that over time, repeated

PEM exposure may reduce the viability of these resident cells to respond to acute stressors.

13
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Thesis aims

This thesis therefore seeks to address several knowledge gaps related to long COVID and
ME/CFS.

1. Do patients with long COVID that experience PEM exhibit skeletal muscle alterations
that may contribute to symptoms, such as myalgia and PEM (Chapter 2)?

2. Can whole-body aerobic capacities and skeletal muscle alterations in patients with long
COVID and ME/CEFS be attributed to physical inactivity alone (Chapters 6 and 8)?

3. Do long COVID and ME/CFS share similar skeletal muscle adaptations (Chapters 8
and 9)?

4. How are resident mononuclear cell populations affected in long COVID and ME/CFS?
Particularly, are distinct populations of resident mononuclear cells preferentially
affected that may partially explain patient symptoms, such as myalgia and PEM
(Chapter 9)?

5. With the onset of post-exertional malaise, how does the metabolic landscape of skeletal
muscle change (Chapters 2 and 9)?

6. Is the ability for patients to respond to exercise affected by differences in either a)
resident mononuclear cells or b) alterations to metabolic landscapes following exercise

(Chapter 9)?

Chapters 2 and 8 aim to characterize the skeletal muscle alterations occurring in both patients
with long COVID and ME/CFS. This chapter assesses the whole-body aerobic capacity of
patients, which is compared to healthy age- and sex-matched controls whom recovered from
an acute SARS CoV-2 infection. Here, skeletal muscle mitochondrial function, fibre type
composition, capillarization and mitochondrial enzyme activity are also assessed to compare

the underlying pathophysiology of the two diseases.

Chapters 3b, 4b, 5, 6, 7 and 8 all aim to address commonalities and differences in both whole-
body and skeletal muscle alterations seen in a model of physical inactivity and in both long
COVID and ME/CFS. Specifically, chapters 3b, 4b, 5, and 6 discuss the current state of
literature of physical inactivity and how this compares to long COVID and ME/CFS. Chapter
7 specifically investigates the metabolic alterations over the course of 60 days of head-down
tilt bed rest. Chapter 8 finally compares long COVID, ME/CFS and physical inactivity

alongside one another, and assesses how these changes then relate to maximal aerobic capacity.

14
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Chapter 9 aims to investigate the resident mononuclear cell populations and metabolic profile
of long COVID and ME/CFS patients before and after post-exertional malaise onset. This
chapter further addresses whether patients still maintain the potential to respond to exercise, or
whether particular cell populations are impaired, which subsequently may explain the symptom

of post-exertional malaise.
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Abstract

A subgroup of patients infected with SARS-CoV-2 remain symptomatic over three months
after infection. A distinctive symptom of patients with long COVID is post-exertional malaise,
which is associated with a worsening of fatigue- and pain-related symptoms after acute mental
or physical exercise, but its underlying pathophysiology is unclear. With this longitudinal case-
control study (NCT05225688), we provide new insights into the pathophysiology of post-
exertional malaise in patients with long COVID. We show that skeletal muscle structure is
associated with a lower exercise capacity in patients, and local and systemic metabolic
disturbances, severe exercise-induced myopathy and tissue infiltration of amyloid-containing
deposits in skeletal muscles of patients with long COVID worsen after induction of post-
exertional malaise. This study highlights novel pathways that help to understand the
pathophysiology of post-exertional malaise in patients suffering from long COVID and other

post-infectious diseases.
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Introduction

Chronic sequelae after acute infections contribute to debilitating conditions that affect millions
worldwide' . After an acute SARS-CoV-2 infection, a subgroup of patients suffers from Post-
Acute Sequelae of COVID-19 (PASC), also called long COVID"*!°. The most reported
symptoms of long COVID include a limited exercise tolerance and post-exertional malaise,
representing the worsening of symptoms after mental or physical exertion"®!°. Current, yet
unproven hypotheses explaining exercise tolerance and post-exertional malaise in long COVID
include mitochondrial dysfunction, amyloid-containing deposit accumulation in blood vessels
causing local hypoxia, systemic and local inflammation, disturbed immunological responses,
hormonal imbalance and viral persistence' '8, The extent to which the underlying physiology
of impaired exercise capacity can be separated from factors related to the onset of post-
exertional malaise remains unclear, largely due to indirect assessment of the underlying
biomedical and psychological parameters, the cross-sectional nature of most studies, and

patient heterogeneity.

In this study, we systematically induced post-exertional malaise in a cohort of 25 well-defined
patients with long COVID and controls. We obtained blood and skeletal muscle biopsies before
and after a maximal exercise test (Supplemental Fig.1) with the aim to study the biological
factors contributing to the limited exercise capacity and post-exertional malaise in long
COVID. Results were compared with those obtained from 21 age- and sex-matched controls
who fully recovered from a mild SARS-CoV-2 infection (Table 1). We characterized Long
COVID based on the criteria established by the World Health Organization, and an important
inclusion criterion was the presence of post-exertional malaise'®. Both groups were healthy and
socially active prior to the initial PCR-proven SARS-CoV-2 infection. No participants were
hospitalized due to SARS-CoV-2 infection. Fatigue questionnaires and accelerometer data
confirmed the impact of long COVID on daily life (Supplemental Fig.2). We show that skeletal
muscle structure is associated with a lower exercise capacity in patients, and that local and
systemic metabolic disturbances, severe exercise-induced myopathy and tissue infiltration of
amyloid-containing deposits in skeletal muscles of patients with long COVID worsen after

induction of post-exertional malaise.
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Table 1. Participant characteristics.

median [IQR], days

Healthy Long COVID | p-value
controls
Number of participants 21 25
Demographics
Age, mean (SD), years 42 (10) 41 (11) 0.82
Sex, male (%) 10 (47.6) 12 (48.0) >0.99
BMI, mean (SD), kg/m? 24.14 (3.37) 25.60 (4.62) 0.24
Charlson Comorbidity Index, median [IQR] 070, 0] 010, 1] 0.76
Hospitalization for COVID-19 0(0) (0) >0.99
SARS-CoV-2 vaccination before participation 21 (100) 24 (96.0) >0.99
(%0)
Weekly working hours before initial SARS- 36 [32, 40] 36 [32, 45] 0.520
CoV-2 infection, median [IQR]
Weekly working hours during the study, median 36 [32, 40] 510, 12] <0.001
[IQR]
Time since initial SARS-CoV-2 infection, 142 [105, 405] | 545 [455, 686] 0.001
median [IQR], days
Time since latest SARS-CoV-2 infection, 13593, 197] 504 [329,665] | 0.002

Continuous parametric data were analyzed using a two-sided t-test and are shown as mean with SD.

Continuous non-parametric data were analyzed using a two-sided Wilcoxon-test and are shown as

median with interquartile range. P-values were not corrected for multiple testing.
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Results
Limited exercise capacity in long COVID

All participants performed a cardiopulmonary exercise test on a cycle ergometer. Maximal
oxygen uptake (VOamax) and peak power output were substantially lower in long COVID
patients (Fig. |A+B), despite marked inter-patient heterogeneity. Patients with long COVID
had lower maximal ventilation and lower maximal end-tidal partial pressure of CO> (PETCO3)
implying poorer ventilatory function during exercise (Supplemental Fig.3A-C)**?2. The
cardiovascular system was not compromised in long COVID patients (Supplemental Fig.3D-
E), suggesting that this system does not explain the limited exercise capacity in patients with
long COVID. The lower maximal O pulse (i.e. the product of stroke volume and arteriovenous
O, difference; Supplemental Fig.3F), gas exchange threshold (Fig.1C) and peripheral O>
extraction (determined via near-infrared spectroscopy; Fig.1D-E, Supplemental Fig.3I) during
exercise all indicated peripheral skeletal muscle impairments in patients. The lower VOomax in
patients was not due to submaximal effort during the exercise test, as the proportion of
participants attaining a plateau in VO, did not differ between groups, the gas exchange
threshold was at similar percentages of VOamax, and secondary criteria ([lactate], maximal RER

and heart rate) were attained in both groups (Supplemental Fig.3E, G-H).

Next, we assessed skeletal muscle structure and function to explain the lower exercise
capacity in patients. Capillary density and the capillary-to-fiber ratio were not different
between groups (Fig.2A-B). However, patients exhibited a trend towards lower capillary-to-
fiber ratios (p=0.08, degrees of freedom 46), and capillary-to-fiber ratio correlated to VOamax
in both groups with identical slope and intercept (Fig.2C). Compared to healthy controls, we
observed a higher proportion of highly fatigable glycolytic fibers in the vastus lateralis
muscle in long COVID patients (Fig.2D, Supplemental Fig.4A-G), along with a lower cross-
sectional area of fatigue-resistant type I fibers in females only (Supplemental Fig.4D-F).
Fiber cross-sectional area was positively associated with maximal power output in both
groups (Fig.2E), albeit with a significantly lower intercept for patients. For a given skeletal
muscle size, patients did not attain the same peak power output, suggesting that exercise
performance in patients was at least partly explained by intrinsic alterations in skeletal
muscle force and fatigue characteristics. Succinate dehydrogenase (SDH) activity (a marker
for mitochondrial content) correlated with VOamax in healthy controls, but not in patients
(Fig.2F). While patients had a significantly lower oxidative phosphorylation capacity
(Fig.3A, ED 5A-H), no differences were observed in SDH activity (Fig. 3B-C; Supplemental
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Fig. 51-J), suggestive of a qualitatively lower mitochondrial respiration rather than a lower
mitochondrial enzyme activity. Collectively, our data indicate that the lower exercise
capacity in long COVID patients is associated with a greater proportion of high-fatigable
glycolytic fibers and lower mitochondrial function, with a possible additional limitation of a

lower capillarization and the ventilatory system.
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Figure 1. Lower exercise capacity in patients with long COVID. Maximal pulmonary oxygen
uptake (VOzmax, A, n=23 long COVID, n=21 healthy control), peak power output (B, n=25 long COVID, n=21
healthy control) and gas exchange threshold (C, n=23 long COVID, n=21 healthy control) were all lower
(p<0.0001, p=0.001 and p=0.014, respectively)in patients with long COVID compared to healthy controls. D-E:
Muscle deoxygenated [heme] responses (meantSD) measured by near-infrared spectroscopy were lower
(p=0.023) in long COVID (n=16), indicative of lower peripheral oxygen extraction during exercise compared to
healthy controls (n=18; excessive adipose tissue precluded data analysis in remaining participants). Continuous
parametric data were analyzed using a two-sided t-test (Panel A-C). Continuous parametric longitudinal data
(mean+SD; Panel D-E) were analyzed with a generalized linear mixed model. P-values for panel D-E were
determined with a two-sided ANOVA test. Dashed line (D) represents the average starting point of the exercise
test. *p<0.05; **: p<0.001. Box plots show the median (centerline), the first and third quartiles (the lower and

upper bound of the box) and the whiskers show the 1.5x interquartile range.
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Figure 2. Skeletal muscle alterations are associated with exercise capacity in patients with
long COVID. A-B: examples of skeletal muscle capillaries; no group-differences in capillary density (p=0.11)
or capillary:fiber ratio (p=0.08) were observed (n=26 long COVID, n=21 healthy control). C: A significant
association was found between capillary-to-fiber ratio and VOamax for both groups (n=23 long COVID, p-value:
0.048, n=21 healthy control, p-value: 0.007). D: Patients with long COVID (n=25) had a higher percentage (p-
value: 0.036) of glycolytic type IIx compared to healthy controls (n=21). E: For a given fiber cross-sectional area
(FCSA), patients with long COVID (n=25) had a significantly lower peak power output (p-value: 0.045) as
compared to healthy individuals (n=21). F: Succinate dehydrogenase (SDH) activity in sections (see also figure
3) was associated with maximal oxygen uptake consumption (VOamax) in healthy controls (n=21, p-value: 0.0014),
but not in long COVID patients (n=23, p-value: 0.66), with significant different correlation coefficients.
Continuous parametric data were analyzed using a two-sided t-test (B, D). Correlations were calculated using two-
sided Pearson (C, E-F). The difference in intercept was calculated with a linear regression using a two-sided
ANOVA (E). Correlation coefficients were compared using the R package cocor. *p<0.05; **: p<0.001. Bar: 100
pm. Box plots show the median (centerline), the first and third quartiles (the lower and upper bound of the box)

and the whiskers show the 1.5x interquartile range.

Metabolic dysfunction and post-exertional malaise
To understand peripheral factors contributing to the development of post-exertional malaise,
we obtained vastus lateralis muscle biopsies before and one day after the induction of post-

exertional malaise. All long COVID patients experienced post-exertional malaise following

maximal exercise, despite considerable heterogeneity in exercise capacity. Symptoms included
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muscle pain, greater severity of fatigue and cognitive symptoms up to seven days after maximal
exercise (Table 2, Supplemental Fig.2A-B). To systematically assess whether metabolic and
mitochondrial dysfunction are associated to the pathophysiology of post-exertional malaise®*
26, we measured mitochondrial respiration and metabolomic signatures in skeletal muscle
before and one day after the induction of post-exertional malaise. Mitochondrial respiration
was assessed in hyperoxic conditions to avoid diffusion limitation for oxygen that could
contribute to exercise intolerance in vivo. Oxidative phosphorylation capacity decreased one
day following the maximal exercise in both controls and patients (Fig.3A). SDH activity was
not reduced in healthy controls one day after exercise, but was reduced in the long COVID

patients, suggesting that the combination of a reduced maximal mitochondrial respiration and

decreased mitochondrial content are part of the pathophysiology of post-exertional malaise.
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Table 2. Patient-reported symptoms before and during post-exertional malaise.

Symptoms Baseline 1 day after 1 week after p-value
induction of post- induction of
exertional malaise | POSt-exertional
malaise
n=25 n=25 n=25
Fatigue 25 (100.0) 25 (100.0) 24 (96.0) 0.36
Self-reported fatigue | 6.00 [4.00, 7.00] | 7.00 [7.00, 8.00] 7.00 [6.00, 7.25] 0.001
severity intensity (1-
10), median [IQR]
Cognitive problems 20 (80.0) 21 (84.0) 23 (92.0) 0.47
Self-reported 4.00 [3.00, 6.25] | 6.00[5.00, 8.00] 6.00 [4.00, 7.00] 0.06
cognitive severity
intensity (1-10),
median [IQR]
Muscle or joint pain 16 (64.0) 20 (80.0) 15 (60.0) 0.276
Chest pain 8(32.0) 11 (44.0) 8(32.0) 0.59
Dyspnea 6 (24.0) 4 (16.0) 7 (28.0) 0.59
Anosmia 3 (12.0) 3 (12.0) 3 (12.0) >0.99
Sore throat 2 (8.0) 5(20.0) 3 (12.0) 0.45
Cold-like symptoms 1(4.0) 0(0.0) 2 (8.0) 0.35
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Symptoms

Baseline

1 day after

induction of post-

exertional malaise

1 week after
induction of
post-exertional

malaise

p-value

n=25

n=25

n=25

Cough

0 (0.0)

1 (4.0)

1 (4.0)

0.60

Continuous parametric data were analyzed using a two-sided t-test and are shown as mean with SD. Continuous

non-parametric data were analyzed using a two-sided Wilcoxon-test and are shown as median with interquartile

range. P-values were not corrected for multiple testing.
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Figure 3. Metabolic and mitochondrial dysfunction in long COVID patients worsens with
post-exertional malaise. A: Oxidative phosphorylation (OXPHOS) capacity was significantly lower in
patients with long COVID (n=25) compared to healthy controls (n=21), and remained lower one day after
induction of post-exertional malaise (PEM) in patients (Group: p=0.003, Time: p<0.001). B: Succinate
dehydrogenase (SDH) activity, a marker for mitochondrial density, was not different between groups (p=0.06),
and only reduced (p=0.0083) after induction of post-exertional malaise in long COVID patients (n=25) compared
to healthy controls (n=21). A typical example of the SDH activity is shown in panel C. Skeletal muscle (D) and
venous (E) metabolome pathways indicate slightly higher levels of metabolites related to glycolysis, and a lower
abundance of metabolites related to purine synthesis and the tricarboxylic acid (TCA) cycle, indicative of a lower
reliance on oxidative metabolism in patients with long COVID (n=25, both timepoints) as compared to healthy
(n=19, both timepoints). Faded names were not measured and shown for clarity. A higher effect size in long
COVID is shown in red, lower effect size in blue. Continuous parametric longitudinal data (Panel A-B, D-E) were
analyzed with a generalized linear mixed model with a two-sided ANOVA. Post-hoc tests comparing each group
were performed when the interaction term was significant and were performed using emmeans with BH
adjustment (panel A-B). Effect sizes (D-E) were calculated with Hedges' g *p<0.05; **p<0.001; +p<0.05
indicates a significant interaction effect. Bar: 50 um. Abbreviation: PEM; post-exertional malaise. Box plots show
the median (centerline), the first and third quartiles (the lower and upper bound of the box) and the whiskers show
the 1.5x interquartile range. Source data are provided in the Source Data File.

To better understand the resting skeletal muscle metabolism during post-exertional malaise, we
annotated 116 metabolites in skeletal muscle and 83 metabolites in venous blood (Fig.3D-E,
Supplemental Fig.6A-B). Skeletal muscle biopsies were obtained at rest, and while skeletal
muscle glycolytic metabolites displayed few group differences, key metabolites of the
tricarboxylic acid (TCA) cycle (including glutamate, FAD", alpha-ketoglutarate and citric acid)
were lower in skeletal muscle of long COVID patients (Fig.3D). The ratio of citric acid to
lactate in skeletal muscle was lower in long COVID patients, indicative of a shift away from
oxidative metabolism in patients (Supplemental Fig.6C-D)*’. Skeletal muscle creatine
concentrations were lower in patients with long COVID (Supplemental Fig.6A), likely
contributing to the lower oxidative phosphorylation capacity in patients. We also observed
lower S-adenosylmethionine (SAM) in patients, possibly linking to a reduced methylation and
SAM cycle activity in long COVID patients. Dihydroxyacetone phosphate, an important
intermediate in lipid biosynthesis and glycolysis, was reduced in patient skeletal muscle
following post-exertional malaise (Fig.3D). The lower hydroxyphenyllactic acid in patients is
typically associated with increased mitochondrial production of reactive oxygen species
(Supplemental Fig.6A-B)?®. Metabolites related to pyrimidine and purine synthesis (such as
ATP), which is a metabolically demanding process®’, tended to be lower between healthy

controls and long COVID patients upon the induction of post-exertional malaise (Fig.3D,
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Supplemental Fig.6A). Many amino acids were not different between groups at rest, but tended
to be lower in patients upon the induction of post-exertional malaise (Supplemental Fig.6A).
Glycolytic metabolites in the venous blood were significantly higher, but pyruvate and other
TCA cycle metabolites were lower in patients compared to controls (Fig.3E). The induction of
post-exertional malaise led to a reduction in blood glycolytic metabolites after one week,
without changes in TCA cycle metabolites in long COVID patients. Various blood metabolites
within the purine pathway were lower in patients compared to controls (Supplemental Fig.6B),
but did not change with the induction of post-exertional malaise. From these analyses, we
conclude that TCA cycle metabolites were lower in skeletal muscle and blood in long COVID
patients, but did not change during post-exertional malaise. Venous blood glycolytic
metabolites were higher at baseline and during post-exertional malaise, but decreased one week

after the induction of post-exertional malaise.
Exercise-induced amyloid-containing deposit accumulation in skeletal muscle

It has been hypothesized that amyloid-containing deposits in the circulation can block local
perfusion in long COVID, causing ischemia-reperfusion injury’*!. We studied whether
amyloid-containing deposits were present in skeletal muscle of long COVID patients, and
whether the indication of post-exertional malaise changed the concentration. We demonstrate
that the concentration of amyloid-containing deposits was greater in the skeletal muscle of long
COVID patients at baseline, and increased similarly in both groups after the induction of post-
exertional malaise (Fig.4A-B). As an additional control group, skeletal muscle biopsies
obtained before the outbreak of SARS-CoV-2 had similar amounts of amyloid-containing
deposits as our healthy control group, confirming a basal, non-SARS-CoV-2-specific
abundance of amyloid-containing deposits in healthy controls'®. We next studied the location
of these amyloid-containing deposits. Visualizing amyloid-containing deposits together with
capillaries or lymph vessels revealed that the skeletal amyloid-containing deposits were not
located in capillaries or lymphatic vessels, but rather next to capillaries and in the extracellular
matrix between muscle fibers (Fig.4A+C-D). Amyloid-containing deposits did not overlap
with cell nuclei suggesting that these deposits are located outside infiltrating (immune) cells.
We conclude that amyloid-containing deposits are not present within capillaries. Neither did
we observe any signs of skeletal muscle tissue hypoxia, as the skeletal muscle capillary-to-
fiber ratio, capillary density (Fig.2B) and intracellular and circulating lactate concentrations
(Supplemental Fig.3G+6A) were not different between long COVID patients and controls.

Therefore, we conclude that post-exertional malaise cannot be explained by the hypothesis that
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these deposits block vessel perfusion, causing local tissue hypoxia ***2. The underlying reason
for the increased intramuscular accumulation of amyloid-containing deposits during post-

exertional malaise remains elusive.

A
Leng COVID Healthy Pre-SARS-CoV-2 pandemic
Cell membrane (WGA)

B . o s ; Long COVID
Amyloid-containing deposits En % i (CD31) Cellmerbrane (WGA)

Long OOVID

phatic ves VE 1)Cell membrane (WGA)

Figure 4. More amyloid-containing deposits in skeletal muscle, but not located inside

Gi <0.| 001 5
“.’|.|”D pp 5.0 Healthy
Interaction: p= 083

r=)
S

EE LongcoviD
L]

Number of amyloid deposits/mm?
o
3

Baseline 1-day after
PEM

capillaries or lymphatic vessels. A: Typical examples of amyloid-containing deposits in skeletal muscle.
Pre-SARS-CoV-2 pandemic skeletal muscle sections stained with Thioflavin T showed similar levels of amyloid-
containing deposits as healthy controls. B: The concentration of amyloid-containing deposits in skeletal muscle
in long COVID patients (n=24) was higher (Group: p<0.001) than in healthy controls (n=21) and increases in
long COVID patients and healthy controls upon exercise (Time: p=0.008). C: Amyloid-containing deposits were
not found inside endothelial cells, but rather next to endothelial cells, or in the extracellular matrix between fibers.
We performed the amyloid stainings on all patients and show a typical example in the figures. D: Amyloid-
containing deposits were not located inside lymphatic vessels. Continuous parametric longitudinal data (Panel B)
were analyzed with a generalized linear mixed model with a two-sided ANOVA. Bar: 100 pm. Abbreviation:
PEM; post-exertional malaise. Box plots show the median (centerline), the first and third quartiles (the lower and

upper bound of the box) and the whiskers show the 1.5x interquartile range.

Exercise-induced myopathy in long COVID

To further elucidate the pathophysiology of increased muscle weakness, fatigue and pain after
exercise in long COVID patients, we determined whether specific pathological features were

present in skeletal muscle before and after the induction of post-exertional malaise. As the
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biopsy size was variable between participants and time-points, we scored biopsies
negative/positive for pathological and immunological parameters. A larger percentage of long
COVID patients displayed small atrophic fibers and focal necrosis (Fig.5A-B), which increased
significantly after exercise, indicating an exacerbated tissue damage response in patients with
long COVID. Since skeletal muscle is a plastic tissue, signs of skeletal muscle regeneration,
such as centralized nuclei (Fig.5C), were more evident in long COVID patients, also before the
induction of post-exertional malaise. Acutely regenerating fibers, evidenced by central nuclei
and a basophilic cytoplasm, were seen in biopsies from both groups (Fig.5D), and exhaustive
exercise increased the proportion of regenerating fibers in both healthy controls and long
COVID patients without group differences. We conclude that severe exercise-induced muscle
damage and subsequent regeneration are associated with the pathophysiology of post-
exertional malaise, and can possibly explain muscle pain, fatigue and weakness in patients with

long COVID experiencing post-exertional malaise.
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Figure 5. Pathological features in skeletal muscle in patients with long COVID. A: Very
small and angulated atrophic fibers were more abundant in patients with long COVID and in the post-exercise
biopsy in both groups (Group: p<0.001). B: Large areas of necrotic fibers were observed in 36% of patients with
long COVID after exhaustive exercise (Group p-value: 0.09, as compared to healthy controls . C: Internal nuclei,
indicative of fiber repair, were significantly more abundant (Group: p=0.002) in the skeletal muscle of patients
with long COVID, but did not increase during post-exertional malaise (PEM). D: Regenerative fibers were not
different between groups, but were more abundant in the post-exercise biopsy (Time: p<0.001). E: More patients
with long COVID had CD3+ T-cell infiltration (Group: p=0.046). F: The presence of CD68+ macrophages was
higher in long COVID patients (Group: p=0.03). G: CD20+ B-cells were not abundantly present in skeletal
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muscle. All panels: n=25 long COVID, n=21 healthy controls. Categorical longitudinal data were analyzed using
logistic regression with “time” as a covariate. Post-hoc comparisons (E) were using the Empirical Mean
Differences using R package emmeans with BH adjustment. Bar: 100 um. Abbreviation: PEM; post-exertional
malaise.

Next, we explored infiltration of immune cells (macrophages, T- and B-cells) in skeletal muscle
upon exhaustive exercise. More long COVID patients had CD68* macrophage infiltration in
skeletal muscle compared to healthy controls (Fig.5E). Exercise caused a similar increase in
infiltrating macrophages in both groups. CD3"™ T-cells were absent in healthy controls, but
present in patients with long COVID before induction of post-exertional malaise (Fig.5F).
Exercise resulted in an accumulation of CD3" T-cells inside skeletal muscle tissue, but this
response was blunted in patients experiencing post-exertional malaise. CD20" B-cells were not

different between groups and tended to be higher one day after exercise (Fig.5G).

We reasoned that the exercise-induced damage and infiltration of immune cells might be due
to mitochondrial DNA (mtDNA) fragments circulating in the systemic circulation, that act as
a damage-associated molecular pattern triggering a systemic inflammatory response®3~¢.
However, we did not find any evidence of an exacerbated circulating mtDNA response in
plasma from patients compared to controls (Supplemental Fig.7A-F). Neither did we observe
an increase in muscle breakdown products, such as creatinine and creatine kinase, in plasma of
both groups (Supplemental Fig.6B and 7G-H). Circulating cortisol concentrations, critical for
mediating homeostatic stress responses, were not different between groups at the time of

measurement, with and without adjustments for time since waking (Supplemental Fig.71).
SARS-CoV-2 nucleocapsid presence in skeletal muscle

To determine whether viral remnants play a role in the differential immune response in skeletal
muscle in long COVID upon induction of post-exertional malaise'*’, we stained all muscle
sections for SARS-CoV-2 nucleocapsid protein. We reasoned that if viral persistence plays a
role, then the SARS-CoV-2 nucleocapsid protein, which is specific to SARS-CoV-2 and not
influenced by vaccinations, should be at least present. While we did not observe any positive
staining in samples obtained before the outbreak of SARS-CoV-2 (Fig.6A-B), we found SARS-
CoV-2 nucleocapsid protein in almost all patients and healthy controls (Fig. 6A-B). Despite a
greater duration since the latest infection in long COVID patients, the amount of SARS-CoV-
2 nucleocapsid protein was not different between groups (Fig.6A), before and after adjusting
for time since the latest infection. Participants with an infection >6 months prior to study

enrolment showed no differences in abundance of SARS-CoV-2 nucleocapsid protein, but we
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cannot exclude additional unknown asymptomatic infections. The SARS-CoV-2 nucleocapsid
protein was not located inside muscle fibers, but rather in the extracellular matrix, however, its
presence did not consistently overlap with cell nuclei. There was no correlation between the
presence of SARS-CoV-2 nucleocapsid protein and amyloid-containing deposits (R?=0.03).
The concentration of SARS-CoV-2 nucleocapsid protein was not altered after the development
of post-exertional malaise. Our results suggest that the presence of residual SARS-CoV-2
nucleocapsid protein is similar between patients and healthy controls, and therefore does not
explain the limited exercise capacity or development of post-exertional malaise in patients with

long COVID.
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Figure 6. Similar concentrations of nucleocapsid protein in skeletal muscle in patients

with long COVID as control. A: The SARS-CoV-2 nucleocapsid protein was present in almost all

participants, but not more abundant in long COVID (n=23) compared to healthy controls (n=19). B: Typical
examples of SARS-CoV-2 nucleocapsid protein, as a marker for viral persistence, in skeletal muscle. Skeletal
muscle biopsies from before the SARS-CoV-2 pandemic showed no signal when stained with polyclonal IgG anti-
SARS-CoV-2 nucleocapsid protein, indicating that SARS-CoV-2 nucleocapsid protein was not present in
uninfected people which confirmed there was no aspecific binding. Continuous parametric longitudinal data
(Panel A) were analyzed with a generalized linear mixed model with a two-sided ANOVA. Bar: 100 pm.
Abbreviation: PEM; post-exertional malaise. Box plots show the median (centerline), the first and third quartiles

(the lower and upper bound of the box) and the whiskers show the 1.5x interquartile range.

Discussion

We aimed to disentangle the pathophysiology of a lower exercise capacity and post-exertional
malaise in patients with long COVID, and reveal distinct pathophysiological abnormalities in
skeletal muscle and blood in long COVID patients using a longitudinal, case-controlled, cohort

design. Patients with long COVID displayed a markedly lower exercise capacity, which related
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to skeletal muscle metabolic alterations and a shift towards more fast-fatigable fibers. The
pathophysiology of post-exertional malaise includes an acute exercise-induced reduction in
skeletal muscle mitochondrial enzyme activity, an increased accumulation of amyloid-
containing deposits in skeletal muscle, signs of severe muscle tissue damage, together with a
blunted exercise-induced T-cell response in skeletal muscle. Collectively, these findings help
to decipher the underlying physiology of fatigue and a limited exercise capacity from the

development of post-exertional malaise in patients with long COVID.

A low exercise capacity is one of the hallmark signs of long COVID, associated with
substantial burden for daily life*!. The ventilatory and central cardiovascular system did not
limit exercise capacity in long COVID patients, but our results confirm previous suggestions

of a peripheral impairment in skeletal muscle metabolism in long COVID patients®!#3-383%,

Consistent with previous hypotheses®!3

, we demonstrate that long COVID is associated with
a lower skeletal muscle oxidative phosphorylation capacity. The occurrence of more IIA/X
hybrid fibers and rare I/IIA hybrid fibers in patients with long COVID suggests that the
pathophysiology of long COVID includes a fiber type shift towards a less oxidative, more
glycolytic phenotype. Metabolic and structural alterations are supported by venous blood and
skeletal muscle metabolomes of long COVID patients, in which glycolytic metabolites were
higher and TCA cycle metabolites lower. We observed that a fiber-type shift and lower
mitochondrial respiration are associated to the reduced exercise capacity in patients, but these
do not necessarily contribute to the pathophysiology of post-exertional malaise, as fiber-type
shifts occur at a very slow pace and could have been present before long COVID. Our
participants showed a large variability in exercise tolerance (VOamax and peak power), fiber
type composition, and mitochondrial enzyme activity, but despite this large heterogeneity, all
patients experienced post-exertional malaise one day after the exercise test. As such, we
conclude that the pathophysiology of fatigue and a reduced exercise capacity is distinct from
the rapid development of post-exertional malaise in long COVID patients. The development of
post-exertional malaise could in turn, however, lead to a further reduction in exercise capacity
in patients, as the acute reduction in mitochondrial SDH activity, occurrence of tissue necrosis
and possibly intramuscular accumulation of amyloid-containing deposits could worsen skeletal

muscle metabolism and force production over time, causing a vicious downward circle.

Tissue hypoxia, induced by amyloid-containing deposit accumulation in the smallest
capillaries has been suggested to contribute to long COVID symptoms, such as fatigue’*4’. We

found an impaired peripheral oxygen extraction (and relatively lower deoxygenation) and a
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higher concentration of amyloid-containing deposits in skeletal muscle, but we did not find
evidence of blocked capillaries within the skeletal muscle. Our findings therefore do not
support the hypothesis of chronic tissue hypoxia due to vessel blockage contributing to the
development of skeletal muscle-related symptoms in long COVID or post-exertional malaise.
We only evaluated the presence of amyloid, but not the function of the endothelium, or local
blood flow. As such, the possible association of chronic endotheliitis or reduced blood flow to
the development of post-exertional malaise and/or exercise intolerance in long COVID remains
open*'*2, Further studies into the composition of these amyloid-containing deposits and the
possible role of entrapped (auto-)antibodies® in relation to post-exertional malaise and long

COVID are warranted.

Both groups presented with more regenerating fibers following the second biopsy, indicating a
possible effect of the first biopsy. Despite this, long COVID patients had more internal nuclei,
atrophic fibers, and focal necrosis after induction of post-exertional malaise compared to
healthy controls. Skeletal muscle atrophy and focal necrosis can occur during severe acute
SARS-CoV-2 infection*>*, but this is the first study providing evidence of severe tissue
damage upon acute exercise in long COVID patients. The higher skeletal muscle infiltration of
CD68" macrophages and CD3" T-cells suggests a locally disturbed immune response in

patients with long COVID.

Viral infections can alter mitochondrial function, and multiple studies have shown that residual
SARS-CoV-2 protein presence is associated with long COVID*#". During acute SARS-CoV-
2 infection the level of SARS-CoV-2 nucleocapsid protein rises sharply,*® and although our
patients suffered from exercise-induced myopathy, there were no signs of a higher presence of
SARS-CoV-2 nucleocapsid protein in patients with long COVID before or after induction of
post-exertional malaise. Furthermore, we did not observe more B-cell infiltration in skeletal
muscle of patients before and during post-exertional malaise. The mere presence of SARS-
CoV-2 nucleocapsid protein in skeletal muscle is unsurprising, as nucleocapsid protein can be
present up to a year after infection in blood*>*°. It is however unknown if the full virus is
present, or only protein remnants. Because the spike protein is located on the exterior of the
virus, this protein may have different proinflammatory/coagulatory effects compared with the
nucleocapsid protein. The absence of clear distinctions in the quantity of nucleocapsid protein
and the equal presence of B- and T-cells following exercise suggests that factors other than
viral persistence are associated to the pathophysiology of post-exertional malaise in patients

with long COVID.
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This study is observational in nature, and therefore we cannot establish causality. We only
included individuals with severe long COVID, but the observed abnormalities are not reflective
of physical inactivity. Accelerometer data indicated that the long COVID patients were not
bed-ridden, and had an average step-count of ~4000 steps/day (Supplemental Fig.2C). While
our cohort might have displayed sedentary behavior, physical inactivity itself does not cause
post-exertional malaise, and is linked with muscle atrophy and a lower mitochondrial SDH
activity®' , which we did not observe in our cross-sectional analysis. As the sample size of this
study is relatively small, our results require replication in other cohorts. In support of our work,
peripheral alterations in mitochondrial metabolism® and myopathy'?? have recently been
observed in patients with long COVID, but how post-exertional malaise alters skeletal muscle
alterations requires further confirmation. Post-exertional malaise is a symptom that is specific
for certain patient populations, including long COVID and myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS). While it is unlikely that the pathophysiology of post-exertional
malaise is completely different, future work should highlight if the underlying pathophysiology

is similar in all patient populations, including children and adolescents.>

In conclusion, this study reveals that local and systemic metabolic disturbances, severe
exercise-induced myopathy, infiltration of amyloid-containing deposits and immune cells in
skeletal muscles of long COVID are key characteristics of post-exertional malaise. While these
explain the symptomatology of post-exertional malaise in long COVID, the molecular
pathways underlying these alterations in patients suffering from post-exertional malaise

remains to be determined.
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Methods

Study population

We performed a prospective case-control study in the post-COVID-19 clinic of the Amsterdam
University Medical Centers (UMC) and the Faculty of Behavioral and Movement Sciences
(Vrije Universiteit Amsterdam). The study protocol was approved by the medical ethics
committee of the Amsterdam UMC (NL78394.018.21) and registered at
www.clinicaltrials.gov (NCT05225688). All participants signed a written informed consent

before participation. The study was conducted in accordance with the Declaration of Helsinki.

Long COVID patients were diagnosed by two experienced clinicians for long COVID
symptomology and exclusion of potential differential diagnoses. All long COVID patients were
diagnosed with post-exertional malaise (PEM) by the DSQ-PEM>, had a minimum period of
long COVID-related symptoms of six months, and were between 18 and 65 years old. No
symptoms were present before confirmed diagnosis of SARS-CoV-2. Questionnaires
regarding fatigue, fatigue severity score (FSS)*°, multidimensional fatigue inventory (MFI)
and DSQ-PEM were obtained throughout the study period. None of the included participants
were admitted to the hospital during acute SARS-CoV-2 infection and were healthy prior to
NAAT or serology-proven SARS-CoV-2 infection. Exclusion criteria were a medical history
of cardiovascular/pulmonary disease, diabetes mellitus, concurrent treatment with metabolism
or coagulant-altering drugs during the study period (statins, corticosteroids, SGLT2 inhibitors,
GLP1 receptor agonists, platelet aggregation blockers and any anticoagulants), adiposity but
not BMI (limiting the biopsy of the musculus vastus lateralis), pregnancy, active infection,
severe renal dysfunction or any other prior chronic illness known to impact clinical
performance or > 6 alcohol units per day or >14 alcohol units per week. Smoking was not an

exclusion criteria.

None of the healthy controls had residual symptoms after the SARS-CoV-2 infection. One long
COVID patient was excluded due to a recent SARS-CoV-2 re-infection (<7 days). Healthy
controls withdrew because of the invasive nature of the protocol (n=2), symptoms related to a

burn-out (n=1), and a novel diagnosis of uncontrolled hypertension (n=1).

Study design

All participants followed the same study protocol (Supplemental Fig. 1), with four visits over

a two-week period. Participants arrived at the laboratory at least two hours postprandial and
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were instructed to avoid caffeine on the day of the laboratory visit. Post-exertional malaise was
induced by a maximal incremental ramp exercise test on day 7. Skeletal muscle biopsies were
taken from the vastus lateralis on day 1 (before) and day 8 (1 day after exercise testing) using
a suction-supported Bergstrom needle (Pelomi, Albertlund, Denmark). Both biopsies were
taken from the same ~2 cm incision; the first biopsy was taken towards the proximal end of the
muscle and the second biopsy was taken towards the distal part of the muscle. Samples were
stored at -195°C until subsequent analysis, or stored as otherwise stated. Venous blood was
drawn on every visit. Ethylenediaminetetraacetic acid (EDTA) anticoagulated blood was
obtained at each visit, and plasma was stored at -70 °C within 4 hours. The strobe checklist can

be found in the supplementary data file.

Incremental ramp exercise test

To assess exercise tolerance and to induce post-exertional malaise in long COVID patients, we
conducted an incremental ramp exercise test on a cycle ergometer with simultaneous ECG,
pulmonary gas exchange/ventilation and muscle deoxygenation measurements. All exercise
tests were conducted on an electronically braked cycle ergometer (Lode Excalibur Sport, Lode,
Groningen, The Netherlands). The test was preceded by 2-min quiet rest on the ergometer and
4-min baseline cycling at low intensity (between 0-20 W depending on height, body mass and
anticipated fitness). This was followed by a ramped, linear increase in work rate until task
failure. The individual baseline work rates and ramp slopes were selected based on each
participants anthropometric characteristics and physical activity levels and designed to elicit
task failure within 8-12 minutes. Participants were instructed to maintain their cadence between
70-90 revolutions/minute, and task failure was defined as the point at which cadence dropped
<60 revolutions/minute despite verbal encouragement. Capillary lactate concentrations were
determined at rest prior to the onset of the test, during baseline cycling, and immediately
following task failure (Lactate Pro 2 LT-1730, ARKRAY Ltd., United Kingdom). Pulmonary
gas exchange and ventilation were measured on a breath-by-breath basis (Cosmed Quark

CPET; Cosmed, Rome, Italy).

Near-infrared spectroscopy (NIRS)

Participants wore a spatially-resolved, continuous-wavelength portable NIRS device
(Portamon, Artinis Medical Systems, Arnhem, The Netherlands) on the surface of the vastus
lateralis muscle, halfway between head of the femur and lateral condyle. This was around the

location of the muscle biopsy. Measurements for total (Atotallheme]), deoxygenated
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(Adeoxy[heme]) and oxygenated [heme] (Aoxy[heme]) [hemoglobin + myoglobin], as well as
muscle saturation (SO, i.e., oxy[heme]/total[heme]-100) were normalized to a maximal and
minimal value obtained during blood flow occlusion proximally to the NIRS device using an
inflatable cuff. Briefly, a cuff was inflated between 300-500mmHg, and remained inflated until
a plateau in Atotal[heme], Adeoxy[heme], and Aoxy[heme] signals were reached, and then
subsequently released. The maximum and minimum yielded the physiological range for each
individual, and all values were normalized to this physiological range. As the greatest source-
detector separation distance of the NIRS device was 40 mm, participants with an adipose tissue
thickness >20 mm (or skinfold thickness > 40 mm) were excluded from this analysis. This
resulted in the inclusion of 18 controls and 16 patients in the final analysis. Individual
Adeoxy[heme] data were averaged as a function of absolute and relative power output. All
NIRS data was analyzed related to both absolute and relative work rates. Absolute work rates
were analyzed at 25W increments from S0W until 175W, after which most participants could
not continue the test. NIRS data was averaged for the SW below and above each increment to
reduce noise in the data set. Similarly for relative work rates, data was analyzed at 0%, 20%,
40%, 60%, 80%, and 100% of maximal work rate. Data was averaged for the 5% above and

below each increment. All data was subsequently analyzed using a linear mixed model.

Daily life physical activity level

General daily activity was measured by an accelerometer (Actigraph wGT3X-BT, 60 Hz
sampling time) worn on the right hip (anterior axillary line) during the entire study period, as
described previously”’. Participants were instructed to wear the accelerometer from early
morning until bedtime. Daily physical activity level was determined by the number of steps per
day. The time at which participants went to sleep and woke up was registered to allow

adjustment of cortisol measurements.
Skeletal muscle measurements

Skeletal muscle respirometry

Mitochondrial function was assessed in permeabilized fibers as described previously?’. Small
bundles of freshly isolated fibers were permeabilized with 50 pg-mL"' saponin for 20 min
at 4°C in a solution consisting of (in mM) CaEGTA (2.8), EGTA (7.2), ATP (5.8), MgCl
(6.6), taurine (20), phosphocreatine (15), imidazole (20), DTT (0.5) and MES (50) (pH 7.1).
Tissue was washed in respiration solution containing EGTA (0.5), MgCI2 (3), K-lactobionate
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(60), taurine (20), KH,PO4 (10), HEPES (20), sucrose (110) and 1 g-L™! fatty acid-free BSA
(pH 7.1), quickly blotted dry, weighed and transferred to a respirometer (Oxygraph-2k;
Oroboros Instruments, Innsbruck, Austria) in respiration solution at 37 °C. Oxygen
concentration was maintained above 300 uM throughout the experiment to avoid limitations in
oxygen supply. Background respiration was assessed before adding substrates and was
subtracted from all subsequent values. Leak respiration was assessed after the addition of
sodium glutamate (10 mM), sodium malate (0.5 mM) and sodium pyruvate (5 mM). NADH
(Complex I)-linked respiration was assessed after the addition of SmM ADP, and 10 uM
cytochrome ¢ to confirm the absence of outer-mitochondrial membrane damage. Maximal
oxidative capacity, with simultaneous input via NADH and succinate-linked respiration, was
measured after the addition of 10 mM succinate. Maximum uncoupled respiration was
determined via titration of carbonylcyanide-4-trifluoro- methoxyphenylhydrazone (FCCP) in
0.5 uM steps until no further increase in oxygen consumption was observed. Succinate-linked
respiration was measured after blocking mitochondrial complex I with 0.5 uM rotenone. Two
measurements per sample were performed simultaneously, and the results were averaged.
Respiration values were normalized to wet weight and expressed in pmol O2's”'-mg™'. Several

ratios were subsequently calculated, namely the oxidative phosphorylation / electron transport

. h S .
system control ratio (%TSOS), the electron transport system/oxidative phosphorylation control

i ETS—0xPhos . . . . ETS—-Leak
efficiency (T)’ and the biochemical coupling efficiency (T)SHO'

Immuno-histochemistry

To visualize muscle fiber morphology, signs of pathology, and the presence of amyloid-
containing deposits and viral particles, (immuno-)histochemistry was carried out on 10 pm
thick sections from the vastus lateralis muscle biopsies. Details about dilutions and vendors
can be found in Table 3. Atrophy and necrosis in hematoxylin and eosin staining were evaluated
by two pathologists blinded to the group allocation. Skeletal muscle infiltration of T-cells

(CD3"), B-cells (CD20™) and macrophages (CD68") was scored positively or negatively.
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Table 3. Details about antibodies, including dilutions and vendors. RRID: Research Resource

Identifiers.
Parameter | Antibody, dilution, vendor | Secondary antibody RRID
(dilution), vendor
Muscle BA-D5 (MHC-I), lug/ml, | Goat-anti mouse IgG2b | AR 2235587AB 2147
fiber type DSHB 555, 1:1000, Invitrogen | 165: AB 1157897:
SC-71 (MHC-IIA), A21147; Goat anti- AB 2535783;
lug/ml, DSHB mouse [gG1 647, AB_2535809;
1:1000, Invitrogen
6H1 (MHC-IIX) Sug/ml, . AB 2535711
A21240; Goat anti-
DSHB (60 min)
mouse IgM 488,
WGA 350, 1:25, TMO 1:1000, Invitrogen
W11263 (30 min A21042 (60 min)
MHCI (BA-D5), lug/ml,
DSHB
MHC IIA (SC-71), lug/ml,
DSHB
MHC IIX (6H1), Sug/ml,
DSHB (60 min)
WGA 350, 1:25, TMO
W11263 (30 min)
Amyloid- Thioflavin T (50uM N.A.
containing stock), 1:10, Sigma-
deposits Aldrich (30 minutes)

WGA 555, 1:25, TMO
W32464 (30 min)
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Thermo Sc. Rm-9107-S

Endothelial | CD31, IgG1 mouse, 1:50, | Goat anti-mouse IgG1 AB_ 726362
cells Abcam ab9498 647, 1:200, Invitrogen
(overnight incubation) A21240
WGA 350, 1:25, Mo | (60 minutes)
W11263 (30 min)
Endothelial | Biotinylated UEA-1, Vectastain Elite ABC AB 2336766
cells 1:100, Kit PK-6100, Vector AB 2336819
Laboratories (30 min); N
B-1065, Vector AB 2336519
Laboratories ImmPACT™ AMEC
(30 minutes) Red Peroxidase
Substrate SK-4285,
Vector Laboratories (10
min)
Lymphatic [ LYVEL, IgG rabbit, 1:50 | Goat anti-rabbit IgG AB 881387
vessel Abcam 10278 647, 1:200, Invitrogen
(overnight incubation) A32733
WGA 350, 1:25, TMO (60 minutes)
W11263 (30 min)
SARS- SARS-CoV-2 Alexa fluor goat-anti AB 2892769
CoV-2 Nucleocapsid Antibody, rabbit IgG 488 1:500,
nucleocapsi | Rabbit PAb, Antigen Invitrogen A27034 (60
d protein Affinity Purified, 1:500; min)
SinoBiological (60 min)
WGA 555, 1:25, TMO
W32464 (30 min)
CD3 SP7 (rabbit moab), 1:200, AB 149924
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CD68 PG-M1 IgG 3, 1:200, AB 2074844
DAKO M0876
CD20 L26 IgG 2a, AB 2282030

1:1000,DAKO / M0755

Fiber-type composition

Skeletal muscle fiber type quantification and size were assessed using immunofluorescence
techniques using primary antibodies against myosin heavy chain (MHC) I (BA-DS), MHC 11
(SC-71), and MHC IIx (6H1)°'. A negative control, without primary antibody, was included
for background correction. Firstly, sections were air-dried for 10 minutes and then blocked
with 10% Normal Goat Serum (NGS) for 60 minutes. Subsequently, slides were washed 3
times for 5 minutes each in 1x phosphate-buffered saline (PBS) and incubated with the primary
antibodies for 60 minutes at room temperature. Again, slides were washed and subsequently
incubated with the secondary antibodies for 60 minutes in the dark at room temperature. Once
more, a washing step was performed and subsequently incubation of the slides with Wheat
Germ Agglutinin (WGA) for 30 minutes in the dark at room temperature, followed by a final
washing step and mounting the sections with coverslips using Vectashield Vibrance. Analysis
was performed with Image]J and Sandia Matlab AnalysiS Hierarchy (SMASH) Toolbox
(version 1.0) in Matlab (version 2022a). Fiber type distribution was expressed using two
methods: first, by calculating the percentage of fibers expressing each MHC compared to the
total number of fibers present in the muscle section. This allowed for differentiation between
fibers expressing both MHC-I and MHC-Ila, MHC-IIa only, and both MHC-IIx and MHC-Ila.
Second, fiber distribution was expressed as the cross-sectional area occupied by each fiber type
as a percentage of the cross-sectional area of all fibers. This allowed for quantification of

hypertrophy/atrophy that may be occurring with particular MHC expression.
Succinate dehydrogenase activity

Sections were stained for succinate dehydrogenase (SDH) activity, which was used as a proxy
for mitochondrial density, as described previously®?. Immediately after cutting, sections were
air-dried for 15 min and then immersed in a pre-heated (37°C) solution containing sodium
phosphate buffer (0.1 M, pH 7.6), sodium succinate (0.2 M), sodium azide (14 mM) and
tetranitro blue tetrazolium (TNBT, 0.55 mM, Sigma) for 20 min in the dark, and the reaction
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was stopped by brief HCI (0.01 M) exposure before sections were washed and mounted with
glycerin-gelatin. Sections were stored at 4°C and imaged within ten days. The averaged SDH
activity was obtained by outlining individual skeletal muscle fibers and absorbance was
assessed using ImageJ] (NIH, Bethesda, USA). Values were expressed as AAgeo per pm tissue

thickness per second of staining time (AAgso-um™'-s™").
Capillarization

Capillarization was assessed by staining for Ulex Europacus Agglutinin 1 lectin (UEA-1)%.
Sections were air-dried for 10 minutes and fixated in ice cold acetone (-20°C) for 15 minutes.
Subsequently, slides were washed 3 times for 2 minutes in PBS and blocked with 1% bovine
serum album for 30 minutes. Afterwards, slides were incubated with UEA-1 for 30 minutes at
room temperature, followed by wash steps and an incubation with Vectastain Elite ABC kit for
30 minutes at room temperature. After washing, an incubation with Red Peroxidase substrate
for 10 minutes at room temperature was performed, washed and sections mounted with
glycerin-gelatin (heated in 37°C). Capillary-to-fiber ratio (C/F) and capillary density (CD) by

2

capillaries per mm~ muscle tissue were determined in ImageJ.

Amyloid-containing Deposits

To visualize amyloid-containing deposits, skeletal muscle sections were exposed to 5uM
Thioflavin T (ThT). The muscle sections with the most amyloid-containing deposits were
additionally stained with ThT in combination with a CD31-specific antibody to visualize
endothelial cells and an LY VE-1-specific antibody to visualize lymph vessels. Firstly, sections
were air dried for 10 minutes and then fixed in 4% paraformaldehyde (PFA) for 5 minutes only
for the double staining. Subsequently, slides were washed 3 times for 5 minutes each in PBS
Tween (PBST) and blocked with 10% NGS for 60 minutes. Then, again a washing step was
completed, followed by incubation with the primary antibody (either CD31 or LYVE1)in 0.1%
bovine serum albumin (BSA) in PBS overnight at 4°C. A negative control, without primary
antibody, was included. Slides were washed in PBST and subsequently incubated with the
secondary antibody for 60 minutes in the dark at room temperature. Subsequently, a washing
step was performed and followed by incubation in ThT in 0.1% BSA in PBS for 30 minutes,
followed by another washing step. Lastly, incubation of the slides with WGA for 30 minutes
in the dark at room temperature, followed by a final washing step and mounting of the sections

with coverslips using Vectashield Vibrance.
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SARS-CoV-2

To determine viral presence in the muscle cells, the sections were stained for SARS-CoV-2%4.
Staining began with air drying the sections for 10 minutes, followed by a blocking step with
10% NGS for 60 minutes. A washing step consisting of 3 times 5-minute intervals in 1x PBS
followed, after which the sections were incubated with the primary antibody anti-N for 60
minutes at room temperature. Another washing step followed, and then incubation with the
secondary antibody for 60 minutes in the dark at room temperature. Afterwards, a washing step
was again performed, followed by incubation with WGA for 30 minutes in the dark at room
temperature. Sections were washed a final time and mounted with a coverslip using Vectashield

hard set with DAPIL.
Image acquisition

Slides were dried overnight at 4°C before imaging. Images for fiber type and capillarization
analysis were taken at 20x magnification with VS200 Research Slide Scanner (Olympus) using
Slideview 5.0. SDH images were taken with a DMRB microscope (Leica, Wetzlar) using a
CCD camera, calibrated gray filters and an individual calibration curve at 660 nm. Images for
the ThT combination staining were taken at 40x magnification using the fluorescence
microscope (Axiovert 200M; Zeiss) and image processing software Slidebook 5.0.
Approximately fifteen images were taken per sample, with 5 images per slide-section. All
images were manually evaluated to exclude those containing out-of-focus areas, artifacts, and
large areas of connective tissue. Background correction for CD31 and LYVE-1 was done based
on the negative control. For the ThT, background correction was performed by thresholding
the negative control for 99.0%. All typical examples were deconvolved with Huygens
Professional version 22.40 (Scientific Volume Imaging, The Netherlands, http://svi.nl), using
the CMLE algorithm, with Acuity: -90, 90 iterations, and default settings for SNR and

background values. For the ThT staining, a manual background correction was applied.

Metabolomics

Metabolomics were performed on skeletal muscle biopsies and venous blood samples as
previously described, with minor adjustments?”-%. Our metabolomics method is specifically
tailored to analyze key polar metabolites of the most fundamental metabolic pathways with
high confidence, instead of a broader untargeted method where identifications are more
uncertain. Positive and negative ionization measurements were performed separately. In a 2

mL tube, containing either 20 pL of plasma or an average of 3.2 mg of freeze dried muscle
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tissue, the following amounts of internal standard dissolved in water were added to each
sample: adenosine-'>Ns-monophosphate (5 nmol), adenosine-'*Ns-triphosphate (5 nmol), Ds-
alanine (0.5 nmol), D7-arginine (0.5 nmol), Ds-aspartic acid (0.5 nmol), Ds-carnitine (0.5
nmol), Ds-citric acid (0.5 nmol), '*C;-citrulline (0.5 nmol), *Ce-fructose-1,6-diphosphate (1
nmol), '3C,-glycine (5 nmol), guanosine-'’Ns-monophosphate (5 nmol), guanosine-'>Ns-
triphosphate (5 nmol), '*Cs-glucose (10 nmol), '*Cs-glucose-6-phosphate (1 nmol), Ds-
glutamic acid (0.5 nmol), Ds-glutamine (0.5 nmol), Ds-glutathione (1 nmol), '*Cs-isoleucine
(0.5 nmol), Ds-lactic acid (1 nmol), Ds-leucine (0.5 nmol), D4-lysine (0.5 nmol), D3-methionine
(0.5 nmol), De-ornithine (0.5 nmol), Ds-phenylalanine (0.5 nmol), D7-proline (0.5 nmol), '*C;-
pyruvate (0.5 nmol), Ds-serine (0.5 nmol), Ds-succinic acid (0.5 nmol), D4-thymine (1 nmol),
Ds-tryptophan (0.5 nmol), Ds-tyrosine (0.5 nmol), Ds-valine (0.5 nmol). Subsequently,
solvents were added to achieve a total volume of 500 pL water, 500 uL methanol and 1 mL
chloroform. Muscle tissues were homogenized before the addition of chloroform using a
Qiagen TissueLyser II for 5 minutes at 30 times/s with a 5 mm Qiagen Stainless Steel Bead in

each tube. All samples were thoroughly mixed, before centrifugation for 10 min at 14.000 rpm.

The top layer, containing the polar phase, was transferred to a clean 1.5 mL tube and dried
using a vacuum concentrator at 60°C. Dried samples were reconstituted in 100 uL 6:4 (v/v)
methanol:water. Metabolites were analyzed using a Waters Acquity ultra-high performance
liquid chromatography system coupled to a Bruker Impact II™ Ultra-High Resolution Qg-
Time-Of-Flight mass spectrometer. Samples were kept at 12°C during analysis, and 5 pL of
each sample was injected. Chromatographic separation was achieved using a Merck Millipore
SeQuant ZIC-cHILIC column (PEEK 100 x 2.1 mm, 3 um particle size). The column
temperature was held at 30°C. The mobile phase consisted of (A) 1:9 (v/v) acetonitrile:water
and (B) 9:1 (v/v) acetonitrile:water, both containing 5 mmol/L. ammonium acetate. Using a
flow rate of 0.25 mL/min, the LC gradient consisted of: Dwell at 100% Solvent B, 0-2 min;
Ramp to 54% Solvent B at 13.5 min; Ramp to 0% Solvent B at 13.51 min; Dwell at 0% Solvent
B, 13.51-19 min; Ramp to 100% B at 19.01 min; Dwell at 100% Solvent B, 19.01-19.5 min.
Column equilibration was done by increasing the flow rate to 0.4 mL/min at 100% B 19.5-21
min. MS data were acquired using negative and positive ionization in full scan mode over the
range of m/z 50-1200. Data were analyzed using Bruker TASQ software version 2.1.22.3. All
reported metabolite intensities were normalized to either freeze-dried tissue weight or plasma
volume, as well as to internal standards with comparable retention times and response in the

MS. Metabolite identification has been based on a combination of accurate mass, (relative)
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retention times, ion mobility data and fragmentation spectra, compared to the analysis of a

library of standards. Measurements below the lower limit of quantification were imputed as

halfthe lowest value. Metabolites were excluded from analysis if they contained missing values
for more than 5% of samples. Four samples from skeletal muscle metabolomics were excluded
during quality control.

Venous blood measurements

Hormone concentrations

Venous concentrations of cortisol, creatine kinase and creatine kinase-MB were measured in

the Amsterdam UMC clinical laboratory, and details are provided in Table 4.

Table 4. Details about methods for venous blood concentrations.

Parameter Equipment Method Reference limits
Cortisol Roche cobas Electro- chemiluminescence 250-650 nmol/L

C8000 immunoassay “ECLIA” Roche

Diagnostics

Creatine ¢702 Roche NAC-activated, 37°C Roche Male <171 U/L
kinase diagnostics Diagnostics Female <145 U/L
Creatine e602 Enzyme-labeled <4 pug/L
kinase-MB Roche sandwich immunoassay

Diagnostics Roche Diagnostics

Circulating mitochondrial DNA

Mitochondrial DNA (mtDNA) measurements were performed using plasma samples. DNA
was isolated according to the BIOKE NucleoSpin® Tissue kit. Briefly, plasma was separated

from blood collected in vials coated with ethylenediaminetetraacetic acid by centrifuging at

1500g for 10 minutes. Subsequently, SOuL of plasma was diluted in solution containing 150puL
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PBS, 25uL proteinase K and 200uL Buffer B3. After incubation at 70°C for 15 minutes, 210pL
of 96% ethanol was added to the solution and centrifuged for 1 minute at 11000g, where the
solution passed through a silica membrane column. The column was then placed in a new
collection tube, washed with 500pL Buffer BW and centrifuged for 1 min at 11000g. This was
subsequently washed with 600uL of buffer BS and centrifuged again for 1 minute at 11000g.
Lastly, 100uL of buffer BE was added, incubated for 3 minutes and centrifuged a final time
for 1 minute at 11000g to yield the final isolated DNA in solution. Both ND1 and ND6 mtDNA
primers were used to quantify the mtDNA copy number, using the AACt-method. Each well
contained 2uL of mtDNA, 3uL of primer mix, and 5ul of Power Up SYBR Green Master mix.
Subsequently, qPCR in duplo was conducted using QuantStudio 3 real-time PCR to quantify
concentrations of mtDNA relative to the nuclear reference 18S. Values were normalized to the

first time point.

Statistical analysis

Distributions were assessed with histograms and Shapiro-Wilk tests. Categorical values are
noted in the absolute numbers with percentages in brackets. Parametric quantitative variables
are presented as means =+ standard deviation (SD), and nonparametric quantitative variables are
presented as median and interquartile ranges (IQR; 25th and 75th percentiles). Boxplots are
shown with the median and IQR (25th and 75th percentiles), unless otherwise specified. All

individual points represent a participant.

Non-normally distributed data were transformed using Box-Cox transformation in order to
obtain a normal distribution for statistical analysis®. Categorical data were analyzed using a
Fisher’s exact test. Continuous parametric data were analyzed using a t-test or analysis of
variance, with Tukey HSD post-hoc testing, where appropriate. Continuous nonparametric data
were analyzed using the Mann—Whitney U test, Kruskal-Wallis H test, or pairwise Kruskal-
Wallis test with Benjamini-Hochberg (BH) correction where appropriate. Correlations were
analyzed using the Pearson correlation coefficient for linear relationships and the Spearman
rank correlation coefficient for non-linear relationships. Correlation coefficients were
compared using the R package cocor®”. Categorical longitudinal data were analyzed using
logistic regression with Time (baseline and 1-day after exercise) as a covariate. Continuous
parametric longitudinal data and metabolomics were analyzed with a generalized linear mixed
model with time (baseline, 1 day and 1 week after exercise), group and interaction effects.

Metabolomics data were adjusted with BH correction within the pre-specified metabolome
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pathway. Post-hoc comparisons of longitudinal data were, if the interaction term was
significant, performed using the Empirical Mean Differences using R package emmeans®®
methods with BH adjustment. Continuous nonparametric longitudinal data analysis was
conducted by comparing the delta (A) between the time points. Longitudinal metabolomic data
were visualized with the effect size calculated using Hedges’ g®. P-values less than 0.05 (two-
tailed) were considered statistically significant. All data were analyzed using R studio built

under R version 4.0.3 (R Core Team 2013, Vienna, Austria).

Data Availability

The source data file is available below. The raw metabolomics data generated in this study
have been deposited in the data publication platform of the Vrije University Amsterdam, with
DOI: https://doi.org/10.48338/VUO1-KPABVO. Metabolomics is available on MetaboLights
(with study identification code: MTBLS9103).

Code Availability

R codes are available at https://zenodo.org/doi/10.5281/zenodo.10171056.
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Supplemental Figure 1. Schematic overview of the study. In total, 25 patients with long COVID

and 21 healthy controls were included. At baseline (day 1), venous blood in the fasted state, and a muscle biopsy

of the vastus lateralis muscle was taken, alongside questionnaires (see text) about long COVID symptomatology.

Six days later (day 7), a cardiopulmonary exercise test (CPET) was performed to evaluate exercise

tolerance,

and to induce post-exertional malaise in patients with long COVID. One day later, fasted venous blood and another

skeletal muscle biopsy from the vastus lateralis muscle was taken, and questionnaires confirmed the worsening of

long COVID symptoms, typical for post-exertional malaise. On day 15, 8 days after the CPET, another fasted

venous blood sample was drawn, and questionnaires were filled in. During the entire study period, participants
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wore an Actigraph to register the total steps taken. Abbreviations: PEM; post-exertional malaise.This image was

created with BioRender (full license).
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Supplemental Figure 2. Fatigue severity scores and physical activity in long COVID
patients after induction of post-exertional malaise. Fatigue scores, measured with the
Multidimensional Fatigue Inventory (A, n=25 long COVID, n=21 healthy) and the Fatigue Severity Scale (B)
questionnaires were significantly worse in long COVID patients (n=25) compared to controls (n=21) and further
worsened upon induction of post-exertional malaise for the Multidimensional Fatigue Inventory. C: Average step
count per day at both the first week (baseline) and the second week (after the induction of PEM) was lower in
patients (n=25) compared to healthy controls (n=15). Continuous nonparametric data were analyzed using a two-
sided Mann—Whitney U test (panel A-B). Continuous nonparametric longitudinal data (panel A-B) were
conducted by comparing the delta (A) between the time points using a two-sided Mann—Whitney U test and t-test.
Continuous parametric longitudinal data (panel C) were analyzed with a generalized linear mixed model with a
two-sided ANOVA. *p<0.05; **p<0.001. Abbreviations: PEM; post-exertional malaise. Box plots show the
median (centerline), the first and third quartiles (the lower and upper bound of the box) and the whiskers show

the 1.5x interquartile range.
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Supplemental Figure 3. Physiological measurements determined during exercise testing
in healthy controls and long COVID. The maximal ventilation (A), maximal end-tidal CO; tensions (B),
the slope of the relationship between ventilation and carbon dioxide output (C), the slope of the relationship
between oxygen uptake and heart rate (D), maximal heart rate (E) and maximal O pulse (F). The respiratory
exchange ratio was above 1.10 for almost all participants (G). Panel H shows capillary lactate before and at the
peak of the exercise test. Panel I shows the near-infrared spectroscopy-derived muscle deoxygenation responses
to ramp incremental exercise in a representative participant. Panel A-C, G; Long COVID; n=23, Healthy; n=21,
panel D-F; Long COVID; n=22, Healthy; n=20, panel G; Long COVID; n=21, Healthy; n=20. Continuous
parametric data were analyzed using a two-sided t-test and two-sided non-parametric with a Mann—Whitney U

test (panel A-G). Continuous parametric longitudinal data (panel H) were analyzed with a generalized linear mixed
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model with a two-sided ANOVA. ns; non-significant, *p<0.05. Abbreviations: PETCO,; end-tidal CO; tension,
VE; minute ventilation, VCO,; pulmonary carbon dioxide output, VO»; pulmonary oxygen uptake. Box plots

show the median (centerline), the first and third quartiles (the lower and upper bound of the box) and the whiskers

show the 1.5x interquartile range.
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Supplemental Figure 4. Fiber types and cross-sectional area distribution in long COVID
patients and healthy controls. Panels A-C show a typical example of immunofluorescence analysis of
myosin heavy chain (MHC) expression in a 10-pm cross-section of the vastus lateralis of long COVID patients
with a high proportion of hybrid fibers. In panels D-F, we show that there is no difference in the fiber cross-
sectional area between healthy controls (n=21) and long COVID patients (n=25), although the type I fiber cross-
sectional area is smaller in females with long COVID compared to healthy female controls (F). G: Patients with
long COVID (n=25) had a higher percentage of glycolytic type IIx skeletal muscle fibers compared to healthy
controls (n=21). Continuous parametric data were analyzed using a two-sided t-test and non-parametric data with
a two-sided Mann—Whitney U (panel D-F). Abbreviations: IIA; type IIA skeletal muscle fiber, IIX; type 11X
skeletal muscle fiber, ¢; I/IIA hybrid skeletal muscle fibers, 1; IIA/IIX hybrid skeletal muscle fiber, FCSA; fiber
cross-sectional area. Box plots show the median (centerline), the first and third quartiles (the lower and upper

bound of the box) and the whiskers show the 1.5x interquartile range. Source data are provided in the Source Data
File.
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Supplemental Figure 5. Skeletal muscle mitochondrial respiration in patients with long
COVID and healthy controls. Leak respiration (A), mitochondrial respiration with NADH-linked
substrates (glutamate, pyruvate and malate, B), electron transport capacity (ETS, with succinate and FCCP, C)
and uncoupled succinate-linked respiration (with rotenone, D) were lower in patients with long COVID compared
to healthy controls, but no effect of PEM was observed. The ratio of oxidative phosphorylation (OXPHOS)
capacity to ETS capacity (E), the OXPHOS:ETS control ratio (F) and the ETS-OXPHOS control efficiency (G)
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showed significant differences between long-COVID and healthy controls. The biochemical coupling (H)
efficiency showed no difference between healthy control and long COVID. Integrated succinate dehydrogenase
(SDH) activity (i.e. fiber cross-sectional area x SDH activity, I), indicative of the amount of oxidative enzyme per
fiber, showed a significant interaction effect. Mean (+ SD) coefficient of error versus the number of fibers
analyzed for SDH activity (J). This analysis indicated that a minimum of 40 fibers per participant was required to
reduce the coefficient of error in the analysis of SDH activity. All panels consisted of 25 long COVID patients
and 21 healthy controls. Continuous parametric longitudinal data (panel A-I) were analyzed with a generalized
linear mixed model with a two-sided ANOVA. Abbreviations: PEM; post-exertional malaise. SDH; succinate
dehydrogenase activity. Box plots show the median (centerline), the first and third quartiles (the lower and upper

bound of the box) and the whiskers show the 1.5x interquartile range.
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Supplemental Figure 6. Skeletal and venous metabolome before and after induction of

post-exertional malaise in long COVID patients. A: Heatmap depicting Hedges’ g effect size of

muscle metabolites and the associated pathways comparing long COVID patients (n=25) with healthy controls

(n=19) at both timepoints. B: Heatmap depicting Hedges’ g effect size of venous blood metabolites and the

associated pathways comparing long COVID (n=25) patients with healthy controls (n=21). Highlighted is the

citric acid/lactate ratio in skeletal muscle (C) and in venous blood (D). Continuous parametric longitudinal data

(panel A-D) were analyzed with a generalized linear mixed model with a two-sided ANOVA. Effect sizes (panel
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A-B) were calculated with Hedges 'g. Abbreviations: NAD; Nicotinamide adenine dinucleotide. PEM; post-
exertional malaise, TCA; tricarboxylic acid cycle. Significance of long COVID compared to healthy controls

(Group) is shown with *p<0.05; **p<0.001. A significant interaction term is shown with: “{”, depicting a p<0.05.

Box plots show the median (centerline), the first and third quartiles (the lower and upper bound of the box) and

the whiskers show the 1.5x interquartile range.
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Supplemental Figure 7. Plasma mitochondrial DNA and circulating markers of tissue

damage and stress. The gene expression of circulating mtDNA (AACt of ND1 and ND6) normalized to

18S (A-C) and the fold change as compared to the baseline measurement (AACt; D-F). Panel A-F: Long

COVID; n=21, Healthy; n=21. Creatine kinase (G), creatine kinase-MB (H) as measured in venous blood were

not significantly different. Cortisol (I) showed a significant difference over time with no difference between

healthy controls and long COVID patients. Adjusting cortisol concentration for the minutes since waking up did

not change results. Panel G-I; Long COVID; n=25, Healthy; n=18. The dotted lines in panels D-F represents the

baseline value of 1. Continuous parametric longitudinal data (panel A-C, G-I) were analyzed with a generalized

linear mixed model with a two-sided ANOVA. Continuous nonparametric longitudinal data (panel D-F) were
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conducted by comparing the delta (A) between the time points using a two-sided Mann—Whitney U test and t-
test. Abbreviations: mt-ND1; mitochondrially-encoded NADH-ubiquinone oxidoreductase chain 1, mt-ND6;

mitochondrially-encoded NADH-ubiquinone oxidoreductase chain 6, PEM; post-exertional malaise. Box plots

show the median (centerline), the first and third quartiles (the lower and upper bound of the box) and the

whiskers show the 1.5x interquartile range.
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Dear Editor,

The biology of the “kickbacks” (post exertional malaise, PEM) after activity experienced
by people with the post-COVID-19 condition (long COVID) is debated. Some specialists
believe it is a result of a protective brain response, and others that it is the result of
pathophysiology in the muscle itself. Appelman and colleagues report on muscle damage
following a maximal effort physical exercise test in patients with PEM with the COVID-
19 condition, and these results are interpreted as showing that exercise damages the
tissues of people with PEM and should therefore be avoided. However, we believe the
data reported do not support this interpretation, as the patients were substantially
deconditioned; the physical activity was extreme and biological changes would be
expected in anyone; and there were no control patients with a post-COVID-19 condition
without PEM. The implications of erroneous interpretation of these data could result in
patients fearing that PEM causes physical damage and consequently avoiding approaches
to rehabilitation that could help them. Our criticisms are as follows: The patients studied
with post-COVID-19 condition were substantially less active before the experiment than
the controls were: average steps per day was 4000, compared to 8000 in the controls.
Noteworthy, these data only concern the previous week, although deconditioning effects
carry over from longer time periods. Moreover, no data are given about other physical
activity, whereas patients experiencing PEM usually reduce significantly moderate to
intense exercise'. It is already known that changes to muscle fibers are strongly related to
training over several weeks?. Their baseline data showed deconditioning both from the
maximal exercise test, and from skeletal muscle biopsy: higher proportion of highly fatigable
glycolytic fibers, trend to lower capillary-to-fiber ratio, lower mitochondrial enzyme lower
mitochondrial enzyme activity and lower ratio of citric acid to lactate (shift away from
oxidative metabolism)*>. As observed in ordinary life, there can be severe muscle pain when
returning to intense exercise after periods of a few weeks of relative rest, which gradually
disappears when the interval between exercises is shortened. Indeed, the observed
morphological and metabolic muscle changes after maximal exercise test could all be
consequences of unusually intense exercise, especially in patients who are physically

deconditioned.

The study did not include muscle data from patients without PEM, so linking PEM to these
muscle changes (which could be present also in people with post-COVID-19 condition

without PEM) may be misleading, and furthermore this putative link lacks clinical
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plausibility. No detailed clinical description of PEM symptoms is provided, but among
symptoms reported by patients one and eight days after intense exercise, none indicative
of muscle pathology changed. It is of note, that the usual PEM symptoms and their
duration described in long COVID or myalgic encephalomyelitis/chronic fatigue
syndrome (ME/ CFS, in which PEM is commonly reported®) do not correspond to the
post-exercise symptoms of known inflammatory myopathies, metabolic, or mitochondrial

disorders”®.

The authors note that all the patients experienced PEM, despite considerable variability in
initial muscle characteristics, and conclude that “the pathophysiology of fatigue and a
reduced exercise capacity is distinct from the rapid development of PEM in long COVID
patients.” An alternative interpretation is that a patient’s experience of symptoms correlates
poorly both to the physical effort and any pathological muscle changes seen in this
population. A recent study on chronic fatigue conditions, including ME/CFS, shows an
alteration of effort preference, rather than physical fatigue, due to dysfunction of
integrative brain regions, with consequences on autonomic functioning and physical
conditioning’. Therefore, an alternative explanation of post-exercise symptoms is that
they result from the interaction between altered interoception (conscious and
unconscious self-awareness of internal bodily state), allostatic load (failure of stress
adaptation with perceived burden that influences how current and future energy needs are

maintained) and peripheral influences (muscle fatigue).

The authors also note: “The development of post-exertional malaise could lead to a
further reduction in exercise capacity in patients, as the acute reduction in mitochondrial
SDH activity, occurrence of tissue necrosis, and possibly intramuscular accumulation of
amyloid-containing deposits could worsen skeletal muscle metabolism and force
production over time, causing a vicious downward circle.” This suggestion is not
supported by the observation that there were no significant differences in muscle pain,
fatigue severity scale or daily step count before and after the PEM. In addition, many
patients have reported complete recovery despite initially experiencing PEM®.
Nevertheless, the fear of developing PEM has the potential to con-tribute to a vicious
circle of an attentional focus on symptoms, leading to exercise avoidance which itself
worsens the symptom experience and leads to further physical deconditioning and
associated disability. Although the authors did not provide any recommendations

about physical activity for patients with long COVID, their findings have been widely
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interpreted in the media as indicating that exercise causes muscle damage in people with

this condition, implying that exercise should be avoided.

We are of the view that this interpretation is both scientifically unfounded and harmful
to patients. Indeed, although we agree that intense exercise, such as the type tested, is not to
be recommended, several studies have reported benefit from more gradual increases
exercise both in patients with ME/CFS'? and patients with post-COVID-19 conditions'!. Tt
is particularly notable that no patient in these studies of the benefits of collaboratively
graduated exercise had to stop because of worsening of symptoms™''"'3. An
interpretation of the data that exercise is always harmful must therefore be robustly

corrected.

Reporting summary

Further information on research design is available in the Nature Portfolio Reporting

Summary linked to this article.

Author contributions

The authors confirm their contribution to the paper as follows: study conception, draft
manuscript preparation: B.R., P.G., J.C.. All authors (B.R., P.G., Y.A., D.H., AD., D.W,,
M.S.,B.G,P.L,M.T.,P.F, WH. T.P.,,C.L.,

V.W,, T.C., J.C.) contributed to the development and refining of the manuscript. All authors
(BR.,P.G., Y.A,DH., AD,DW.,MS.,B.G,P.L.,

M.T, P.F., WH., T.P,, C.L., V.W., T.C,, J.C.) reviewed the results and approved the final

version.
Competing interests

This author declares the following competing interests. TC is part-funded by the National
Institute for Health Research (NIHR) Biomedical Research Center at South London and
Maudsley NHS Foundation Trust, King’s College London. She has grants from Guy’s St
Thomas Charity Grants, NIHR, and UKRI for post COVID syndromes. She has received
travel expenses, accommodation costs, and honorarium for several lectures in Europe and
has received travel expenses and accommodation costs for attending the American Thoracic
Society Conference. She was on the Expert Advisory Panel for Covid-19 Rapid Guidelines.

All other authors declare no competing interests.

82



Chapter 3a: Muscle Abnormalities in Long COVID

Additional information

Supplementary information The online version contains supplementary material available

at https://doi.org/10.1038/s41467-025-56430-8.

References

10.

11.

12.

13.

Tryfonos, A. et al. Functional limitations and exercise intolerance in patients with Post-COVID

condition: A randomized crossover clinical trial. JAMA Netw. Open 7, €244386 (2024).

Narici, M. et al. Impact of sedentarism due to the COVID-19 home confinement on
neuromuscular, cardiovascular and metabolic health: Physiological and pathophysiological
implications and recommendations for physical and nutritional countermeasures. Eur. J. Sport

Sci. 21,614-635 (2021).

Eggelbusch, M. et al. The impact of bed rest on human skeletal muscle metabolism. Cell Rep.
Med. 5, 101372 (2024).

Oranger A., et al. Impact of 10-day bed rest on serum levels of irisin and markers of
musculoskeletal metabolism. FASEB J. 2023 Jan [cited 2024 Mar 19];37. Available from:
https://onlinelibrary.wiley. com/doi/10.1096/1j.202201005RR

Affourtit, C. & Carr¢, J. E. Mitochondrial involvement in sarcopenia.
Acta Physiol. 240, ¢14107 (2024).

The Oslo Chronic Fatigue Consortium. et al. Chronic fatigue syndromes: real illnesses that

people can recover from. Scand. J. Prim. Health Care 41, 372-376 (2023).
Ricci, G., Fontanelli, L., Torri, F., Schirinzi, E. & Siciliano, G. Fatigue as a common signature of

inflammatory myopathies: clinical aspects and care. Clin. Exp. Rheumatol. 40, 425432
(2022).

Finsterer, J. Update review about metabolic myopathies. Life 10, 43 (2020).

Walitt, B. et al. Deep phenotyping of post-infectious myalgic encephalomyelitis/chronic
fatigue syndrome. Nat. Commun. 15, 907 (2024).

Larun L., Brurberg K. G., Odgaard-Jensen J., Price J. R. Exercise therapy for chronic fatigue
syndrome. Cochrane Common Mental Disorders Group, editor. Cochrane Database of
Systematic Reviews. 2017 Apr 25 [cited 2023 Nov 16]; Available from: https://
doi.wiley.com/10.1002/14651858.CD003200.pub7

Zeraatkar D., et al. Interventions for the management of post COVID-19 condition (long

COVID): Protocol for a living systematic review & network meta-analysis. Infectious

83




Chapter 3a: Muscle Abnormalities in Long COVID

Diseases (except HIV/ AIDS); 2024 [cited 2024 Nov 17]. Available from: http://medrxiv.
org/lookup/doi/10.1101/2024.03.15.24304168

14. Sanchez-Garcia, J. C. et al. Long COVID and physical therapy: a systematic review. Diseases
11,163 (2023).

15. Espinoza-Bravo, C. et al. Effectiveness of functional or aerobic exercise combined with
breathing techniques in telerehabilitation for patients with long COVID: A randomized
controlled trial. Phys. Ther. 103, pzad118 (2023).

16. McGregor G., et al. Clinical effectiveness of an online supervised group physical and mental
health rehabilitation programme for adults with post-covid-19 condition (REGAIN study):
multicentre randomised controlled trial. BMJ, e076506. (2024).

17. Jimeno-Almazan, A. et al. Rehabilitation for POST-COVID -19 condition through a
supervised exercise intervention: A randomized con-trolled trial. Scand. Med Sci. Sports 32,

1791-1801 (2022).

84



Chapter 3a: Muscle Abnormalities in Long COVID

85






Chapter 3b

Reply to: Matters Arising: Muscle Abnormalities in
Long COVID

Appelman, B., Charlton, B.T., Goulding, R.P., Kerkhoft T.J., Breedveld E.A., Noort W.,
Offringa C., Bloemers F.W., van Weeghel, M., Schomakers, B.V., Coelho, P, Posthuma J.J.,
Aronica E., Wiersinga, W.J., van Vugt M., Wiist, R.C.L

Published in Nature Communications, February 2025




Chapter 3b: Reply to: Matters Arising: Muscle Abnormalities in Long COVID

We thank Ranque et al. for their interest in our recent work and alternative interpretation of our
data. We refute that our findings are due to deconditioning, as Long COVID-related skeletal
muscle differ fundamentally from those caused by deconditioning. We demonstrated
significant physiological differences in Long COVID patients with PEM compared to healthy
controls, even at matched physical activity levels. PEM encompasses a variety of symptoms
and not only muscle soreness. Our study did not address the efficacy of exercise training, and
we reject misinterpretations that all forms of exercise cause PEM. We advocate further research

to define safe exercise thresholds and improve the understanding of PEM.

Ranque et al. state that ‘everyone can experience severe muscle pain when returning to intense
exercise after periods of a few weeks of rest’. Every participant experienced maximal exercise,
healthy participants with low fitness also participated, and a proportion of Long COVID
patients still possessed fitness levels >50" percentile for their respective sex and age, despite
all patients experiencing post-exertional malaise (PEM). Despite several controls having a

V 03max similar to patients, none reported PEM symptoms.

We acknowledge the general population experiences muscle soreness, particularly after
eccentric contractions, but cycle exercise involves little or no eccentric work. PEM
encompasses more than muscle pain, and as can be appreciated from our clinical evaluation in
Table 2, we do not reduce PEM to muscle pain or fatigue alone. We also do not link PEM
symptoms and duration described in Long COVID with post-exercise symptoms of known
inflammatory myopathies, metabolic, or mitochondrial disorders, as PEM is a symptom
specific to post-infectious diseases'. We utilized the DSQ-PEM questionnaire for the clinical
definition of PEM, as is common practice’. Contrary to the assertion of Ranque et al., Long
COVID patients reported more muscle or joint pain (64% before and 80% 1-day after PEM
induction) and significantly greater fatigue intensity (self-reported and with the
Multidimensional Fatigue Inventory; Table 2 and Figure S2A). Ranque et al. refer to pivotal
work by Walitt and colleagues® to substantiate a psychological explanation of PEM, while the
study rather provides multiple physiological explanations for ME/CFS pathophysiology,
including autonomic dysfunction, differential cerebrospinal fluid catecholamines and
metabolite profiles, and lower post-exercise cortisol responses. Ranque et al. claim that ‘post-
exercise symptoms could result from the interaction between altered [..] unconscious self-
awareness of internal bodily state [... and] failure of stress adaptation with perceived burden
that influences how current and future energy needs are maintained’, however Wallit et al.

state that ‘peak measures did not correlate with effort preference in ME/CFS’, refuting the
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claim that effort preference dictates V 0, 4. Importantly, this paper also confirms our findings
of lower V0,4, and impairments in skeletal muscle mitochondrial metabolism, albeit in
ME/CFS patients®. That our Long COVID patients also exhibited significantly lower gas
exchange thresholds and respiratory compensation points, which are effort-independent,

indicates a reduction in aerobic function that is not effort-independent.

Ranque et al. state that we did not provide an adequate control group, and that the observed
changes could be due to deconditioning. While we recognize that a full age-, sex- and activity-
matched control group would have improved the quality of the study, we disagree that
deconditioning alone explains these results. The skeletal muscle alterations observed in our
Long COVID group display marked differences compared to healthy humans undergoing strict
bed rest*. We found no differences in either capillarization or fibre cross-sectional area between
Long COVID patients and healthy controls. Conversely, bed rest rapidly induces muscle
atrophy, reduces capillary density, and alters mitochondrial structure and function within
days*®’. Further, skeletal muscle intrinsic mitochondrial function was reduced in Long COVID
patients compared to healthy controls (Figure S5), indicative of qualitative alterations in
mitochondrial respiration, rather than loss of mitochondrial content typically observed with
bed rest*. While step reduction alters muscle substantially®?, this is typically associated with
reductions in fibre cross sectional area and reduced mitochondrial markers, which (at baseline)
was not observed in Long COVID patients. We performed additional analyses on our publicly
available data file, and matched participants by step count (5181 vs. 4727 steps/day for patients
and controls, respectively). In this small, but matched cohort, we still observed a significant
group difference for V0y,,qx (-24%, p=0.004) and peak power output (-31%, p=0.043). Althoff
et al. indicated that the daily steps in the United States were 4774 steps/day'’; therefore, our
cohort, while likely less active than prior to infection, were not less active than expected in the
general USA population. Yet, Long COVID patients presented with abnormal histopathology

even prior to the exercise bout - also confirmed by others'"!?

- while our less aerobically fit,
healthy controls exhibited little to no abnormal histopathology (see source data). These
differences in skeletal muscle characteristics between Long COVID and human bed rest studies
imply that the effect of Long COVID on skeletal muscle structure and function fundamentally
differs from that of deconditioning alone. While we cannot neglect that deconditioning may
impact Long COVID progression, the evidence provided suggests deconditioning itself does

not fully explain symptoms experienced by Long COVID patients with PEM.
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Long COVID is reported to be a heterogeneous disease, which is why we chose to focus on
PEM, as ~90% of patients present with this symptom'*. We recognize our results only pertain
to those experiencing PEM. While we acknowledge that Long COVID patients without PEM
were not included as a control group, the study was designed to use acute exercise to induce
PEM and measure systemic changes before and after PEM induction. We therefore disagree
that we cannot link the acute exercise mediated alterations of Long COVID patients to PEM'?.
Our findings demonstrated physiological alterations in Long COVID patients with PEM after
maximal exercise that did not occur in healthy controls, whom do not experience PEM. PEM
research is still in its infancy, and we will applaud studies with well-defined cohorts and

experimental designs that can provide additional insights into PEM pathophysiology.

Ranque et al. suggest that many patients have reported full recovery in ME/CFS, despite
experiencing PEM; however, the meta-analysis cited'* concludes that while exercise provided
a small positive effect, quality of life did not improve. Further, multiple studies included in the
meta-analysis include participants with other comorbidities that would benefit from exercise
(i.e. asthma, diabetes, chronic heart disease). Ranque et al. also refer to several other studies
that have shown successful rehabilitation of patients, however these studies also include up to
~30% of patients exhibiting other comorbidities'> . One strength of our current study is that

patients did not exhibit other comorbidities that may conflate with Long COVID.

Ranque et al. state that our ‘findings have been widely interpreted in the media as indicating
that exercise in people with Long COVID causes muscle damage and implying that people
with Long COVID should not exercise’, but simultaneously agree ‘that intense exercise, such
as the one tested in the study, is not recommended’, albeit without providing argumentation.
While we speculate that PEM could result in fear of exercising at intensities above the PEM
threshold, this was not the focus of our research, and feel this critique does not pertain to our
publication. We appreciate that frequency, intensity, and duration are vital in improving aerobic
fitness in healthy individuals'®, and positively modulate many chronic diseases. However,
Long COVID and PEM are poorly understood, and our study did not address the efficacy or
advisability of exercise training in Long COVID treatment. Further, we find there is a dearth
of high-quality scientific information surrounding dedicated exercise training in Long COVID
patients, and disagree with the standard of evidence surrounding graded exercise therapy. In
the training studies cited, none involved interventions that systematically induced, monitored,
or avoided PEM. Additionally, adherence and other comorbidities are often ill-described.

While exercise below the PEM-inducing threshold may benefit Long COVID patients, this was
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not the topic of our current publication, and therefore we refrained from conclusive scientific
or clinical statements. Given our clinical experience and scientific evidence, we advocate
caution regarding intense exercise in Long COVID patients with PEM. While pacing and
moderate exercise below he PEM-inducing threshold may be performed, these thresholds are

ill-defined and more research is needed to elucidate the physiological onset of PEM.
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Post-exertional malaise after COVID-19 infection is a debilitating postviral condition.
We applaud the work of Appelman et al.! addressing the important questions on how
long COVID develops and how to treat this condition. From our experience with
mitochondrial diseases and training strategies in neuromuscular diseases, we would like to
comment on the findings and conclusions drawn in this study. The suggestion that
strenuous exercise increases symptoms of myalgia and exercise intolerance is, in our
opinion, not specific for long COVID. In addition, it could now be interpreted that

exercise should be avoided. However, the opposite is true as we will elaborate.

Establishing lower maximal (or peak) oxygen consumption in patients with long COVID
is important and a confirmation of previous work in long COVID and other post-viral
symptoms®~. Besides a lower maximal oxygen consumption, Appelman et al. have found
a higher proportion of glycolytic fibers, lower CSA of type I fibers, lower peak power
output, lower OXPHOS capacity, lower citrate to lactate ratio, and lower concentration of
creatine. The combination of these (latter) findings points in the direction of deconditioning
in addition to a direct post viral effect. Decrease in mitochondrial content has also been
found in patients with chronic fatigue syndrome compared to healthy controls®, and

mechanisms of post-viral loss of mitochondrial content could be similar.

Authors state that the examined long COVID patients were physically active with an
average of 4000 steps a day, which equates to about 3.2 km or between 30 and 45 min of
daily walking, depending on speed. However, the number of daily steps was significantly
lower, around 30-40%, compared to the control group used in this study. This difference
in daily exercise is on top of their low aerobic capacity. Favorable mitochondrial adaptations
in muscle can only be achieved if training is performed at a sufficient frequency, intensity,
and duration for an adequate length of time’. Appelman et al. state that severe exercise-
induced myopathy and tissue infiltration of amyloid-containing deposits in skeletal muscles
of patients with long COVID worsen one day after strenuous exercise. According to our
experience such findings cannot arise in just one day. Muscle damage after strenuous
exercise starts with sarcolemmal lysis and destruction of the basal lamina resulting in fiber
necrosis with concomitant endomysial cell infiltrates to remove cell debris. Cytokines
accelerate the inflammatory response and induce myoblast proliferation. Satellite cells
become activated, proliferate, and differentiate into multinucleated myotubes and eventually
into regenerated myofibers. Active muscle degeneration and inflammation occur in the first

few days post-injury, whereas muscle regeneration usually occurs seven to ten days after
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injury®’. Muscle atrophy occurs as the rate of protein degradation exceeds that of protein
synthesis'’. The development of atrophied and regenerative cells in the muscle takes at least a
few days since the half-life of contractile proteins is 3—4 days'!. Therefore, it is unlikely
that the incremental test itself cause post-exertional malaise in long-term COVID, based

on these histological findings.

Mild histopathological abnormalities are often present in healthy control biopsies'?. After
training, muscle fiber turnover and regeneration are part of normal physiology'®. There is
no correlation between the abnormalities on histology and perceived myalgia and
exercise intolerance. More importantly, normal muscle contains a considerable number of
macrophages and T-lymphocytes'®. The authors suggested a direct link between the found
muscle abnormalities, perceived myalgia, and exercise intolerance. The current study
lacks a control group with similar fitness levels, which limits the interpretations of

findings.

In conclusion, the message that intensive exercise can damage the muscle in long COVID is,
in our view, not demonstrated. Additionally, it can be interpreted by patients that exercise
with concomitant muscle fatigue and myalgia might cause muscle damage, resulting in
patients not exercising at all. Training at the correct intensity, where most time is spent at
maximal aerobic metabolism, increases mitochondrial density and lactate membrane
transporters and will improve oxidative capacity, also in long COVID patients'>"!7. Many
patients have difficulty adjusting their intensity of physical activity and training to the new

level of fitness.

We underline that research on the cause of decreased aerobic capacity in long-COVID
and similar post-viral conditions is needed. Better therapies should become available.
Improvements in muscle fitness can act as therapy in long COVID, and supervised
training at different volumes and intensities should be tested at specialized centers

according to established guidelines and compared to participants of equal fitness level.

Reporting summary

Further information on research design is available in the Nature Portfolio Reporting

Summary linked to this article.
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We thank Saris et al. for their interest in our recent paper', which focused on the skeletal
muscle components of post-exertional malaise (PEM) in Long COVID patients. We did not
address the efficacy of exercise as a treatment, but our findings do not support that
deconditioning or bed rest explains the skeletal muscle abnormalities in Long COVID. PEM
is a distinct symptom poorly understood and not analogous to other conditions. We caution
against generalizing our results to all Long COVID patients or drawing causal conclusions
beyond the study’s design, and we advocate adherence to established guidelines that

recommend avoiding activities triggering PEM.

Whilst we recognize the exercise therapy experience of Saris et al. in patients with
mitochondrial and neuromuscular diseases, we firmly reject the notion that our findings
regarding post-exertional malaise (PEM) are not specific to Long COVID, nor that we address
‘how to treat this condition’. Saris et al. claim that “improvements in muscle fitness can act
as therapy in Long COVID”, based on assumptions and experiences with other diseases. PEM
is a specific symptom of many post-viral infection diseases (including Long COVID and
ME/CFS) which is poorly understood, and poorly recognized by clinicians. As such, intense
exercise above an unknown time- and patient-dependent PEM-inducing threshold is often
avoided by patients, because it worsens their Long COVID symptoms. Therefore, it was the
explicit goal of our study to examine the systemic and skeletal muscle component of PEM in

Long COVID.

Importantly, our publication did not provide any statement about the merit or avoidance of
exercise in treating patients with Long COVID, and we are therefore surprised that Saris and
colleagues concluded this. We clearly understand that frequency, intensity and duration are
important parameters of exercise training in improving aerobic fitness in healthy people?.
However, patients with Long COVID and PEM are unable to functionally recover completely
after an exercise bout at a high intensity or duration, limiting their ability to frequently perform
such exercise bouts. The interpretation of exercise-related results in Long COVID critically
depends on which patients are included. Our patients could work ~5 hours/week, and all
experienced PEM, which is a key symptom in 87% of all Long COVID patients®. Hence, our
results should not be extrapolated to all Long COVID patients (i.e. those not suffering from
PEM or with less debilitating symptoms, such as in a recent study®). Further, our results cannot
be extrapolated to applicability of exercise training for treatment, simply because we did not

study this.
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Deconditioning has been proposed as causative of skeletal muscle changes in Long COVID
patients. Our previous work on bed rest demonstrates that adaptations in skeletal muscle
structure and function differ markedly between Long COVID patients and healthy persons
exposed to severe deconditioning™®. Bed rest induces rapid muscle atrophy and loss of
capillarization®, which was not observed in our Long COVID patients'. We did not observe
alterations in fiber type composition after 60 days of strict bed rest®, whereas our Long
COVID patients exhibited a more glycolytic phenotype. Our Long COVID participants
showed lower mitochondrial respiration, due to mitochondrial dysfunction (Figure S5)' rather
than mitochondrial loss, the latter of which is more typically seen after long-term bed rest>”.
The absence of a correlation between V0,pq, and succinate dehydrogenase activity also

suggests that factors other than deconditioning contribute.

Saris et al. criticize us for not providing an adequate deconditioned control group. We
acknowledge that deconditioning confounds the conclusions related to the underlying cause
of a lower exercise capacity, and that an age-, sex- and activity-matched control group would
be superior to age and sex alone. Althoff et al.® showed that the average daily steps in the
United States is 4774 per day, roughly similar to our Long COVID group, but PEM is not
experienced in the general US population. As can be appreciated from Figure 1A, there was
considerable variability in exercise capacity, as some patients still possessed fitness levels
>50" percentile for their sex and age (n=5), while some healthy controls had very low fitness
levels (<25™ percentile, n=7). Yet, all patients exhibited PEM and healthy controls did not,
irrespective of fitness. Additional analysis matching participants for step count (5181 vs. 4727
steps/day for patients and controls, respectively) still resulted in a significant group difference
for VOymax (-24%, p=0.004), peak power (-31%, p=0.043) and gas exchange threshold (-
20%, p=0.046; effort-independent). These data strongly suggest deconditioning alone does
not cause the skeletal muscle abnormalities.

Our results of impaired mitochondrial function and skeletal muscle myopathy in Long

4911 The causal role of

COVID patients are in line with other recent publications
deconditioning in explaining skeletal muscle adaptations in Long COVID is impossible to
ascertain from our study design, as we acknowledged in the paper. We do not know the
underlying factors contributing to these changes, and as good scientific practice, we refrained
from drawing causal relationships in our publication. We were therefore surprised to read that
Saris et al. drew causal conclusions based on work which was not set up to be causal in nature.

Recently, we and others described many possible factors contributing to Long COVID
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symptomology, including viral persistence, immune cell and autonomous nervous system

dysregulation and auto-immunity'!-3.

Saris et al. question the muscle damage following exercise. Biopsies were scored for
pathological findings by a group-blinded pathologist, where the tissue needed to contain more
than a “normal” number of atrophied fibers (2-4% in healthy people), regenerative fibers, or
infiltrating macrophages and T-cells. As such, scoring negative did not mean that there was
no staining at all. Also, the size of the biopsy could not be controlled for. We are aware of
exercise-induced muscle damage, and the occurrence of exertional rhabdomyolysis in patients
with mitochondrial diseases'*!°. Saris et al. suggest that atrophied fibers cannot occur one day

1'6 show

following exercise, but the reference they provide'® proves the opposite. Hikida et a
degeneration of myofibrils, and occurrence of atrophic fibers along with abnormal
mitochondrial profiles one day following a marathon (which we would not refer to as ‘training
and normal physiology’). Before PEM induction, patients show higher number of atrophied
fibers, higher macrophage infiltration, higher T-cell infiltration and more cells with
internalized nuclei compared to controls, similar to results by Hejbel et al.'’. Since some of
these were already different in the pre-PEM biopsies, we agree that this cannot be associated
with PEM, but we do not exclude remnants of previous PEM episodes, since the time-course

of muscle regeneration can be slow.

In sum, we agree with the conclusion of Saris et al. that ‘research on the cause of decreased
aerobic capacity in long COVID and similar post-viral conditions is needed’, and feel our
work makes a valuable contribution to this need. However, we strongly encourage Saris and
colleagues not to draw causal conclusions that were not evidenced or supported by our work.
It is essential to realize the infancy of PEM research and that previous findings in other
diseases may not apply to PEM in Long COVID. We also agree that ‘better therapies should
become available’, as this is a clear wish for scientists, clinicians and patients. The established
guidelines that Saris et al. refer to, in fact, include specific statements about avoiding “exercise

”17 While we value and

and activities that cause PEM and aim to conserve your energy
promote exercise below the PEM-inducing threshold for patients with Long COVID with and
without PEM'7, this was not the topic of our publication, and therefore we refrained from
making conclusive statements. Because of the occurrence of PEM, intense exercise training
above the PEM-threshold is unlikely to be a curative treatment for Long COVID patients with

PEM.
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Abstract

When acute SARS-CoV-2 infections cause symptoms that persist longer than 3 months, this
condition is termed long COVID. Symptoms experienced by patients often include myalgia,
fatigue, brain fog, cognitive impairments, and post-exertional malaise (PEM), which is the
worsening of symptoms following mental or physical exertion. There is little consensus on the
pathophysiology of exercise-induced PEM and skeletal-muscle-related symptoms. Here, we
highlight intrinsic mitochondrial dysfunction, endothelial abnormalities and a muscle fiber type
shift towards a more glycolytic phenotype as main contributors to the reduced exercise capacity
in long COVID. The mechanistic trigger for physical exercise to induce post-exertional malaise
is unknown, but a rapid skeletal muscle tissue damage and intramuscular infiltration of immune

cells contribute to post-exertional malaise related symptoms.

110



Chapter 5: Skeletal Muscle Adaptations and Post-Exertional Malaise in Long COVID

Long COVID: Persistent Symptoms After Acute Infection

Since 2020, acute SARS CoV-2 infections have affected 775 million people worldwide!', of
whom ~10% do not completely resolve their symptoms after 3 months®. The persistence of one
or multiple symptoms beyond 3 months is known as post-acute sequelae of COVID-19 or long
COVID, which cannot be explained by other diseases, comorbidities, hospitalization or

aging'3. The pathophysiology of long COVID is currently unknown, but deconditioning®”,

6 7

viral persistence®, dysregulated immune system’, localized hypoxia and/or endothelial
dysfunction®, as well as autoimmunity? have been predominantly suggested as potential

determinants (Figure 1).

The most prevalent long COVID symptoms are fatigue, brain fog, cognitive impairments,
muscle pain (myalgia), and post-exertional malaise (PEM, Figure 1), the latter of which is the
worsening of symptoms or onset of new symptoms up to 48 hours following physical or
cognitive exertion above a patient- and time-specific threshold, and can last for days to weeks
or even months’ ! (Figure 2). Typically, exercise reduces mortality and improves treatment
outcomes in almost all chronic diseases'?, but the occurrence of PEM prevents patients with

long COVID from engaging in regular exercise.

PEM is also a hallmark diagnostic symptom for patients with myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS)!3, for which many cases are known to
occur following either bacterial or viral infections, typically not requiring hospitalization'*!>.
Patients with ME/CFS exhibit similar symptoms as patients with long COVID, and many
patients with long COVID tend to meet the Canadian Consensus Criteria for ME/CFS
diagnosis'3. Similar to long COVID'®, a large proportion of patients with ME/CFS are female
and middle-aged'*!>. While long COVID research is in its infancy, ME/CFS research can help

further understand long COVID.

Given the increasing recognition of long COVID, understanding muscle-specific alterations is
essential for developing targeted therapeutic strategies. Here we provide a comprehensive
overview of current evidence and highlight knowledge gaps with respect to the current
understanding of skeletal muscle adaptations occurring in long COVID, how this differs from
or resembles other post-acute infectious diseases (e.g. ME/CFS), and we briefly outline
potential therapies for patients with long COVID. Due to the high prevalence of patients

exhibiting PEM and fatigue'!, the skeletal muscle abnormalities outlined here will reflect these
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specific phenotypes, however it is unknown whether other phenotypes (i.e. those with

smell/taste difficulties '") observe similar alterations.

Symptoms Hypotheses

Autonomic nervous system
o Altered parasympathetic
nervous system

* Fatigue

e Brain fog

e Postural orthostatic
tachycardia syndrome

. g)g;l-f)zertional malaise e
(PEM) ¢ Immune dysregulation

o Autoimmunity
e Viral replication

* Shortness of breath
* Dysfunctional breathing

« Fatigue Blood circulation

¢ Microclots
e Endothelial dysfunction
e Hypercoagulation

e Limited exercise capacity

e Post-exertional malaise
(PEM)

e Joint and muscle pain

e Muscle weakness

Musculoskeletal system

¢ Mitochondrial dysfunction
¢ Myopathy
Deconditioning
Endothelial dysfunction
Local hypoxia

Figure 1. Common long COVID symptoms (blue) and pathophysiological hypotheses underlying tissue

alterations (red) on the mechanisms. Figure was generated using BioRender.

Whole body exercise and skeletal muscle adaptations

Reduced aerobic capacity

The ability to perform aerobic exercise is a key determinant of quality of life!”. Patients with

18,19 and earlier onset of lactate accumulation

long COVID exhibit a reduced aerobic capacity
during exercise’®?!. The reduced exercise capacity in patients with long COVID has been most
often attributed to alterations in skeletal muscle, with minor contributing impairments of

pulmonary and cardiac alterations in long COVID*. Dysregulated breathing and improper
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heart rate responses indicate that a dysfunctional autonomic nervous system might contribute.
Alterations in skeletal muscle structure and function in long COVID, such as mitochondrial
function and content, capillarization, and muscle fiber size and type, are likely to contribute to
the reduced exercise capacity of patients'®?!. Figure 3 outlines skeletal muscle alterations in
patients with long COVID. While evidence for impaired aerobic capacities in long COVID
continues to grow, the similarities to aerobic deficits observed in ME/CFS are becoming more

apparent>>24,
Skeletal muscle mitochondria and metabolism

Aerobic capacity is partly dictated by mitochondrial content and function'®?, but
fragmentation and spatial distribution of the mitochondrial reticulum also play important
roles?>2%, Markers for skeletal muscle mitochondrial content in patients with long COVID have

yielded inconsistent results, with some studies reporting lower mitochondrial content'®

, while
others showed no differences compared to acute-COVID-recovered individuals®!. Nonetheless,
skeletal muscle mitochondrial respiration in long COVID is consistently impaired compared to

healthy/recovered individuals'®?!

, highlighting a contributing role for a lower intrinsic
mitochondrial function to contribute to a lower exercise capacity. Recently, evidence of lower
mitochondrial complex 1 activity in long COVID might indicate direct virus-induced
alterations'”. Some abnormalities in mitochondrial ultrastructure (i.e. size, density) in long
COVID patients have been described, some of which are worsened in patients with
ME/CFS'"7. An increased expression of mitochondrial fission proteins and decreased
expression of mitochondrial fusion proteins'® suggest altered mitochondrial fission/fusion
regulation in patients with long COVID. It remains unknown whether mitochondrial

distribution or mitophagy are also affected, and how this relates to disease severity and

progression.
Capillary density and endothelial function

An optimal muscle capillary network and intact vascular function are needed to provide
sufficient oxygen and substrates to skeletal muscle fibers. Skeletal muscle capillary-fiber ratios

are either not altered®! or lower?® in patients with long COVID. Alterations in endothelial cells,

28,30

such as vasodilatory dysfunction?’, endothelial basal laminae thickening?®, or endothelial

barrier damage’!

have been described in these patients. This could cause capillary
hypoperfusion, reduce oxygen and substrate diffusion or increase the resistance for diffusion

of oxygen and oxidative metabolic substrates’>*2, but experimental data is lacking. Under
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normal physiological conditions, skeletal muscle fatigue is related to the accumulation of
fatigue-inducing metabolites®®>, however it is unknown whether hypoperfusion, capillary

thickening, or endothelial dysfunction may contribute to earlier fatigue in long COVID.
Muscle fiber type size and distribution

Muscle fiber type composition shapes the functional and metabolic alterations in skeletal
muscle during exercise. Oxidative, type I, fibers typically have high mitochondrial densities,
providing resistance to fatigue. Glycolytic, type Ila or Ila/x, fibers produce more power, but
have lower mitochondrial densities®*. Patients with long COVID have more glycolytic muscle
fibers'®, similar to patients with other chronic diseases®>*°. However, no longitudinal data
exists to conclude whether those with higher glycolytic fiber proportions are more prone to
develop long COVID, or whether the disease progression induces a shift in muscle fiber type

composition.

Limited evidence suggests a sex-specific type I fiber atrophy in long COVID?'. Whether
muscle atrophy occurs in long COVID is currently unclear, as many studies also included
patients that had been hospitalized or presented with other comorbidities, which may confound

results’. Patients with long COVID exhibiting small fiber neuropathy37-3

also present more
frequently with very small, atrophic muscle fibers?'*°. The relationship between small fiber
neuropathy, prevalence of small, atrophic muscle fibers, and possible type I specific or general

atrophy warrants further investigation.
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Long
Health
Y covip

Figure 2. Contribution of skeletal muscle cell types in long COVID. (A) Capillary basal lamina thickening
observed in patients with long COVID (from Aschman ef al. 2023%%). (B) Lower succinate dehydrogenase
activity in patients with long COVID compared to healthy controls; (from Colosio ez al. 2023'®). (C) CD68+
macrophage infiltration between muscle fibers (from Aschman et al. 2023%%). (D) High skeletal muscle sodium
content, as viewed using 3T magnetic resonance imaging (from Petter et al. 20223%) (E) Connective tissue
content was similar in long COVID as in healthy controls (from Colosio et al. 2023'%) (F) Patients with long
COVID have abnormal mitochondria imaged using electron microscopy (from Bizjak et al 2023'°) (G)
Amyloid-containing deposits can be found in skeletal muscle and blood of patients with long COVID
(unpublished data). (H) Patients with long COVID have more glycolytic, type II muscle fibers. Dark blue
represents type I fibers, yellow represents type Ila fibers, turquoise represents type Ila/IIx fibers (Appelman et

al. 2024%"). Figure was generated using BioRender.
Post-Exertional Malaise

Currently, diagnosis of PEM is strictly clinical, wherein patients must fulfill criteria for the
DSQ-PEM questionnaire®’. Two-day exercise tests and handgrip strength tests can help to
confirm PEM diagnosis*!, but patient burden for a two-day exercise test is substantial. Future
research should focus on biomedical biomarkers to compliment the DSQ-PEM. The underlying

mechanism for PEM is currently unknown, however, PEM can also occur after cognitive

115



Chapter 5: Skeletal Muscle Adaptations and Post-Exertional Malaise in Long COVID

exertion, suggesting a neurological or circulating contributor to the onset of PEM. Skeletal
muscle adaptations are poorly understood in the context of PEM, but a two-day muscle biopsy
protocol after PEM induction suggested that skeletal muscle abnormalities worsen upon PEM

onset?!

. Mitochondrial respiration and markers for mitochondrial density and metabolism
decrease one day after maximal, PEM-inducing exercise in patients with long COVID?!.
Maximal exercise resulted in more severe skeletal muscle damage and enhanced immune cell
infiltration?'. Whether a similar process occurs in patients with ME/CFS or other post-acute
infectious diseases is unknown. While long COVID and ME/CFS are the most prevalent
diseases exhibiting PEM, subsets of patients with multiple sclerosis also experience PEM*.
Future studies should include other populations to fully understand the underlying pathology

of PEM.

Proposed pathological mechanisms

The underlying mechanisms for the skeletal muscle adaptations, and their time course of
disease progression in patients with long COVID are unknown. Further, it is not understood
how these structural alterations relate to rapid changes underlying PEM. Multiple hypotheses
exist that may explain skeletal muscle abnormalities in long COVID patients (Figure 4). Here,
we discuss the most likely candidates of these abnormalities, namely deconditioning, local
hypoxia, autoimmunity, electrophysiological alterations, and central fatigue, according to the

most recent literature.
Deconditioning

Due to the development of PEM, several research groups propose that the skeletal muscle
alterations in long COVID are simply due to deconditioning or physical inactivity**. Although
long COVID patients tend to be less active than healthy individuals®!, many still maintain
physical activity levels that are similar to the average US citizen*, who does not suffer from
PEM. Physically inactive people do not suffer from PEM, and the skeletal muscle alterations
in long COVID are distinct from those resulting from strict bed rest. Strict bed rest or limb
immobilization induces muscle atrophy, capillary rarefaction (already present within 6 days of

bed rest), insulin insensitivity and an altered mitochondrial substrate utilization** 46

, conditions
that are not predominantly observed in patients with long COVID. It should be noted, as with
any chronic disease, the increase in sedentary activity will have long-term impacts on health

outcomes*’. While the consequences of deconditioning could have long-term impacts on
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severely affected patients with long COVID in particular, the observed skeletal muscle

adaptations in long COVID are distinct from those occurring after deconditioning.
Local tissue hypoxia

Some of the skeletal muscle adaptations in patients with long COVID resemble those occurring
following chronic hypoxia exposure, which have led to the suggestion that patients may
experience hypoxia. In hypoxic conditions (i.e. high altitude), perceived exertion during
exercise increases and exercise performance decreases*®. Skeletal muscle metabolism shifts to
nonoxidative, glucose oxidation*’, which increases blood lactate during submaximal exercise’.
Chronic hypoxia results in higher hematocrit values’!, lower mitochondrial content and
function, and increases in glycolytic enzymes®2. While capillary-to-fiber ratio either increases
or does not change in long COVID, hypoxia-induced atrophy results in higher capillary

densities> >3,

Patients with long COVID, however, do not exhibit reduced arterial oxygen pressures and
saturation during exercise, but oxygen extraction’ and muscle oxygen diffusing capacity®> may

be impaired. A lower mitochondrial function, independent of tissue oxygenation'®!%2!

, also
results in increased lactate production during exercise®®. Such phenomena can be
misinterpreted as simply caused by local hypoxia. However, the contribution of local hypoxia
deserves further study. Local tissue hypoxia in patients with long COVID may be induced by
capillary blockage and/or endothelial dysfunction, preventing oxygen and substrate delivery.
Evidence of thickening of the capillary basal lamina has been observed in patients with long
COVID?, suggesting an impaired muscle oxygen diffusing capacity. Amyloid-containing clots
(so-called microclots)® in venous blood from patients with long COVID may be big enough to

block capillaries®”’

, causing a local hypoperfusion. However, these amyloid-containing clots
were not found inside capillaries, but rather in the extracellular matrix, suggesting an
alternative role*!. Amyloid-containing clots may exert local cytotoxic effects resulting in

85758 similar to that observed in Alzheimer's disease®®. The potential

endothelial dysfunction
link between amyloid-containing clots, endothelial dysfunction, hypoperfusion and local

hypoxia is currently unclear.
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Local hypoxia Deconditioning  Electrophysiology = Autoimmunity Central fatigue

B @ C
® o
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Figure 3: Schematic illustration of the five predominant mechanisms underlying long COVID skeletal muscle
symptoms: local hypoxia, deconditioning, electrophysiological alterations, autoimmunity and central fatigue. (A):
Local hypoxia may be due to amyloid-containing clots (top panel), endothelial dysfunction (middle panel), or
capillary thickening increasing oxygen diffusion distances (bottom panel). (B): Deconditioning results in muscle
fiber atrophy, a loss of mitochondria and capillary rarefaction, reducing aerobic capacity. (C): Electrophysiology
may be altered by changes in ion distributions or effects on specific ion channels. (D): Generation of
autoantibodies may target tissue receptors, including skeletal muscle. (E): Central fatigue may be caused by
abnormal neurological processes, irregular responses to exercise and feelings of myalgia and pain. Figure was

generated using BioRender.
Autoimmunity

There is substantial evidence indicating autoimmunity may be implicated in long COVID
pathophysiology?. However, how autoimmune antibodies found in patients with long COVID
may affect skeletal muscle, either acutely or chronically, is poorly understood. There is some
evidence of autoantibodies for B-adrenergic receptors (B2-AR) in patients with long COVID®*~
62 which are implicated in a variety of exercise-related responses. Specifically, B.-AR
signalling is implicated in mitochondrial biogenesis, and oxidation and blood flow

63,64

regulation Autoantibodies in myasthenia gravis and myositis, two well-studied

autoimmune diseases which also exhibit muscle fatigue and worsening of symptoms with

65,66 67,68

exercise™*®, are known to be associated with muscle weakness and muscle fatigue
However, the mechanistic role of autoantibodies in the development of skeletal muscle

adaptations in long COVID and the development of PEM is unknown.
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Electrophysiological alterations

Several recent studies indicate that some patients with long COVID exhibit signs of

6970 with myopathic histopathology®®®°. Small fiber neuropathy is common in

myopathies
patients with long COVID?”3¥. A recent study in ME/CFS patients indicated higher tissue
sodium levels®’, although it is unclear whether this is an intra- or extracellular sodium
accumulation. Sodium affects multiple channels including the mitochondrial sodium-calcium
exchanger, which is critical in mitochondrial function. It has been hypothesized that
disturbances in muscle sodium homeostasis make mitochondria and muscle fibers susceptible
to damage’!, which is linked to an early fatigue development’?, and altered ion channel

function. More studies are necessary to fully understand the electrophysiological changes

apparent in long COVID.
Central fatigue

Various research groups have suggested that central fatigue and neurological alterations

contribute to long COVID symptoms’>7>

, including brain fog, sleep difficulties, anxiety,
depression, headaches and somatic pain’®. Neurophysiological alterations, such as neuro-
inflammation and small fiber neuropathy likely modulate long COVID symptoms. Central
fatigue, defined as a reduction in the central nervous system’s capacity to drive skeletal muscle
contractions, could play a role in limiting exercise tolerance, though the necessary studies
involving voluntary activation assessment, transcranial magnetic stimulation, and peripheral
nerve stimulation have not yet been performed. It is also possible that a heightened IL-6
induced perception of effort leads patients to terminate exercise earlier’’. However, patients
with long COVID often exhibit earlier lactate accumulation onset during moderate

202178 “independent of physical effort and psychological state?>. Future studies should

exercise
include interpolated twitch techniques to fully investigate central fatigue in long COVID”.
Non-invasive methods to assess neurological alterations, using (functional) MRI, are warranted
to further understand the neurological consequences of PEM, as cognitive and mental exertion

can also trigger PEM.

Therapeutic treatments in long COVID

To date, there are currently no therapies for long COVID, however ongoing clinical trials are
promising. Recently, immunoadsorption therapy temporarily alleviated long COVID
symptoms®?, however further investigations are required. Other recent trials found on

ClinicalTrials.gov include dietary supplementation (mitoquinone, vitamin K2, vitamin D3 and

119




Chapter 5: Skeletal Muscle Adaptations and Post-Exertional Malaise in Long COVID

N-acetyl-cysteine), anti-inflammatory or immune regulatory drugs (i.e. lithium, naltrexone,

and rintatolimod), and some antiviral drugs (i.e. Paxlovid)®. The majority of trials are ongoing,

and we eagerly await new results.

Concluding Remarks and Future Directions

Most research on long COVID has focused on immune function, but skeletal muscle
adaptations in these patients are gaining more attention. There is clear evidence of skeletal
muscle alterations, including mitochondrial and endothelial abnormalities in patients with long
COVID that may underly whole body exercise responses. The heterogeneity and the duration
of the disease results in different skeletal muscle phenotypes, and these deserve further study.
Future research should also investigate endothelial function, the possible implications of
amyloid-containing deposits in skeletal muscle, and the underlying pathophysiology of PEM
and how it contributes to long COVID disease progression. We applaud new studies that study
the contributing factors towards skeletal muscle adaptations, including deconditioning,
hyperbaric oxygen therapy, novel medications targeting autoimmunity, and the neurological
component of PEM. As many new groups worldwide are now studying the fundamental
pathophysiology of long COVID and testing potential new therapies to relieve patient

symptoms and the disease burden, we await exciting times in this research field.
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Post-exertional malaise: a defining feature of Long COVID

Whilst the number of fatal acute SARS-CoV2 infections has declined since 2020, the
proportion of these infections that result in persisting symptoms has not reduced significantly'.
The continuity or development of new symptoms longer than three months after an acute
SARS-CoV-2 infection is clinically defined as Long COVID?. Post-exertional malaise (PEM),
a hallmark and debilitating feature, is recognized as one of the most frequent manifestations of
Long COVIDand present in ~80% of patients with the condition’. PEM is a delayed
exacerbation (or new onset) of symptoms after physical or cognitive activity above a patient-
and time-dependent threshold, which may persist for days, weeks, months or even result in a
permanent change in a patient’s baseline’. The need to screen for PEM in suspected Long
COVID before initiating a rehabilitation strategy has already been recognized by major health
authorities, inlcuding the World Health Organisation (WHO), who heavily cautioned against

graded exercise therapies for patients experiencing PEM?.
PEM in Long COVID - cardiac alterations and pathological mechanisms

Historically, and without physiological evidence, deconditioning has been proposed as a driver
of physiological alterations in both Long COVID and myalgic encephalomyelitis / chronic
fatigue syndrome (ME/CFS)*. MF/CFS is a related disease in which patients experience
profound fatigue as well as PEM. The etiology of ME/CFS is unclear, but often starts with a
viral infection, similar to SARS-CoV-2-induced Long COVID. Indeed, in a 2025 statement,
the American Heart Association proposed that cardiac alterations in Long COVID may be
attributed to deconditioning’. Perhaps this may apply in long-term ME/CFS, however, the
peripheral adaptations seen in Long COVID patients cannot solely be explained by physical
inactivity itself®. There is considerable heterogeneity of cardiac abnormalities in these patients.
Studies on cardiopulmonary function and structure reveal significant cardiovascular alterations
in patients with Long COVID including scarring, inflammatory changes and residual
myocardial alterations in a subset of patients with Long COVID’. With invasive
cardiopulmonary exercise test (CPET) measurements, patients commonly exhibit pre-load
failure, such that there is insufficient cardiac filling®. While some Long COVID patients exhibit
reductions in cardiac volumes that may be indicative of deconditioning, other notable
alterations, such as the pre-load failure and inflammation-mediated scarring are not typical of
deconditioning, and thus deconditioning alone is not sufficient to explain cardiac alterations in

all Long COVID patients.
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The pathophysiology of these cardiac alterations is currently unknown. Mitochondrial and
endothelial dysfunction, autoimmunity, and electrophysiological alterations have been
proposed to contribute to the pathophysiology of Long COVID and ME/CFS?. In multiple
tissues of Long COVID patients, mitochondrial dysfunction including deranged mitochondria
has been shown 3. There is further evidence accumulating of endothelial damage and
dysfunction in these patients®, who may exhibit “leaky vessels” or impaired vasomechanical
regulation. Both endothelial dysfunction and impaired mitochondrial function may also be
implicated in the poor oxygen extraction in patients®. Whether these cellular and molecular
alterations are also observed in cardiac muscle is currently unknown. The absence of validated
animal models and the inability to obtain longitudinal cardiac biopsy data constrain the
development of a clear pathophysiological theory for post-viral diseases. Cardiac
deconditioning may indeed contribute to a subset of Long COVID patients, particularly in

home- or bed-bound patients or as the disease progresses.
Incorporating PEM evaluation and monitoring in patient care

As no single factor has been elucidated as the main driver of Long COVID symptoms, it is of
the utmost importance that patient-specific strategies are considered for clinical care.
Rehabilitation that focuses solely on one symptom may not be beneficial for patient long-term
care if other symptoms worsen at the same time. Health care providers should systematically
screen for Long COVID etiology, exclude other pathologies, and quantify postural orthostatic
tachycardia syndrome (POTS) and PEM severity (e.g. via functional capacity questionnaire
(FUNCAP))>. PEM is also the core symptom and key diagnostic aspect of the Canadian
Consensus Criteria for ME/CFS and can be diagnosed via the DePaul Symptom Questionnaire’.
Stratification of patients by POTS or PEM status allows for tailored rehabilitation plans,

prioritizing breathing exercises, low-intensity activities, and pacing strategies for those

experiencing PEM.

While prolonged rest may initially seem beneficial for symptom management, extended
periods of daytime lying or bed rest can induce cardiovascular and skeletal muscle
deconditioning. Lying down during the day can be minimized by supported sitting or gentle
upright postures, and compression garments — provided the patient’s symptoms allow for such
a strategy. Encouraging light, tolerance-based activity and postural variation is essential to

prevent further functional decline while respecting post-exertional symptom thresholds'’.
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The repetitive exposure to PEM events may perpetuate the worsening of patient health. Thus,
monitoring patient response to various activities can aid in the reduction of PEM episodes,
overall improving patient outcomes. Wearable heart rate monitors may be a practical method
to monitor patient activity levels!!, however, we acknowledge that their use may not be feasble
in less-resourced settings. Using first ventilatory threshold (VTi)-guided heartrate pacing
enables patients to remain within their individual energy envelope, minimising PEM
exacerbations while supporting gradual, safe reconditioning. This personalised, data-driven
method contrasts with traditional graded exercise therapy, which remains contraindicated for
patients with PEM. Activity recommendations must be adjusted in real-time to prevent

symptom exacerbations?.

Incorporating PEM into a new conceptual model of Long COVID cardiac rehabilitation
programs is essential to clinically distinguish it from cardiovascular deconditioning and to
safeguard patients from unintended harm. New programs should deviate from historical
guidelines for ME/CFS and include the latest insights into the pathophysiology of Long
COVID. We emphasize the heterogeneous nature of the disease and the need for targeted
pharmacotherapy for PEM and POTS (including low dose naltrexone, beta-blockers or
pyridostigmine) to reduce symptom burden'®'?. Such an interdisciplinary approach will assist
in personalized exercise and recovery prescriptions to avoid relapses or worsening of

symptoms.

In conclusion, PEM and cardiac alterations in Long COVID patients can occur, but these
findings are largely independent of cardiac deconditioning. Thus, an individually tailored
management strategy, guided by exercise physiology data, for patients with Long COVID and

PEM is recommended.
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Abstract

Insulin sensitivity and metabolic flexibility decrease in response to bed rest, but the temporal
and causal adaptations in human skeletal muscle metabolism are not fully defined. Here, we
use an integrative approach to assess human skeletal muscle metabolism during bed rest, and
provide a multi-system analysis of how skeletal muscle and the circulatory system adapt to
short- and long-term bed rest. We uncover that intracellular glycogen accumulation after short-
term bed rest accompanies a rapid reduction in systemic insulin sensitivity and less GLUT4
localisation at the muscle cell membrane, preventing further intracellular glycogen deposition
after long-term bed rest. We provide evidence of a temporal link between the accumulation of
intracellular triglycerides, lipotoxic ceramides and sphingomyelins and an altered skeletal
muscle mitochondrial structure and function after long-term bed rest. An intracellular nutrient
overload therefore represents a crucial determinant for rapid skeletal muscle insulin

insensitivity and mitochondrial alterations after prolonged bed rest.
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Introduction

Physical inactivity or (forced) skeletal muscle disuse leads to deconditioning of multiple
physiological systems and represents a major independent contributor to many metabolic
diseases'. Alterations in skeletal muscle metabolism may interfere with insulin-stimulated
glucose disposal, leading to insulin resistance’*. Metabolic inflexibility is the failure to
efficiently adapt substrate oxidation to energy demand and substrate supply®, and precedes the
development of type 2 diabetes mellitus>”’, but the temporal contributions of altered insulin
sensitivity, metabolic flexibility, and intracellular nutritional overload during physical
inactivity® are not studied in detail. Similarly, the exact underlying molecular and metabolic

signatures of physical inactivity-induced metabolic derangements are currently unknown.

Human bed rest studies represent a well-accepted model for prolonged muscle disuse in
astronauts, acute injuries (e.g., limb immobilisation), acute and chronic diseases, or frailty and
hospitalisation>-!°. Here, we employed a comprehensive, well-controlled human bed rest
intervention, combined with a multi-level mapping of body composition, insulin and glucose
handling at the whole body and skeletal muscle level, and skeletal muscle mitochondrial
metabolism to study the spatio-temporal alterations in skeletal muscle metabolism during

short- and long-term bed rest.

Our study reveals that the low energy demand of muscle during physical inactivity is associated
with an accumulation of intracellular glycogen and lipid droplets within 6 days of bed rest.
Decreased whole body insulin sensitivity and GLUT4 localisation at the muscle cell membrane,
triglyceride, ceramide and sphingomyelin synthesis, and a metabolic shift towards glucose
oxidation provide a mechanistic basis of preventing further intracellular glycogen
accumulation during long-term bed rest. Inactivity-induced accumulation of lipid droplets
close to mitochondria, elongation of triglycerides, and lipotoxic species likely underly observed
impairments in mitochondrial size, supercomplex formation, density, and ultimately a
reduction in oxidative phosphorylation upon physical inactivity. We conclude that nutrient
overload represents a major determinant for metabolic adaptations in human skeletal muscle,
and propose that skeletal muscle insulin insensitivity is a positive adaptation to prevent
excessive nutrient overload, which would otherwise negatively affect muscle mitochondrial

metabolism.
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Results

We obtained venous blood samples and vastus lateralis muscle biopsies from 24 healthy human
participants (8 female, 16 male, 33+9 years, see Fig. S1 for Consort diagram), who volunteered
to undergo a 60-day bed rest in collaboration with the European Space Agency (ESA) and the
National Aeronautics and Space Administration (NASA) at the German Aerospace Centre in
2019-2020 (AGBRESA; Fig. la for experimental design). Nutritional intake was carefully
monitored, and participants’ total energy intake was reduced from 1.6 to 1.3 x their resting
metabolic rate during bed rest!!. Skeletal muscle biopsies were obtained before, after 6 days
(short-term), and 55 days (long-term) of bed rest, exactly two hours after a controlled Iunch
meal. Blood samples were collected before, after 6 and 57-60 days of bed rest. All participants
therefore served as internal controls. The objective of the AGBRESA study was to determine
the efficacy of 30-min daily continuous or intermittent artificial gravity as a countermeasure to
the adverse effects of inactivity'!, though we found this countermeasure not to mitigate skeletal
muscle oxidative capacity and HOMA-IR scores (Table S1), nor other measurements related
to cardiac and skeletal muscle'>'*. Therefore, we pooled all groups, as has been done

previously!> 13,

Body composition and resting substrate oxidation rates

Body composition and resting substrate oxidation during the fasted state before, after 15, 30-
32 and 55-60 days of bed rest are depicted in Fig. S2-3. As body weight decreased, due to a
progressive reduction in fat free mass (Fig. S2a-b), and height increased, body mass index
(BMI) significantly decreased throughout the bed rest (Fig. S2d-e). Despite this reduced BMI,
fat mass increased progressively during the bed rest period (Fig. S2c¢, i-k). While arm lean mass
remained unchanged, leg and trunk lean mass decreased progressively throughout the bed rest
(Fig. S2f-h), confirming earlier reports of disuse muscle atrophy'2. With the use of the resting
oxygen uptake and carbon dioxide release, measured during fasting conditions, we calculated
resting whole-body carbohydrate and lipid oxidation rates. After 32 days of bed rest, resting
whole-body carbohydrate oxidation was elevated and lipid oxidation was reduced, but both

returned to pre-bed rest values after 55 days (Fig. S3a-d).
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Figure 1. Short- and long-term bed rest induces whole body and skeletal muscle insulin

insensitivity. a: Study design. Vastus lateralis muscle biopsies were taken one day before (pre), after 6 (short-

) and 55 (long-term) days of bed rest (BR). Blood was drawn before, after 6 and 57 days of bed rest. b-d: Fasted

blood glucose and insulin levels were used to calculate the HOMA2-IR score (n=12), which increased after bed

rest. e-f: Western immunoblots of GLUT4 showed a lower GLUT4 protein concentration in skeletal muscle after

long-term bed rest (n=6-7). g: Representative immunofluorescence microscopy images of skeletal muscle tissue

stained for GLUT4 (yellow) and muscle cell membrane (magenta), before, after 6 and 55 days of bed rest (n=8).

h: Mander’s colocalization analyses showed a lower fraction of GLUT4 at the muscle cell membrane after short-

, but not long-term bed rest. i: Estimates of absolute GLUT4 protein (panel h times f) at the cell membrane were

significantly lower after short- and long-term bed rest. All data were analysed by repeated measures ANOVA,
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mixed-effects model with Tukey’s post hoc test. Scale bar=50um. HOMA2-IR: homeostatic model assessment
(HOMA) for insulin resistance, GLUT4: glucose transporter type 4.

Short-term bed rest decreases skeletal muscle insulin sensitivity

Fasted blood glucose concentrations (Fig. 1b) remained constant throughout the bed rest, but
circulating insulin concentrations were elevated after 6 and 57 days (Fig. 1¢). The higher values
for the updated homeostatic model assessment for insulin resistance (HOMA2-IR; Fig. 1d)"°
suggest a reduced insulin sensitivity, albeit the critical cut-off for insulin resistance (1.8) was
not reached. This decrease in systemic insulin sensitivity was confirmed by the higher
HOMAZ2-%B and lower HOMA2-%S scores after short- and long-term bed rest (Fig. S4a-b).
Similarly, the product of systemic insulin and plasma triglyceride levels, as an indirect marker
for the adipose tissue insulin resistance index'¢, progressively increased during bed rest (Fig.
S4c). Circulating levels of the pro-inflammatory cytokines interleukin (IL)-6 and tumour
necrosis factor (TNF)-a were higher after long-term bed rest (Fig. S4d-e), while C-reactive
protein concentrations and cortisol levels did not change throughout the bed rest period (Fig.

S4f-g).

To gain further insights into the putative underlying molecular mechanisms of a reduced insulin
sensitivity, we studied the concentration and spatial localisation of the glucose transporter 4
(GLUT4) in biopsies taken two hours after a standardized meal'”'®, GLUT4 protein
concentration was not different after short-term, but tended to decrease after long-term bed rest
(Fig. 1e-f). The spatio-temporal pattern of GLUT4 was visualised via fluorescence microscopy,
and we quantified the relative amount of GLUT4 colocalized with the cell membrane. GLUT4
localisation at the cell membrane was transiently lower after short-term bed rest, but not
different from pre-bed rest values after long-term bed rest (Fig. 1g-h). To account for the
differences in overall GLUT4 protein, we multiplied the colocalization coefficient of GLUT4
at the muscle cell membrane (Fig. 1h) with GLUT4 protein concentration (Fig. 1f) to obtain an
estimate of the absolute amount of GLUT4 at the cell membrane, and found that the total
membrane-bound GLUT4 progressively decreased throughout the bed rest (Fig. 1i), indicating

continuous alterations in the intracellular GLUT4 signalling pathway.
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Figure 2. Bed rest-induced glycogen and lipid overload, particularly around

mitochondria. Transmission electron microscopy (TEM) images of the vastus lateralis were used to quantify
skeletal muscle glycogen (a) and intramyocellular lipid (b) accumulation before, and after 6 and 55 days of bed
rest. Abnormal lipids and mitochondria are indicated by stars and arrows, respectively (c). All data were analysed
by repeated measures ANOV A, with Tukey’s post hoc test, n=7 participants for EM. Scale bar=200nm in a+c and
500nm in b.

Bed rest-induced nutrient overload

We hypothesised that a mismatch between nutrient uptake and substrate utilisation rates
underlies the deleterious adaptations in intracellular glucose handling during bed rest. To
analyse intracellular nutrient storage, we performed transmission electron microscopy to assess
glycogen storage and intramyocellular lipid deposition (Fig. 2). Glycogen storage was

significantly increased after short-term bed rest, but did not further increase after long-term
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bed rest (Fig. 2a and S5a), possibly due to a saturated skeletal muscle glycogen storage, and/or
as a result of the reduced insulin sensitivity that decreased glucose uptake and glycogen

accumulation.

We did not observe extracellular lipid accumulation in our skeletal muscle biopsies, suggesting
that the majority of the lipid accumulation occurred inside skeletal muscle fibres (Fig. S5b).
Intramyocellular lipid deposition increased after short-term, and further accumulated after
long-term bed rest (Fig. 2b and S5b). In many cases, we observed glycogen accumulation inside
lipid droplets in the skeletal muscle during long-term bed rest (Fig. 2¢). Near lipid droplets, the
mitochondrial profiles appeared abnormal and fragmented, with many mitochondria
surrounded by glycogen (Fig. 2¢). As skeletal muscle lipid uptake is not regulated via a single
mechanism'®, we reasoned that such continuing ectopic lipid accumulation may include
lipotoxic species, explaining the altered GLUT4 signalling and circulating inflammation®’. To
explore which lipid species were present, we next performed in-depth lipidome analyses on

blood plasma and skeletal muscle.
Bed rest increases lipid species associated with insulin resistance and inflammation

The lipotoxic effects of ectopic fat accumulation include the production of intramyocellular
lipid species such as ceramides, sphingomyelins and diacylglycerols®'. To study the lipid
profile of secondary lipid derivatives, we performed mass-spectrometry-based lipidomics.
Analysis of the vastus lateralis lipidome yielded 1362 different lipid species (Fig. 3a). In total,
44 lipid species were significantly altered (27 up- and 17 downregulated) after short-term bed
rest, and 88 lipid species changed significantly (with 7 downregulated) following long-term
bed rest (Fig. 3a).

A bed rest-induced lipid accumulation was confirmed by an increased skeletal muscle
concentration of triglycerides of all carbon chain lengths after long-term bed rest (Fig. 3b).
While short-term bed rest resulted in increased storage of triglycerides with a longer carbon
length (~52-66 carbons), short carbon chain triglycerides (~30-50 carbons) were predominantly
stored after long-term bed rest (middle and right panel Fig. 3b). The synthesis and storage of
triglycerides containing longer carbon chains during short-term bed rest and those with
relatively shorter chains during long-term bed rest indicates a dynamic response to different
durations of inactivity. Lipidomics performed on fasted plasma samples similarly showed

significantly elevated circulating triglyceride levels after long-term bed rest (Fig. S6a).
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Figure 3. Bed rest induces skeletal muscle triglyceride accumulation, lipid elongation and

accumulation of lipotoxic species. a: Volcano plots based on mass-spectrometry based lipidomics
analysis performed in vastus lateralis biopsies comparing pre vs. 6, pre vs. 55, and 6 vs. 55 days of bed rest. Out
of 1362 identified lipid species, 44 were significantly altered after short- (17 downregulated) and 88 lipids changed
significantly (7 downregulated) after long-term bed rest. b-d: Tissue concentration of triglycerides (b), ceramides
(¢) and sphingomyelin (d) increased with long-term bed rest, but not short-term bed rest. Elongation of all chain
lengths and saturation increased with long-term bed rest. All lipidomics data were normalized to dry tissue weight.
Concentration changes of lipid species were analysed using repeated measures ANOVA, with Tukey’s post hoc
test, n=6.
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Skeletal muscle ceramide (Fig. 3¢) and sphingomyelin (Fig. 3d) concentrations were increased
after long-term bed rest. The increase in ceramides and sphingomyelins was present across all
fatty acid chain lengths, with a particular increase in concentration of saturated lipid species.
Alterations in blood triglyceride concentrations, chain-lengths and saturation level (Fig. S6a)
resembled those observed in skeletal muscle (Fig. 3b). Plasma ceramides and sphingomyelins,
however, did not significantly change during bed rest, but increased in the skeletal muscle (Fig.
S6b, c). This indicates that plasma lipid profiles cannot be used as qualitative and/or
quantitative markers of lipotoxicity-associated lipid species in skeletal muscle. Skeletal muscle
cardiolipin concentrations tended to decrease (on average 24%) after long-term bed rest (Fig.

S6d).

Collectively, we demonstrate here a bed rest-induced synthesis of triglycerides, ceramides and
sphingomyelins and other intricate changes in lipid composition and metabolism, providing
mechanistic insight into the temporal development of lipotoxicity-associated mediators during

physical inactivity.
Skeletal muscle metabolic alterations after bed rest

We next combined our lipodome and metabolome mapping of skeletal muscle and blood
plasma to provide a metabolic signature of skeletal muscle and blood during bed rest. Partial
least squares-discriminant analysis showed different metabolite clusters during bed rest in
skeletal muscle, whereas classes showed more overlap for the blood metabolome (Fig. 4a and
S7a). Some metabolic pathways in skeletal muscle and blood showed opposite changes during
short- compared to long-term bed rest (Fig. 4b, ¢ and S7b). Metabolites related to glycolysis,
the pentose-phosphate pathway and tryptophane metabolism were reduced after short-term bed
rest, but increased significantly after long-term bed rest. Metabolites in the tricarboxylic acid

(TCA) cycle did not change significantly throughout the bed rest (Fig. 4b-d and S8a).
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Figure 4. Altered skeletal muscle metabolism after bed rest. a: Primary component analysis of

time-dependent metabolic changes. b-c: Landscape plots based on vastus lateralis metabolomics analysis,

indicating the response of various metabolic pathways upon bed rest. White dots represent significantly altered

(p<0.05) metabolites. Metabolite concentration shifts are presented as log2fold changes to indicate directionality

of alterations. d: Heat map of changes in metabolites associated with the glycolysis. e-h: Carnitine (e) and

acylcarnitine concentrations with medium- (f), long- (g), and very long (h) chain lengths decreased during bed
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rest, indicative of a reduced fatty acid oxidation capacity. i: Ratio of medium- over long-chain length
acylcarnitines. k: the altered citrate/lactate tissue concentration is indicative of a shift towards glucose oxidation.
All metabolomics data were normalized to dry tissue weight. Concentration changes of individual metabolites
were analysed using repeated measures ANOVA, with Tukey’s post hoc test, n=6. TCA: tricarboxylic acid cycle;
SAMSAH: S-adenosylmethionine / S-adenosylhomocysteine cycle; RSP: reductive stress panel; PPP: pentose
phosphate pathway; NAD: Nicotinamide adenine dinucleotide pathway.

Metabolites related to carnitine, the rate-limiting substrate for mitochondrial long-chain fatty
acids import, were decreased after long-term bed rest (Fig. 4e-j). We found that skeletal muscle
acylcarnitine concentrations were significantly decreased after short- and long-term bed rest
(Fig. 4f-j and S8b). Especially acylcarnitines with medium-chain length (C6-12) decreased
after bed rest (Fig. 4f), relative to the reductions in long-chain (C13-20) or very long-chain
(>C21) lengths (Fig. 4g-j). These results are suggestive of a lower maximal capacity for fatty
acid f-oxidation during bed rest. From the alterations in the lipidome and metabolome, we infer
a higher reliance on glycolysis away from fatty acid oxidation. Such higher reliance on glucose
oxidation was corroborated by a decrease in the ratio of citrate over lactate after long-term bed
rest (Fig. 4k), whilst a reduction in fatty acid oxidation is consistent with our observed
triglyceride synthesis (Fig. 3b) and lipid droplet accumulation (Fig. 2b) after long-term bed
rest. These observations are consistent with the development of metabolic inflexibility during

bed rest’.

We observed an increase in levels of circulating amino acids (Fig. S7c-f) and creatine (Fig.
S7g), likely due to a breakdown of skeletal muscle proteins. Other metabolites that were
significantly altered in the skeletal muscle upon physical inactivity included markers for
cellular stress, including 2-aminoadipic acid, ophthalmic acid, and hydroxyphenyllactic acid.
We observed a tendency of higher skeletal muscle levels of 2-aminoadipic acid, a biomarker
for insulin resistance in humans?? after short-term, but not long-term bed rest (Fig. S8c).
Ophthalmic acid, indicative of glutathione depletion upon oxidative stress>, decreased after
short- and long-term bed rest (Fig. S8d). Metabolite levels of hydroxyphenyllactic acid, an
antioxidant?*%, were increased after short-term (Fig. S8g), but returned to baseline levels after
long-term bed rest. Together these findings indicate short-term alterations in the intracellular
response to cell stress (Fig. S8f). Although most metabolites in the NAD" pathway were

reduced after long-term bed rest, no significant differences were observed (Fig. 4b and S8g).

Taken together, our metabolic and lipidomic signature of skeletal muscle reveal that the bed

rest-induced increase in lipid accumulation and insulin insensitivity were accompanied by a
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reduced ability of fatty acid oxidation following long-term bed rest with an increased reliance

on glycolysis, indicating a shift from fatty acid oxidation to glycolysis and glucose oxidation.
Mitochondrial function

We observed that lipid droplets were located in the vicinity of mitochondria, and reasoned that
intramyocellular lipid accumulation likely interferes with mitochondrial structure and
respiration due to lipid peroxidation-induced mitochondrial damage?®. We therefore next
provide a multi-level assessment of morphological and functional alterations of mitochondria

upon bed rest.

We first assessed mitochondrial ultrastructure in our electron microscopy images to provide
structural information about mitochondrial morphology (Fig. 5a). We observed that long-term
bed rest reduced muscle mitochondrial density (Fig. 5a, b). Mitochondrial size was reduced
after bed rest (Fig. Sc, Fig. S9c), but aspect ratio and circularity remained unchanged (Fig. S9a,
b). Mitochondrial fragmentation index (total number of mitochondria / total mitochondrial
area) was significantly higher after bed rest (Fig. S9d). Protein concentrations of the
mitochondrial complexes II, III, IV, and ATP synthase were decreased after long-term bed rest

(Fig. S9e-1), as was the total protein concentration of mitochondrial subunits (Fig. 5d, e).

Individual mitochondrial complexes are structurally and functionally assembled into high-
molecular mass supercomplexes or respirasomes?’ 2%, Aerobic exercise is known to enhance
supercomplex assembly in humans®, but it is currently unknown whether mitochondrial
supercomplex assembly is altered upon physical inactivity. We therefore assessed the
supramolecular organisation of complexes [-IV and ATP synthase into supercomplexes, and
normalized for total mitochondrial protein, after isolating and purifying the mitochondrial
protein fraction from vastus lateralis biopsies. We found fewer mitochondrial supercomplexes
after long-term bed rest (Fig. 51, g), as was V,, [IL+IV and the free form of complex IV, while
free complex II and I1I tended to be lower (Fig. S9j-m). Our observed decrease in supercomplex
abundance after long-term bed rest was not accompanied by significant changes regarding the
incorporation of individual complexes into mitochondrial supercomplexes (Fig. 5h), overall

suggesting that bed rest reduced mitochondrial supercomplex formation and individual
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complexes, with no reorganization from the supercomplexes into free complexes.
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Figure 5. Mitochondrial structure and function reduce after long-term bed rest. a:
Representative electron microscopy images were used to assess mitochondrial density (b) and size (¢) which were
both reduced after long-term bed rest. d-e: Typical Oxidative phosphorylation capacity (OXPHOS) western blot
and normalization. Individual protein concentrations of mitochondrial complexes were only reduced after long-
term bed rest. f-h: Representative BN-PAGE to assess mitochondrial supercomplexes (SC). Relatively less
mitochondrial proteins were incorporated into SCs after long-term bed rest (g), but the make-up of these
supercomplexes was the same (h). i-j: Saponin-permeabilized fibres were used to assess mitochondrial respiratory

respiration. OXPHOS capacity was unaffected after short- but significantly decreased after long-term bed rest.
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All data were analysed using repeated measures ANOVA, with Tukey’s post hoc test, n=14-17 for mitochondrial
density and area, n=9 for immunoblotting, n=7 for BN-PAGE, n=24 for respirometry. Scale bar=1pm in a.

To assess mitochondrial respiration, we performed high-resolution respirometry in
permeabilised muscle fibres (Fig. 51). Short-term bed rest did not cause significant changes in
any parameter of mitochondrial respiration. Long-term bed rest resulted in a lower leak,
NADH-linked respiration, oxidative phosphorylation capacity (Fig. 5j), electron transport
capacity and succinate-linked respiration (Fig. S9n-q). We observed no significant alterations
in respiratory control ratios as measures for qualitative differences in mitochondrial respiration
(Fig. S9r-t). The 24% reduction in mitochondrial respiration upon long-term bed rest was

paralleled by a ~30% reduction in mitochondrial density and protein concentration.

Our multi-level analysis of mitochondrial morphology and function collectively indicate that
short-term bed rest does not alter mitochondrial size, density or respiration, but long-term bed
rest results in a lower oxidative phosphorylation capacity that was mechanistically explained
by fewer and smaller mitochondria, rather than preferential reductions in specific components

of the electron transport system.
Discussion

Our longitudinal study provides information about the time course of the development of
nutrient overload, insulin sensitivity, lipotoxicity and metabolic changes in skeletal muscle
after physical inactivity. The reduced energy demand during physical inactivity was
accompanied by the accumulation of intracellular glycogen and lipid droplets. Long-term bed
rest did not further increase intracellular glycogen compared to short-term bed rest, due to
decreased whole body insulin sensitivity, less GLUT4 at the skeletal muscle cell membrane,
and a metabolic shift away from lipid towards glucose oxidation. Lipid accumulation, also in
close vicinity to mitochondria, increased from short- to long-term bed rest, together with an
accumulation of lipid species associated with inflammation and lipotoxicity. This
intramuscular accumulation of lipotoxic lipid species coincided with a reduction in

mitochondrial size, density, supercomplex formation and respiration.
A diminished energy demand results in nutritional oversupply

We anticipated a reduced ATP demand of skeletal muscle and lower resting whole-body energy
utilization rates during bed rest*’, and therefore reduced the participants’ total energy intake
from 1.6 to 1.3 x their resting metabolic rate during the bed rest'!. Still, we observed an

intramuscular glycogen and lipid droplet accumulation after short-term, while only lipid
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droplet accumulation further increased after long-term bed rest, likely due to this reduced

energy demand, and relative nutritional oversupply>'.

Our findings of intramyocellular lipid accumulation in the vastus lateralis muscle are in line
with intramuscular lipid accumulation in gluteal®? and lumbar'* muscles following bed rest.
While intramuscular fat accumulation can normally be either inside or in between fibres, we
did not observe abnormal extracellular lipid accumulation in skeletal muscle after bed rest.
Insulin resistance and obesity are linked to the development of inter-muscular adipose tissue’?,
but how nutritional overload and/or physical inactivity contribute to the development of inter-

muscular adipose tissue, potentially via the activation of fibro-adipogenic progenitors®*,

remains unknown.

Intramyocellular storage of lipid droplets provides an important energy source for skeletal
muscle, also in well-trained athletes®, but intramyocellular lipid accumulation is also
associated with metabolic organ dysfunction®. Likely, the turnover rate of fatty acids
contributes to a different signature of intracellular lipid species between highly-trained athletes
and sedentary individuals. Future work is needed to determine the exact content and
distribution of intracellular lipid droplets. We observed lower levels of acylcarnitines and a
shift towards longer-chain acylcarnitines after short-term bed rest, as well as a decline in
carnitine after long-term bed rest, suggesting that the reduced resting fatty acid oxidation after
short-term bed rest was due to a lower capacity to import fatty acids into mitochondria. Indeed,
a limited capacity of carnitine palmitoyl-transferase-1 (CPT-1) to transport cytosolic long-
chain acyl-CoAs across the mitochondrial membrane contributes to metabolic inflexibility due
to the accumulation of incompletely oxidized lipid intermediates®*”. The decrease in fatty acid
oxidation and increased glucose oxidation after long-term bed rest likely contributed to our
observed triglyceride accumulation and intramyocellular lipid droplets, and ultimately, the

appearance of lipid species associated with lipotoxicity, such as ceramides and sphingomyelins.

Our lipidomics data show a higher abundance of longer triglycerides in blood (Fig. S6a) and
skeletal muscle (Fig. 3b). The increased number in skeletal muscle is likely due to an increased
intramuscular synthesis of triglycerides from fatty acyl-CoAs and glycerol-3-phosphate. We
could not detect glycerol-3-phosphate abundance in our metabolomics dataset, but pentose
phosphate pathway metabolites were elevated upon bed rest (Fig. 4b)*®. We also observed
glycogen molecules accumulating inside lipid droplets (Fig. 2c), but the biological link
between glycogen and triglyceride synthesis remains unclear. The origin of the fatty acids is

however unknown, since such longer fatty acids could have been imported from the circulation,
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possibly via CD36*, or produced locally via de novo lipogenesis. We were unable to provide
clear evidence of the conversion of citrate into fatty acids, but it has been suggested that de
novo lipogenesis can occur in skeletal muscle, particularly under hyperglycaemic
conditions**4%42_ Gene expression or protein content of key enzymes in this pathway do not
necessarily provide evidence of an increased flux through this pathway. Our study design
cannot provide the relative contribution of de novo lipogenesis in the intramuscular triglyceride
accumulation, as we did not perform experiments with labelled substrates. Despite this, our
lipidome analysis indicates intramyocellular lipogenesis in the form of an increased synthesis
of triglycerides, ceramides and sphingomyelins upon long-term bed rest. Clearly, the regulation
of lipogenesis and the underlying metabolic regulation in the context of physical inactivity

deserves further study.
Intracellular insulin insensitivity

We observed a reduced whole-body insulin sensitivity, altered GLUT4 signalling, and
glycogen accumulation upon short-term bed rest. We reason that the glycogen accumulation
preceded the decrease in insulin sensitivity. Firstly, if reduced insulin insensitivity -all else
staying the same- had occurred before glycogen accumulation, then glucose uptake (and
glycogen accumulation) would have been lower, not higher. Secondly, it has been reported that
glycogen accumulation provides a negative feedback signal to insulin-mediated GLUT4
translocation*® that may contribute to the absence of further significant glycogen accumulation
between short- and long-term bed rest, facilitated by a metabolic shift towards more glucose
oxidation and a transient rise in resting carbohydrate oxidation. We therefore suggest that
glycogen accumulation occurred before the reduction in insulin sensitivity, but future work is

required to confirm this.

Elevated levels of elongated triglycerides, ceramides and sphingomyelins in skeletal muscle
are strongly associated with local and systemic impaired insulin action® and critical illness
myopathy**. It remains unclear, however, whether intramyocellular lipid accumulation causes
insulin resistance or whether skeletal muscle insulin resistance occurs due to an excess
accumulation of intramyocellular lipids®. We observed that intracellular lipid accumulation
accompanied the decreases in systemic insulin sensitivity and less GLUT4 located at the
muscle cell membrane after short-term bed rest, but the reduction in insulin sensitivity preceded
the accumulation of lipotoxic ceramides and sphingomyelins. The additional accumulation of
intramyocellular lipids after long-term bed rest was accompanied by a worsening of

intracellular GLUT4 signalling, but not by a progressive decline in whole-body insulin
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sensitivity. The circulating levels of the pro-inflammatory cytokines IL-6 and TNF-a were only
measured and increased after long-term bed rest. From the integration of our observed
circulating and skeletal muscle lipids signatures, we therefore propose that skeletal muscle
insulin insensitivity preceded, rather than followed, the accumulation of lipotoxic species and

systemic inflammation.

While lipotoxicity and reduced oxidative phosphorylation capacity followed rather than
preceded the decline in insulin sensitivity during bed rest, a decreased local insulin sensitivity
may serve to minimise excessive intramyocellular glycogen accumulation. An impaired
insulin-induced GLUT4 translocation towards the membrane reduces cellular glucose uptake,
manifesting in a higher circulating insulin concentration to “push” glucose into peripheral
tissue, ultimately resulting in a decreased whole-body insulin sensitivity**. It should be noted
that GLUT4 localisation and expression not only depend on circulating insulin and its local
insulin receptor, as also physical exercise represents a potent stimulus for insulin-independent
GLUT4 translocation and glucose uptake, as well as increasing GLUT4 gene transcription
levels®#7. The increase in muscle glucose uptake induced by acute exercise is partly
independent of insulin, and the enhanced post-exercise skeletal muscle insulin sensitivity is
characterised by more GLUT4 localisation at the skeletal muscle membrane that persists up to
16-24 hours**3° As such, the acute reduction in insulin sensitivity and GLUT4 localisation
at the muscle cell membrane during bed rest may be a direct consequence of a reduction in the
long-lasting effect of exercise-evoked sensitisation of GLUT4 signalling. As such, glucose

uptake via an intracellular “pull”-mechanism is reduced after physical inactivity.

Channelling away intracellular glycogen towards triglycerides and other lipid species might be
the consequence of a ceiling effect in intracellular glycogen storage. Intracellularly stored

glycogen is also known to modulate muscle GLUT4 translocation via posttranslational

0 51-52

, such as protein acetylation, glycosylation and O-GlcNAcylation’ ™%,
3

modifications®
modulating protein and enzyme activities®>. How physical inactivity alters the post-

translational landscape in skeletal muscle requires future studies.
Bed rest alters skeletal muscle substrate oxidation

Metabolic inflexibility is often associated with physical inactivity, insulin resistance and type
2 diabetes mellitus®>2°. We showed a reduction in body mass index upon bed rest, despite an
increase in fat mass. Whole-body resting glucose and lipid oxidation, measured in the fasted

state, were transiently altered, whereas fat mass progressively increased throughout the bed
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rest. Whether the transient changes in whole-body carbohydrate and lipid oxidation are
therefore due to a reduction in resting metabolic rate, increased fat mass, or daily variation in
diet is currently unknown. Despite this, we observed markedly altered resting metabolite
concentrations, indicative of a bed rest-induced shift in substrate oxidation, consistent with

metabolic inflexibility.

Metabolites related to the glycolysis were higher, and those associated with fatty acid oxidation
were lower after long-term bed rest, indicative of a shift away from fatty acid oxidation towards
a higher reliance on glucose oxidation at rest’. We observed a short-term reduction, but long-
term increase in metabolites of glycolysis and the pentose-phosphate pathway. The metabolic
shift from fatty-acid to glucose metabolism caused a spill-over in the pentose phosphate
pathway, likely associated with an increased triglyceride synthesis, but other molecular

consequences for in vivo nucleotide synthesis are unknown.

Regular aerobic exercise training is widely accepted to shift mitochondrial metabolism towards
a predominant free fatty acid metabolism?, and detraining or physical inactivity is associated
with a shift towards more glucose metabolism®, which we confirmed via our whole-body
substrate oxidation rates and skeletal muscle metabolome signatures. Maintaining intracellular
nutrient homeostasis is dependent on substrate availability (push concept) and energy
requirement (pull concept). Substrate oxidation in mitochondria plays an important role for
understanding the pull concept of metabolic flexibility, while excess nutrient supply alters

metabolic flexibility by a push-mechanism?.

Bed rest-associated mitochondrial alterations in structure and respiration

Although physical inactivity is traditionally associated with a reduction in muscle
mitochondrial density and function, there is considerable discrepancy in the literature. We
previously showed a dissociation between skeletal muscle size and mitochondrial density in
the same cohort of participants'?. Daily reduction in muscle size was largest in the first six days
of bed rest, while a marker for mitochondrial density (succinate dehydrogenase activity) was

only reduced after long-term bed rest'?

. Our results show a decreased mitochondrial respiration
(per mg of tissue) and density only after long-term bed rest, indicating that the loss of
sarcomeric and mitochondrial protein are proportionally similar after short-term bed rest, but
that mitochondrial proteins are predominantly lost after long-term bed rest. Our results are in
line with studies reporting no alterations in mitochondrial respiratory function after a 6-10 days

of bed rest'>**3 and studies reporting lower mitochondrial respiration after long-term bed
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rest!>°%, Other groups, however, report a significantly lower mitochondrial respiration after
7-10 days of bed rest®™2 or even a higher mitochondrial respiration®%. We reason that
differences in age, pre-study fitness levels, and nutritional control (particularly overnutrition)

contribute to these discrepancies.

Notably, no change in fibre type composition was observed at any time point of the bed rest!2,
in accordance with other recent findings®. Independent of fibre type changes, a reduction in
the succinate dehydrogenase activity in muscle fibres'? and whole muscle metabolic alterations
have been described before™®, because the molecular pathways underlying metabolic
alterations and myosin heavy chain expression are different. Therefore, we conclude that the
metabolic changes occur in the absence of significant changes in muscle fibre type

composition.

The decrease in mitochondrial density (28%) and OXPHOS capacity (24%) was proportional

to the reduction in cardiolipin concentration (24%) after long-term bed rest.

Our mitochondrial supercomplex measurements were normalized to mitochondrial protein
content. The reduced mitochondrial respiration coincided with a decrease in supercomplex
formation after long-term bed rest, at the time when also mitochondrial density and proteins
were reduced. A lower mitochondrial supercomplex formation correlates with impairments in
oxidative phosphorylation capacity®, and is linked to a more fragmented mitochondrial
network (Fig. S9d)**®’. Moderate-intensity aerobic exercise training on the other hand,
increases supercomplex abundance and a redistribution towards larger supercomplexes in older
participants?®. High-intensity training in younger participants increased supercomplex
abundance, but similarly to our results, did not induce stoichiometric changes to the
mitochondrial supercomplexes®®. Mitochondrial supercomplex abundance in skeletal muscle is
therefore reduced during periods of physical inactivity, but future work should decipher which

molecular signals are involved in the formation of mitochondrial supercomplexes.

Our electron microscopy results show a higher mitochondrial fragmentation index upon short-
term bed rest, driven by smaller individual mitochondria. The aspect ratio and circularity,
however, did not change. As mitochondrial density did not reduce upon short-term bed rest,
we conclude that short-term bed rest results in more mitochondria, each with a smaller
individual area. This more fragmented mitochondrial network does not reduce oxidative
phosphorylation capacity upon short-term bed rest. However, smaller mitochondria may be

more susceptible to damage upon bed rest-induced nutrient overload, as we observed in Figure
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2c. How mitochondrial fission and fragmentation relate to changes in nutrient overload is

currently unknown, but deserves further study.

Here, we highlight a role of intracellular lipotoxicity-associated lipid species in the preferential
loss of mitochondrial protein after long-term bed rest. Lipotoxicity is known to contribute to
skeletal muscle mitochondrial dysfunction in patients with type 2 diabetes®. We observed a
greater proportion of smaller mitochondria in close vicinity of large lipid droplets after long-
term bed rest. Lipotoxicity and overnutrition have also been suggested to be the primary
initiating factor for mechanical-ventilation-induced diaphragm dysfunction, as induction of
hyperlipidemia worsened diaphragmatic dysfunction after mechanical ventilation in mice®. Our
findings therefore lead us to hypothesise that a nutrient oversupply precedes a reduction in
insulin sensitivity, which in turn prevents further intramyocellular glycogen loading, but not
lipid accumulation. The resultant triglyceride, ceramide and sphingomyolin synthesis can cause
mitochondrial damage and dysfunction by lipid peroxidation, causing a positive feedback loop
where a reduced oxidative capacity increases intracellular lipid accumulation in the vicinity of

mitochondria®’.
Clinical implications and future perspectives

The negative health impacts of physical inactivity are often linked to other confounding
lifestyle alterations, such as a western diet, alcohol use or sedentary behaviour’”". The total
amount of calories in the nutrition in this study consisted of 15% protein, 32% fat and 52%
carbohydrates, representing a ‘healthier’ diet compared to a ‘real-world’ scenario where a
sedentary lifestyle is commonly combined with a diet rich in saturated fat and sugar. Despite
the fact that total nutritional intake of participants in this study was carefully controlled and
adjusted to their individual resting metabolic rates and body weight'!, we still observed an
increase in intramyocellular lipid and glycogen accumulation after six days of bed rest. The
bed rest-induced muscle atrophy'? was accompanied by a relative increase in cell membrane
lipids per mg of tissue, because of a proportionally larger atrophy than loss of cell membrane
lipids. We acknowledge the limitation that the ~20% reduction in energy intake was not enough
to compensate for the larger reduction in whole-body energy utilization rates during bed rest>’.
Importantly, despite the hypercaloric diet, body mass still decreased over the bed rest period'!.
In healthy humans, disuse-associated reductions in fat-free mass might be regarded as
beneficial in order to dampen whole-body metabolic consequences of physical inactivity. A
hypocaloric diet-induced loss in fat-free mass in hospitalized older, malnourished people with

the risk of developing sarcopenia might, however, become problematic with post-hospital
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recovery’2. Patients in the intensive care unit often have high circulating glucose and free fatty
acids levels’, and early delivery of a high caloric intake has been associated with a longer stay

t74

at the intensive care unit’* and high mortality’. Clinical measures designed to reduce the risks

of substrate overload or rescuing dysfunctional mitochondria via the AMPK-PGCla

pathway”, i.e. via metformin’®

, could be useful in preventing metabolic dysfunction, and
ultimately mortality, upon physical inactivity in the hospital setting’’. What the molecular
interplay is between insulin sensitivity, intramyocellular lipotoxicity and mitochondrial
metabolism in hospitalized patients, who also suffer from systemic inflammation, warrants

further study.
Conclusion

Our findings reveal that the low energy demand of the skeletal muscle during physical
inactivity is associated with a rapid accumulation of intracellular glycogen and reduced insulin
sensitivity. The observation that lipid, but not glycogen accumulation or insulin insensitivity,
kept increasing from short- to long-term bed rest, indicates that lipid accumulation is not linked
to a decrease in insulin sensitivity. Rather, a metabolic shift away from fatty acid towards
glucose oxidation, impaired GLUT4 localisation at the muscle cell membrane, and triglyceride
synthesis minimised further glycogen accumulation during prolonged bed rest. The appearance
of lipotoxic species, such as ceramides and sphingomyelins, occurred only after long-term bed
rest, and coincided with the reduced mitochondrial density and respiration, but did not
aggravate insulin sensitivity. We conclude that an elevated nutritional supply to substrate
utilisation represents a major determinant for inactivity-associated skeletal muscle adaptations,
providing a target for the alleviation of muscle-specific detrimental alterations upon physical

inactivity.
Limitations of the study

Limitations of the current study include the lack of skeletal muscle metabolic flux analyses,
and dynamic measures of metabolic flexibility and insulin sensitivity, such as insulin clamp,
oral glucose tolerance test and pre-post-meal GLUT4 localisation in skeletal muscle. Further
limitation pertains to the relatively small sample size of some of the experiments, due to
scarcity of biopsy material, which also prevented us from measuring phosphorylation status,
as well as gene and protein content of markers of the insulin signalling pathway and de novo
lipogenesis. How intracellular lipid accumulation relates to the development of inter-muscular

adipose tissue and the contribution to muscle insulin resistance deserves further study.
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STAR Methods

Key Resources Table

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-GLUT4

Thermo Fisher Scientific

Cat#PAS5-23052;
RRID: AB_11153908

Mouse anti-Human OxPhos cocktail Thermo Fisher Scientific | Cat#45-8199; RRID:
AB 2533836

Mouse monoclonal anti-NDUFA9 Thermo Fisher Scientific | Cat#459100:  RRID:
AB 2532223

Rabbit polyclonal anti-Mouse IgG (H+L) secondary antibody, | Thermo Fisher Scientific | Cat#61-6520; RRID

HRP AB_2533933

F(ab')2-Goat anti-Rabbit IgG (H+L) cross-adsorbed secondary | Thermo Fisher Scientific | Cat#A48282; RRID:

antibody, Alexa Fluor™ Plus 488 AB 2896345

Bacterial and virus strains

Biological samples

Human muscle biopsies This paper N/A

Human blood plasma This paper N/A

Chemicals, peptides, and recombinant proteins

Wheat Germ Agglutinin Thermo Fisher Scientific | Cat#W32466

Normal Goat Serum (10%) Life technologies Cat#50062Z

Periodic acid Sigma-Aldrich Cat#P7875

Schiff’s reagent Sigma-Aldrich Cat#3952016

Propylene glycol Sigma-Aldrich Cat#W294004
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Sudan Black B

Sigma-Aldrich

Cat#199664

VECTASHIELD Mounting Medium with DAPI

Vector Laboratories

Cat#H-1500-10

RIPA lysis buffer Sigma-Aldrich Cat#R0278
Protease inhibitors Roche Cat#04693124001
Phosphate inhibitors Roche Cat#04906837001
NativePAGE sample buffer Thermo Fisher Scientific | Cat#BN2003
Digitonin Novex life technologies | Cat#BN2006
No-Stain Protein Labeling Reagent Thermo Fisher Scientific | Cat#A44717

3 - 12% Bis-Tris gradient gel ThermoFisher Scientific | Cat#BN2012BX10

NuPAGE transfer buffer

Life Technologies

Cat#NP0006-1

Critical commercial assays

Pierce BCA Protein Assay Kit ThermoFisher Scientific | Cat#23225

Deposited data

Full metabolomics dataset This paper MetaboLights
accession number:
MTBLS9114

Lipidomics This paper MetaboLights
accession number:
MTBLS9114

Software and algorithms

Imagel Schneider et al’®. https://imagej.nih.gov/i
i/
FLJI Schindelin et al.” https:/fiji.sc/

Huygens Professional 22.4

Scientific Volume
Imaging, The
Netherlands

http://svi.nl

R studio 4.2.2

R Core Team 2022,

Vienna, Austria

http://www.r-

project.org/
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GraphPad Prism 10.0.2 GraphPad Software, | http://www.graphpad.c
Boston, Massachusetts, | om/
USA

Other

HOMAZ2 computer model Levy etal. and Wallace et | https://www?2.dtu.ox.a

al.1580 c.uk/homacalculator/

Resource Availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Rob C.I. Wiist (r.wust@vu.nl).

Materials availability

This study did not generate new unique materials.

Data and code availability

e The full metabolomics and lipidomics datasets are available at MetaboLights accession

number MTBLS9114.
e This paper does not report original code.
e Any additional information required to reanalyse the data reported in this paper is

available from the lead contact upon request.
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Experimental Model And Studyv Participant Details

Participant recruitment

The CONSORT diagram for participant recruitment and screening is depicted in supplementary
Figure S1'!. In short, after ethical approval and advertisement, interested participants received
detailed information and a screening questionnaire and had to attend a mandatory information
session at the German Aerospace Centre Cologne or Hamburg (Visit 1). During the information
session a preliminary psychological test, including a Freiburger Personality Questionnaire. If
deemed eligible (i.e., willing to participate and likely to finish the intervention), potential
participants were invited to successive, more rigorous screening procedures including a
modified Air Force Class III physical and psychological evaluation (Visit 3), and a criminal
background check. All participant selection and assessment were performed by physicians and
psychologists of the German Aerospace Centre, with ample experience in selection of

participants for bed rest studies.
Study design

Twenty-four healthy participants (16 men, 8 women, 33+£9 years; 175£9 cm; 74+10 kg)
participated in the AGBRESA study, in collaboration with the German Aerospace Centre, the
European Space Agency and the National Aeronautics and Space Administration''. All
participants gave written informed consent prior to the study. The study was conducted in
accordance with the declaration of Helsinki and was registered at the German Clinical Trials
Register under number DRKS00015677. The protocol was approved by the ethics commissions
of the Medical Association North Rhine (number 2018143) and NASA (Johnson Space Center,
Houston, United States). The primary objective of the study was to determine the efficacy of
30-min daily artificial gravity in the form of continuous or intermittent centrifugation as a

countermeasure to the adverse effects of physical inactivity. Participants were pseudo-
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randomly assigned to an experimental group, to match participants at baseline for age, gender
and body mass index. Participants underwent physical and psychological testing to assess their

suitability to be included in the study'".

Participants were instructed to undergo a 60-day strict 6° head-down bed rest. No pillows were
allowed except for a thin cushion when participants lay on their side; one shoulder always had
to touch the mattress, and all daily activities including personal hygiene were done in the —6°
position. In total, participants spent 87 days at the research facility, including pre- and post-bed
rest measurements. All participants ingested a standardised diet with an energy intake of 1.6
times the resting metabolic rate before and 1.3 times resting metabolic rate during bed rest.
Fluid intake was controlled and ingestion of caffein and alcohol was prohibited. Participants

were subjected to regulated bed times'".

Method Details

Body composition

Appendicular, trunk and total fat and lean mass distribution was assessed by DXA, using the
whole-body scan feature of the Prodigy Full Pro system (GE Healthcare GmbH), before, after
15 or 30, and 60 days of bed rest, and analyzed using the manufacturer’s enCORE software
(version 16.10.151).

Indirect calorimetry

Substrate oxidation values were collected via indirect calorimetry using a canopy device
(Quark RMR, COSMED Deutschland GmbH, Fridolfing, Germany) in the morning after an
overnight fast. Before each test, the gas analyzers were calibrated using a reference gas mixture
(17% Oz and 5% COz in nitrogen). The rate of oxygen consumption (VO2) and carbon dioxide
production (VCO»), standardized for temperature, barometric pressure, and humidity, were
recorded at 10-s intervals. After about 30 min of acclimatization, measurements were
continuously performed for 30 min in thermo-neutral environment, while the participants were
lying calm in the 6° head down tilt position. The last 20 min of acquired data were used for
analyses. The rate of fat oxidation and carbohydrate oxidation expressed in g/h have been

calculated using common stoichiometric equations.
Plasma substrate analyses of HOMA-IR parameters

Fasting blood samples were collected one day before the start of the bed rest, and after 6 and

57 days of bed rest, always at the same time before breakfast. The blood was centrifuged and
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the aliquoted serum stored at -80 °C. Plasma concentration of insulin was measured by an
automated immunoassay (Atellica IM, Siemens Healthcare Diagnostics) with an inter-assay
variation of <5% over the whole concentration range®'. Plasma glucose concentration was
assessed with the use of the hexokinase reaction. Measurements were carried out on Cobas
c502 and e801 automated clinical chemistry analysers respectively (Roche Diagnostics
GmbH). The homeostatic model assessment (HOMA) for insulin resistance (HOMA2-IR),
pancreatic beta cell function (HOMA2-%B) and insulin sensitivity (HOMA2-%S) were
calculated using the correctly solved HOMA computer model with no linear solutions

(https://www?2.dtu.ox.ac.uk/homacalculator/;'>5%). The product of systemic insulin and plasma

triglyceride levels was used as an indirect marker for the adipose tissue insulin resistance

index!®.
Plasma substrate analyses of inflammatory markers

Circulating inflammatory markers and cortisol were assessed in blood samples collected after
10 hours of overnight fasting. Plasma concentrations of interleukin (IL)-6,
and serum concentrations of tumor necrosis factor (TNF)-a, C-reactive protein (CRP) and
cortisol were determined in a local accredited laboratory, using standard methods. IL-6 was
quantified with the Elecsys IL-6 immunoassay (IL-6 CalSet). C-reactive protein was measured
on a Cobas 8000 analyser using the latex-enhanced immunoturbidimetry method

(Cat#05172373 190, Roche Diagnostics).
Muscle biopsy

Skeletal muscle biopsies were taken from the vastus lateralis muscle using a rongeur (4-mm
diameter) under sterile conditions and local anaesthesia with lidocaine, before bed rest, and
after 6 and 55 days of bed rest. A subpart of the sample was mounted on cork with Tissue-Tek
O.C.T. compound (Sakura, Torrance, CA, USA) oriented for transverse sectioning, quickly
frozen in liquid nitrogen and stored at -80 °C until further use. Another part of the biopsy was
stored in preservation solution for the assessment of mitochondrial respiration (see below), and
one part in fixative (1.5 % potassium ferrocyanide) for electron microscopy (see below). Due

to very low tissue availability, not all experiments could be performed on all participants.
Immunofluorescence microscopy

Ten um sections were cut using a cryostat (Microm HMS550; ThermoFisher Scientific) at -20

°C, collected on adhesive microscope slides, and stored at -80 °C until further processing.

Immunofluorescent staining
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For 9 participants (6 men, 3 women, 36 = 10 years; 172 + 8 cm; 75 + 7 kg) immunofluorescent
staining for the glucose transporter type 4 (GLUT4) and the sarcolemma was performed for
subsequent colocalization determination. Sections on slides were air-dried for 10 minutes.
Sections were fixed in a solution of 75% acetone and 25% ethanol and washed in 1x phosphate-
buffered saline (PBS) 3x5 min. GLUT4 Polyclonal Antibody (Thermo Fisher Scientific,
Cat#PAS5-23052) diluted 1:200 with 10% Normal Goat Serum (Life technologies,
Cat#500627) was added to each slide except a negative control. The sections were incubated
overnight at 4 °C in humid conditions. Sections were washed 3 x 5 min in PBS, and incubation
of the secondary antibody (Thermo Fisher Scientific, Cat#A48282) diluted 1:200 in 10% NGS
was performed in the dark for 60 min at room temperature. After washing in PBS, sections
were incubated with Wheat Germ Agglutinin (Thermo Fisher Scientific, Cat#W32466; 1:25 in
PBS) for 30 min at room temperature. After washing, VECTASHIELD Mounting Medium
with DAPI (Vector Laboratories, Cat#H-1500-10) and a cover slip were added.

Confocal microscopy and image analysis

At least five images per section were taken using the ZEISS Axiovert 200M with fluorescent
equipment (Carl Zeiss Microscopy, Jena, Germany) using the 40x dry objective. Background
subtraction was performed based on a negative control. Images were deconvolved using
Huygens Professional 22.4 (Scientific Volume Imaging, the Netherlands, using Classic MLE
algorithm, Acuity 26.30, theoretical PSF, SNR 38.00, 94 iterations, Relative background +20).
Each image was manually evaluated to exclude images containing artefacts, out of focus areas,

(high) localized background and large areas with connective tissue.
GLUT4 translocation.

Deconvolved images were analysed in FIJT using the JACoP plugin to compute the Mander’s

18-82

colocalization coefficients between GLUT4 and the sarcolemma °°-. The mean of the

Mander’s overlap coefficient of every image was computed per time point for each participant.
Western blotting

Protein content was determined as previously described®’. Tissue samples were emerged in
RIPA lysis buffer (Sigma-Aldrich, Cat#R0278) containing protease and phosphate inhibitors
(Roche, Cat#04693124001 and Cat#04906837001, respectively) with six stainless beads (2.4
mm; Omni International, Cat#19-640-3). Samples were homogenized using the Fisherbrand
Bead Mill 4 homogenizer at speed 4 for 3x45 s three times, with 1 min on ice in between. After

sonication, samples were centrifuged at 12000g for 10 min at 4 °C. The Pierce BCA Protein
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Assay Kit (ThermoFisher Scientific, #23225, Waltham, MA, USA) was used to assess total
protein concentration in collected supernatants through spectrophotometry (Epoch Biotek,
Winooski, VT, USA). Approximately 10 pg of separated denatured proteins supplemented with
sample buffer were loaded onto a precast polyacrylamide gel with a 4-20% gradient (Biorad,
Cat#4561096) located in a Mini-PROTEAN Tetra electrophoresis cell (Biorad,
Cat#1658004EDU). Gel electrophoresis was started off with 30 min at 50 V, followed by 90-
120 min at 120 V and was run under frigid conditions. Subsequently, proteins were electrically
transferred to a polyvinylidene fluoride membrane at 80 V for 60 min in blotting buffer using
the Mini Trans-Blot cell (Biorad, Cat#1660827EDU). The membrane was washed with Tris-
buffered saline, 0.1% Tween (TBS-T). To check for equal loading, membranes were incubated
in No-Stain Protein Labelling Reagent (Thermo Fisher Scientific, Cat#A44717) for 10 minutes
before blocking. Subsequently, the membrane was blocked with 2% blocking buffer made of
ECL Prime Blocking agent (Amersham, Cat#RPN418) dissolved in TBS-T for 60 minutes at
4 °C. After addition of either GLUT4 Polyclonal Antibody (1:1000; Thermo Fisher Scientific,
Cat#PA5-23052) or OxPhos Human WB Antibody Cocktail (1:1000; Thermo Fisher Scientific,
Cat#45-8199), the membrane was incubated in blocking buffer overnight at 4 °C. The next day,
the membrane was washed in TBS-T (3 x 5 min) and incubated with the appropriate horseradish
peroxidase secondary antibody in blocking buffer (1:4000; Agilent Dako, Cat#P0448; Thermo
Fisher Scientific, Cat#61-6520) for 60 min at room temperature. The membrane was washed
in TBS-T again (3 x 5 min). ECL Select Western Blotting Detection Reagent (Amersham,
Cat#RPN2235) was used to detect protein bands. The Sapphire Biomolecular Imager (Azure
Bioxystems) recorded the chemiluminescent signal, and Image] software was used for

performing quantification with intensities normalized to control.
Histochemistry

To identify glycogen accumulation, a Periodic acid—Schiff staining was performed as described
before®*. After 5 min of fixation in 3.7% paraformaldehyde, sections were incubated for 25 min
in 1% periodic acid followed by 25 min incubation in Schiff’s reagent. To stain for
intramyocellular lipid accumulation, a Sudan Black B staining was performed®®. Sections were
fixed in 10% formalin for 5 min. Subsequently, sections were incubated in absolute propylene
glycol for two times 5 min, after which sections were transferred to Sudan black (60 °C) for 7

min. Sections were differentiated in 85% propylene glycol for 3 min.

Electron microscopy
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Mitochondrial volume density and glycogen and lipid content were determined by electron
microscopy as previously described, with minor adjustments®>. Biopsies were fixed in 2.5%
glutaraldehyde, and before embedding samples were washed, fixed in 1% osmium tetroxide
and 1.5% kalium ferrocyanide for 1 h, washed, and dehydrated with ethanol 2x 70%, 80%,
90%, 2x 100% for 15 min. Samples were impregnated in epon : propylene oxide (1:1) for 1 h,
then with epon for 30 min at 37 °C. Subsequently, samples were put in a mold with epon and
solidified for at least 2 days at 65 °C. For electron microscopy, ultrathin 70-nm sections were
picked up and placed on 150 mesh copper grids, and stained with uranyl acetate and lead citrate.
Grids were imaged using an FEI Tecnai 120 kV transmission electron microscope (Thermo
Fisher scientific, Waltman, Massachusetts, VS) with a Veleta camera. Images from the
intramyofibrillar region (longitudinal to the fiber orientation only) were taken at magnifications

ranging from 4500x to 30000x.

Electron microscopy images were scored for glycogen and intramyocellular lipid accumulation
by four independent, blinded, raters. Five images per subject per timepoint were assessed for
number and size of lipid droplets from 1 (none) to 5 (extremely high), and results averaged,
first between raters, then per subject timepoint. Mitochondrial volume density was determined
using ImageJ by outlining individual mitochondria, and the surface area measured. All surface
areas of the mitochondria in one image were summed and expressed as a percentage of the total
surface area. The average mitochondrial size was computed by dividing the total mitochondrial
density by the mitochondrial number per image. All researchers were blinded to the participant

characteristics and timepoint of the images during the analysis.
Metabolomics

Vastus lateralis biopsies and blood plasma were processed for metabolomics and lipidomics,
as described before®®. Muscle biopsies were freeze-dried and powdered to allow equal
portioning. Water, methanol, and chloroform were added to the sample before thorough mixing
and centrifugation for 10 min at 14,000 rpm. The top layer, containing the polar phase, was
transferred to a new tube and dried using a vacuum concentrator at 60 °C. Dried samples were
reconstituted in 100 uL methanol/water (6/4 vol/vol). Metabolites were analysed using a
Waters Acquity ultra-high performance liquid chromatography system coupled to a Bruker
Impact II Ultra-High Resolution Qg-Time-Of-Flight mass spectrometer. Samples were kept at
12 °C during analysis, and 5 pl of each sample was injected. Chromatographic separation was
achieved using a Merck Millipore SeQuant ZIC-cHILIC column (polyetheretherketone 100 x

2.1 mm, 3 pm particle size). Column temperature was held at 30 °C. The mobile phase
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consisted of (A) 1:9 acetonitrile : water and (B) 9:1 acetonitrile : water, both containing 5 mM
ammonium acetate. Using a flow rate of 0.25 ml/min, the liquid chromatography gradient
consisted of 100% B for 0—2 min, ramp to 0% B at 28 min, 0% B for 28-30 min, ramp to 100%
B at 31 min, and 100% B for 31-35 min. Mass spectrometry data were acquired using negative
and ionization in full scan mode over the range of m/z 50-1,200. Data were analysed using
Bruker TASQ software version 2.1.22.3. All reported metabolites were normalized to the total
amount of metabolites in each sample. Metabolite identification has been based on a
combination of accurate mass, (relative) retention times, and fragmentation spectra, compared
with the analysis of a library of standards.

Lipidomics

One mg of dry tissue was suspended in 300 puL. water and sonicated on ice for 30 s at 8 W using
a tip sonicator. Lipids were extracted using a single-phase methanol-chloroform extraction.
Subsequently, the mixture was sonicated in a water bath for 5 min, followed by centrifugation
at 4 °C (16.000g for 5 min). The liquid phase was transferred to a glass vial and evaporated
under a stream of nitrogen at 60 °C. Subsequently, the residue was dissolved in 150 pL of

chloroform/methanol (9:1, v/v), and 2 pL for normal phase and 5 pL for reverse phase

separation of the solution were injected into the UPLC-HRMS system.

The UPLC system consisted of an Ultimate 3000 binary HPLC pump, a vacuum degasser, a
column temperature controller, and an autosampler (Thermo Fisher Scientific, Waltham, MA,
USA). For normal phase separation of lipids, 2 pL lipid extract was injected on a LiChroCART
250—4 LiChrospher Si 60 (5 um; Merck) maintained at 25 °C. For lipid separation, a linear
gradient consisting of solution A (methanol/water, 85:15, v/v) and solution B
(chloroform/methanol, 97:3, v/v) was used. Solutions A and B contained 5 and 0.2 mL of 25%
(v/v) aqueous ammonia per liter of eluent, respectively. The gradient (0.3 mL/min) was as
follows: T = 0-1 min: 10%A; T = 1-4 min: 10%A-20%A; T = 4—12 min: 20%A-85%A; T =
12-12.1 min: 85%A—-100%A; T = 12.1-14.0 min: 100%A; T = 14-14.1 min: 100%A—10%A;
and T = 14.1-15 min: 10%A. For reverse-phase separation of lipids, 5 pL lipid extract was
injected onto an ACQUITY UPLC HSS T3, 1.8 um particle diameter (Waters) maintained at
60 °C. For lipid separation, a linear gradient consisting of solution A (methanol/water, 40:60,
v/v) and solution B (methanol/isopropanol, 10:90, v/v) was used. Both solutions A and B
contained 0.1% formic acid and 10 mM ammonia. The gradient (0.4 mL/min) was as follows:
T = 0-1 min: 100%A; T = 1-16 min: 80%A; T = 16-20 min: 0%A; T = 20-20.1 min: 0%A;
and T = 20.1-21.0 min: 100%A. A Q Exactive Plus Orbitrap Mass Spectrometer (Thermo
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Fisher Scientific) was used in the negative and positive electrospray ionization modes. Nitrogen
was used as the nebulizing gas. The spray voltage used was 2500 V, and the capillary
temperature was 256 °C. S-lens RF level was 50; auxiliary gas, 11; auxiliary gas temperature,
300 °C, sheath gas, 48 au; and sweep cone gas, 2 au. Mass spectra of lipids were acquired in
negative and positive scan modes by continuous scanning from m/z 150 to m/z 2000 with a
resolution of 280,000 full width at half maximum (FWHM) and processed using an in-house
developed metabolomics pipeline written in the R programming language (http://www.r-
project.org). The identified peaks were normalized to the intensity of the internal standard for
each lipid class. The concentration of each added internal was previously optimized for muscle

tissue. Lipids with a relative abundance of less than 0.05 were excluded from further analyses.
Mitochondrial respiration

Mitochondrial respiration was measured in freshly isolated skeletal muscle fibres using high
resolution respirometry as previously described®>#”. Thin bundles of skeletal muscle fibres
were permeabilized with 50 pg-mL"' saponin for 30 min at 4 °C in a solution consisting of (in
mM) CaEGTA (2.8), EGTA (7.2), ATP (5.8), MgCl: (6.6), taurine (20), phosphocreatine (15),
imidazole (20), DTT (0.5) and MES (50) (pH 7.1). Tissue was subsequently washed in
respiration solution, containing EGTA (0.5), MgCl» (3), K-lactobionate (60), taurine (20),
KH,PO4(10), HEPES (20), sucrose (110) and 1 g-L™! fatty acid free BSA (pH 7.1), blotted dry,
weighed and transferred to a respirometer (Oxygraph-2k; Oroboros Instruments, Innsbruck,
Austria) in respiration solution at 37 °C. The oxygen concentration was maintained above 300

uM throughout the experiment to avoid oxygen diffusion limitations.

Leak respiration was assessed after addition of sodium malate (0.5 mM) and sodium pyruvate
(5 mM). NADH-linked respiration (via mitochondrial complex I) was measured after addition
of 2.5 mM ADP, 10 uM cytochrome ¢, which accounted for possible outer-mitochondrial
membrane damage and sodium glutamate (10 mM) to assess the additional effects of glutamine
oxidation. Maximal oxidative phosphorylation capacity was measured after addition of 10 mM
succinate. Maximal uncoupled respiration was measured after stepwise addition of 0.01 uM
carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP). Subsequently, succinate-
linked respiration was measured after blocking complex I by 0.5 uM rotenone. Residual oxygen
consumption was measured after addition of antimycin A (2.5 uM) and was subtracted from
all values. Two measurements per sample were performed simultaneously and results averaged.

Respiration values were normalized to wet weight and expressed in pmol O»s™!-mg™.
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Mitochondrial supercomplexes by Blue Native Polyacrylamide Gel Electrophoresis

Mitochondrial supercomplexes were determined as previously described®’. Mitochondrial
proteins were isolated from 20-25 mg of vastus lateralis muscle tissue, and 50 pg of
mitochondrial proteins were solubilized in cocktail buffer (Thermo Fisher Scientific,
NativePAGE sample buffer, Cat#BN2003; 5 g digitonin per 1 g of protein, Novex life
technologies, BN2006) and separated using 3 - 12% Bis-Tris gradient gel (Thermo Fisher
Scientific, Cat#BN2012BX10). The BN-PAGE gel was soaked in NuPAGE transfer buffer
(Life Technologies, Cat#NP0006-1), after which proteins were transferred onto a
polyvinylidene fluoride membrane (Amersham Hybond, Cat#10600029, GE Healthcare) using
a wet transfer blotting tank (Bio-Rad) at 100 V for 60 min. Mitochondrial supercomplexes
containing subunits of mitochondrial complex I were detected using an antibody directed
against NDUFA9 (Thermo Fisher Scientific, Cat#459100) and subsequent incubation with a
secondary horseradish peroxidase-labelled antibody rabbit anti-mouse IgG (H+L; Thermo
Fisher Scientific, Cat#61-6520). Subsequently, an antibody cocktail against subunits of all
mitochondrial complexes (OxPhos Human WB antibody cocktail, Invitrogen, Cat#45-8199)
was used to visualize all mitochondrial complexes. Images were taken using an enhanced
chemiluminescence detection kit (Amersham, Cat#RPN2235) and scanning with
ImageQuant™ LAS 500 (GE Healthcare Bio-Sciences AB). Supercomplex abundance was
assessed through densitometric analysis of all bands with a molecular weight >1000 kDa.
Supercomplex abundance was subsequently also expressed relative to free complexes I to IV
by normalisation to total supercomplex together with complex I to IV content. No-Stain Protein
Labeling Reagent (Thermo Fisher Scientific, Cat#A44717) was used to check for equal
loading.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.0.2 for macOS (GraphPad
Software, Boston, Massachusetts USA, www.graphpad.com) or R studio built under R version
4.2.2 (R Core Team 2022, Vienna, Austria, www.r-project.org). Datasets were tested for
normality and in case of violation non-parametric testing or log-transformation was performed.
In case of normal distribution, differences between groups were assessed with a repeated-
measures (RM) ANOVA, or a mixed-effects model in case of missing values, with post hoc
Bonferroni’s or Tukey’s corrections. Due to tissue scarcity, sample size varied per experiment
with specifications given in corresponding figure legends. Statistical analyses were considered

significant if p < 0.05. All data are presented as mean + SEM unless stated otherwise.
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Additional Resources

Clinical trial details for AGBRESA: https://drks.de/search/en/tria/ DRKS00015677, and
Clément et al. Front Physiol. 2022 (reference 11 herein).
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Supplementary information

Table S1. Effect of antigravitation intervention on outcome measures. Related to STAR

Methods participant recruitment, Figures 1 and 5. The continuous or intermittent anti-gravitational
interventions (cAG, 30 minutes daily and iAG, 6x5 minutes daily) did not mitigate the bed rest-induced alterations
in HOMAZ2-IR scores, or oxidative phosphorylation (OXPHOS) capacity of the skeletal muscle. All data were
analyzed by repeated measures ANOVA, mixed-effects model with Tukey’s post hoc test, n=24 for each

parameter. HOMAZ2-IR: homeostatic model assessment (HOMA) for insulin resistance.

HOMA2-IR

Control cAG (30°) 1AG (6x57) Total P
Day 0 0.64 £0.15 0.52+0.10 0.53+0.22 0.56 +0.07 0.52
Day 6 1.04 £0.32 0.76 +£0.13 0.66 +0.23 0.82+0.20 0.13
Day 55 0.99 £ 0.43 0.80 +£0.13 0.65+0.22 0.81+0.17 0.35

OXPHOS capacity

Control cAG (30°) 1AG (6x57) Total p
Day 0 8115 75+19 69 + 22 75+ 6 0.47
Day 6 80 +21 66+ 12 65+ 13 70+9 0.12
Day 55 58+8 64+ 16 49+ 10 57+8 0.11
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Figure S1. Participant screening process. Related to STAR Methods participant

recruitment. Out of 6861 distributed questionnaires, 1653 potential participants received further information,

and 201 people joined an on-site visit and assessment at the German Aerospace Centre. Three subsequent on-site
visits included more rigorous assessments, and 23 healthy participants were initially included in the study. Three

participants were excluded and replaced by four participants on the reserve list.
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Figure S2. Bed rest decreases BMI, but increases trunk and leg body fat. Related to

Figure 1. a-d: Participant body weight (a) and fat free mass (b) decreased throughout the bed rest. While fat

mass progressively increased (c), and height increased (d), body mass index (e) decreased during bed rest. f-g:
Arm lean mass remained unchanged throughout the bed rest (f), whereas leg (g) and trunk lean mass (h) decreased

progressively throughout the bed rest. Arm fat mass (i) transiently increased after 15 days, but decreased to pre-
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bed rest values after 60 days. Leg (j) and trunk fat mass (k) increased following 60 days of bed rest. Analysis with
repeated measures ANOVA, with Tukey’s post hoc test, n=24.
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Figure S3. Bed rest alters fasted resting substrate oxidation. Related to Figure 1. a-b:
Resting carbohydrate oxidation in the fasted state (a) increased after 32 days of bed rest, while lipid oxidation
transiently decreased (b), and reduced to pre-bed rest values after 55 days. ¢-d: Time courses of substrate oxidation
were similar after normalization for fat free mass. Analysis with repeated measures ANOVA, with Tukey’s post

hoc test, n=24.
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Figure S4. Bed rest acutely impairs insulin sensitivity and increases circulating pro-

inflammatory cytokines after long-term bed rest while stress levels remain unchanged.

Related to Figure 1. a: HOMA2-%B, indicative of pancreatic B-cell function, increased after short-term and

long-term bed rest. b: HOMA2-%S reduced after short- and long-term bed rest, indicative of a reduced insulin

sensitivity. ¢: The product of systemic insulin and plasma triglyceride levels as an indirect marker for adipose

tissue insulin resistance (adipo-IR) increased after bed rest. d-g: Inflammatory markers IL-6 (d) and TNF-a (e)

increased significantly after long-term bed rest, whilst C-reactive protein (f) and cortisol levels (g) remained

unchanged. Analysis with repeated measures ANOVA, with Tukey’s post hoc test, n=12 for panel a-c, Wilcoxon

matched-pairs rank test for panel d-f, paired r-test for panel g, n=24 for stress and inflammation markers.
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Figure S5. Bed rest-induced nutrient overload. Related to Figure 2. a: Typical example and
relative optical densities of a Periodic acid-Schiff (PAS) staining, performed in muscle sections to measure
glycogen concentrations according to staining intensity, showed increased glycogen accumulation after short-term
bed rest. b: A Sudan Black B staining was performed to study intra- and extracellular lipid accumulation after
short- and long-term bed rest. Intracellular lipid accumulation increased after bed rest, but no signs of extracellular
lipid accumulation (intermuscular adipose tissue) were observed. PAS data were analysed by Kruskal-Wallis test,
with Dunn’s post-hoc test, as data were not normally distributed, n=12-16. Due to missing values, Sudan Black B

data were analysed with a one-way ANOVA with Fisher’s LSD, n=11-16. Scale bar=100um.
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Figure S6. Blood lipidomics show few changes with short- and long-term bed rest. Related

to Figure 3. Mass-spectrometry based lipidomics analysis using blood plasma collected throughout the bed
rest. Out of 1402 identified lipid species, 243 were significantly altered after short- (95 downregulated) and 160
lipids changed significantly (64 downregulated) after long-term bed rest. a: Plasma triglyceride concentrations
increased significantly after long-term bed rest, at all chain lengths, particularly at low chain unsaturations. Blood
plasma ceramide (b) and sphingomyelin (¢) concentrations did not change throughout the bed rest period. No
differences were observed in other lipid classes in the blood plasma. Cardiolipin concentration in the skeletal
muscle tended to be lower after long-term bed rest (d). Concentrations were analysed using repeated measures

ANOVA, with Tukey’s post hoc test, n=12 for plasma, n=6 for muscle.
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Figure S7. Blood plasma metabolomics upon bed rest. Related to Figure 4. a-b: Landscape
plots of plasma metabolomics analysis, mapping the metabolic response in blood plasma upon short- and long-
term bed rest. White dots represent significantly altered (p<0.05) metabolites. Metabolite concentration shifts are
presented as log, fold changes to indicate directionality of alterations. c-g: The differential response in the
circulating branched-chain amino acids methionine (c), phenylalanine (d), tryptophan (e), lysine (f), and
circulating creatine concentrations (g) upon short- and long-term bed rest is possibly due to increased muscle
breakdown. Concentration changes of individual metabolites were analysed using repeated measures ANOVA,
with Tukey’s post hoc test, n=12. TCA: tricarboxylic acid cycle; SAMSAH: S-adenosylmethionine/S-
adenosylhomocysteine cycle; RSP: reductive stress panel; PPP: pentose phosphate pathway; NAD: Nicotinamide

adenine dinucleotide pathway.
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Figure S8. Muscle metabolomics confirm a bed rest-induced metabolic shift towards
glucose metabolism in skeletal muscle. Related to Figure 4. a: Heat map of metabolites related to
the TCA cycle show less glutamine upon long-term bed rest. b: Total acylcarnitines were significantly reduced
after short-term bed rest and remained reduced after long-term bed rest. c-e: Changes in skeletal muscle, amino
adipic acid (c¢), opthalmic acid (d) and hydroxyphenyllactic acid (e) over the course of the bed rest. f-h: Heat maps
of metabolites related to cell stress (f), the NAD™ pathway (g), and the pentose phosphate pathway (h) upon short-

and long-term bed rest. Concentration changes of individual metabolites were analysed using repeated measures

ANOVA, with Tukey’s post hoc test, n=6. TCA: tricarboxylic acid cycle
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Figure S9. Alterations in mitochondrial structure and function upon bed rest. Related to

Figure 5. a-b: A left-shift of the relative frequency distribution after short- and long-term bed rest (a) indicates
a reduction in individual mitochondrial size, confirmed by an increase in the mitochondrial fragmentation index
(b) calculated as the total mitochondrial number divided by total mitochondrial area. ¢-d: Mitochondrial aspect
ratio (¢) and circularity (d) did not change upon bed rest. e-i: Individual protein concentrations of subunits of the
mitochondrial complexes were reduced after long-term, but not short-term bed rest. j-m: While the abundance of
mitochondrial supercomplexes decreased upon bed rest (Figure 5), also the free complex II, III and IV decreased.
The abundance of mitochondrial supercomplex II[,+1V decreased after long-term bed rest. n-q: Leak and NADH-
linked respiration, electron transfer (ET) capacity, and succinate-linked respiration only decreased after long- but
not short-term bed rest. r-t: Respiratory control ratios did not alter throughout the bed rest period. Data were
analysed using repeated measures ANOVA, with Tukey’s post hoc test, n=14-19 for mitochondrial morphology,
n=9 for immunoblotting, n=7 for BN-PAGE, n=24 for respirometry.

190



Chapter 7: The Impact of Bed Rest on Human Skeletal Muscle Metabolism

191






Chapter 8

Skeletal Muscle Properties in Long COVID and
ME/CEFS Differ From Those Induced by Bed Rest

Braeden T. Charlton, Anouk Slaghekke, Brent Appelman, Moritz Eggelbusch, Jelle Y. Huijts,
Wendy Noort, Paul W. Hendrickse, Frank W. Bloemers, Jelle J. Posthuma, Paul van Amstel,
Richie P. Goulding, Hans Degens, Richard T. Jaspers, Michele van Vugt, Rob C.I. Wiist

Published in Nature Communications July 2026




Chapter 8: Skeletal Muscle Properties in Long COVID and ME/CFS Differ From Those Induced by Bed Rest

Abstract

Patients with long COVID and myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CES) suffer from post-exertional malaise. The accompanying physical inactivity may
contribute to a lower aerobic capacity and may explain skeletal muscle adaptations in these
patients. Here, we compare whole-body exercise responses and skeletal muscle adaptations
after strict 60-day bed rest in healthy people with those in long COVID and ME/CFS patients,
and healthy age- and sex-matched controls. Bed rest alters respiratory and cardiovascular
responses to maximal exercise, which are dissimilar in patients. Bed rest causes muscle atrophy
without altering fiber type. Both patient groups have more glycolytic fibers, and ME/CFS
patients display type I-specific atrophy. Only after bed rest is oxidative phosphorylation
capacity associated with maximal oxygen uptake. As skeletal muscle characteristics differ
between patients and healthy individuals after bed rest, physical inactivity cannot solely explain
the lower exercise capacity and skeletal muscle adaptations in long COVID and ME/CFS

patients.
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Introduction

Although most acute SARS-CoV-2 infections resolve within days to weeks, some symptoms
persist or worsen in a subset of patients' . The continuation or development of symptoms after
12 weeks is termed long COVID, and patients typically experience debilitating fatigue, brain
fog, postural orthostatic tachycardia, myalgia, and post-exertional malaise (PEM)>. PEM,
experienced by ~90% of patients with long COVID?, is the worsening of symptoms following
physical or cognitive exertion. While the pathophysiology underlying long COVID remains
unclear, recent evidence suggests a close resemblance to myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS)°, another disease characterized by reduced exercise capacity,
brain fog and PEM. Importantly, PEM often results in avoidance of physical activity, which
may contribute to the skeletal muscle abnormalities observed in both conditions®'2. Due to
PEM, long COVID and ME/CFS patients may not achieve intensities or durations frequently
enough to induce or maintain whole body or skeletal muscle adaptations to exercise'*'.
Depending on habitual activity levels, this may result in either maintenance of baseline muscle
properties or, if activity is substantially reduced, progressive deconditioning over time'>.

Deconditioning can range from mild step reductions to strict bed rest, with more severe models
16-18

leading to more rapid reductions in aerobic capacity and skeletal muscle function

including muscle atrophy, capillary rarefaction, as well as reduced mitochondrial content and

16,1921 t20’22 23,24 a

mitochondrial function . Cardiac outpu and maximal ventilatory capacity re
also reduced after bed rest. However, whether these alterations cohere with those in patients
with long COVID and ME/CFS has not been directly investigated. Patients with long COVID
and ME/CFS exhibit lower aerobic exercise capacity and mitochondrial respiration &7%1°,
reduced capillary densities’ , muscle fiber atrophy’, and higher prevalences of atrophic fibers
(small, triangular fibers)®, which has often been attributed to deconditioning'>?3. However,

whether deconditioning alone accounts for these changes remains unclear.

The current study aimed to compare whole body exercise responses and skeletal muscle
adaptations in patients with long COVID and ME/CFS to those observed following strict 60-
day bed rest. We hypothesized that while whole-body aerobic capacity was similarly lower
between patients and following bed rest, adaptations in skeletal muscle markers for oxygen
supply and utilization diverged. As current literature regarding skeletal muscle alterations in
long COVID patients often includes patients that have been hospitalized during acute
infections, and skeletal muscle reports of patients with ME/CFS are scarce, we reasoned that

non-hospitalized patients with long COVID and ME/CFS display no muscle atrophy, whilst
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exhibiting lower capillary-to-fiber ratios and capillary densities. In contrast, we expected bed
rest to result in severe muscle atrophy, reduced capillary-to-fiber ratios, and increased capillary
density. Further, we expected muscle fiber size, capillarization and mitochondrial markers to
be associated with whole-body exercise capacity in healthy participants undergoing bed rest,
but that such associations are lost in patients. To test these hypotheses, we analyzed aerobic
exercise responses and vastus lateralis skeletal muscle biopsies of patients with ME/CFS and
long COVID, and compared these to those of age- and sex-matched healthy controls (clinical
trial NCT05225688), as well as a cohort of 24 healthy individuals who completed a strict bed
rest for 60 days (clinical trial DRKS00015677).

Results

Participant Characteristics

Table 1 provides the participant characteristics of the two cohorts, Figure 1A provides a
graphical overview of the cohorts and study design. All healthy controls, 96.0% of patients
with long COVID were vaccinated against SARS-CoV?2 at the time of measurements, while
ME/CFS patients were diagnosed prior to 2019, and the bed rest study was conducted before
the COVID-19 pandemic. Patients with long COVID developed symptoms prior to
vaccination, and met the Canadian Consensus Criteria for ME/CFS. Patients with ME/CFS
were already diagnosed with ME/CFS (type of infection prior to diagnosis presented in
Supplemental Figure 1) before the COVID pandemic, and were therefore ill for a significantly
longer time relative to long COVID patients (Table 1). Both patient groups displayed mild
symptoms (DePaul Symptom Questionnaire Post-Exertional Malaise reported in Supplemental
Figure 2 and symptoms in Supplemental Figure 3), as is implied by their willingness and ability
to undergo exercise testing. Patients with long COVID and ME/CFS displayed large
interindividual differences in daily step count (range: 733-8609 steps/day; Table 1).
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Table 1. “Cohort characteristics.” Data presented as median (IQR), as data was non-normally
distributed. Symptom duration is reported from symptom onset to day of study enrolment

(February 2022 for long COVID and October 2023 for ME/CFS).

Bed Rest Control Long ME/CFS
COVID

Pre Post
Participants 24 24 30 25 26
(# Females) () () (15) (13) (13)
Age 30 30 42 43 42
(years) (27-38) (27-37) (33-54) § (31-50) § (32-50) §
Height 175 175 179 177 176
(cm) (172-181) (170-181) (174-186) (171-184) (171-186)
Weight 74 74 76 80 84
(kg) (70-79) (69-79) (64-88) (69-92) (75- 89)
Symptom n/a n/a n/a 545 3793
Duration (455-686) (2510-5496)
(days) .
Daily  Steps ND 0 (0-0) 7153 4718 3704
(steps*day™) (5063-8405)  (2794-5832)  (2286-5052)

. ok ok

*: ys. control; T: vs. ME/CFS; §: vs. Bed Rest

*: p<0.05; **: p<0.01; ***: p<0.001

Healthy bed rest participants were on average younger than healthy controls matched to
patients (p=0.02). In a sub-group analysis, we age- and sex-matched pre-bed rest participants
to patient-matched healthy controls. Maximal oxygen uptake (V Ozmayx, Supplemental Figure
4A) relative to weight was not different, however patient matched healthy controls had higher
VOymax compared to the pre-bed rest participants when expressed relative to age- and sex-

predicted values (Supplemental Figure 4B). The gas exchange threshold (GET; Supplemental
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Figure 4C-D) did not differ between cohorts. Fiber cross sectional area (FCSA; Supplemental
Figure 4E) was also similar between groups, however, the pre-bed rest cohort exhibited lower
capillary-to-fiber ratios (Supplemental Figure 4F), lower succinate dehydrogenase activity
(Supplemental Figure 4G), and a tendency to have a lower oxidative phosphorylation capacity
(»=0.092, Supplemental Figure 4H). As some skeletal muscle features differed between those
control groups, we analyzed them separately: healthy controls were matched to patients with
ME/CFS and long COVID (Table 1), whereas the long-term bed rest cohort were analyzed
longitudinally.

Acute Exercise Responses

Bed rest is known to reduce maximal aerobic exercise capacity, and we expected both patient
groups to exhibit lower maximal aerobic exercise capacities compared to healthy controls.
Indeed, V0ypqx (Figure 1B) and peak power output (Supplemental Figure 5A) were reduced
after 60-day bed rest, and were similarly lower in patients with long COVID and ME/CFS
compared to healthy controls (Figure 1B + Supplemental Figure 5A). The same trends were
observed when V0,4, Was expressed as a percentage of age- and sex-predicted values

(Supplemental Figure 6).

The GET, a submaximal non-invasive marker for the lactate threshold, was reduced following
bed rest (Figure 1C), and was similarly lower in both patient groups compared to healthy
controls (Figure 1C). Following bed rest, GET occurred at a higher percentage of VO0,max
(Supplemental Figure 5B), whereas in patients with ME/CFS, GET occurred at a lower
percentage of VOypmq, compared to both patients with long COVID and healthy controls
(Supplemental Figure 5B), suggesting an earlier relative onset of lactate accumulation in

patients.

Bed rest also altered ventilatory and cardiovascular responses to exercise. Maximal minute
ventilation was reduced (VE,,4,; Figure 1D), whereas ventilatory equivalents for O, and CO»
(VEmax!VCO0zmax and VE,4./V Oymax), and the VE/V CO, slope (Figure 1E + Supplemental
Figure 5C-D) increased after 60 days of strict bed rest. Cardiovascular alterations included a
reduced maximal Oa-pulse (i.e. V0ypqr/maximal heart rate, equal to the product of stroke
volume and arteriovenous O: difference; Supplemental Figure SE); increased maximal heart
rate (Supplemental Figure 4F), and increased adjusted heart rate reserve (AHRR; Supplemental
Figure 5Q).
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While VE,,., (Figure 1D) tended to be lower in patients compared to healthy controls
(p=0.062), there were no significant differences in VEn,q:/VCO0smaxs VEmax'VOamax, the
VE/VCO0, slope, maximal heart rate, or AHRR (Figure 1E, Supplemental Figure SC+D+F+G).
However, both patients with long COVID and ME/CFS exhibited a lower O>-pulse compared
to healthy controls (Supplemental Figure S5E), similar to the effects of bed rest. Patients with
ME/CFS had a more pronounced increase in heart rate relative to oxygen uptake (HR-
V 0,slope; Supplemental Figure 5H) compared to healthy controls, a pattern not seen following
bed rest. These results are suggestive of either a lower stroke volume and/or an impaired

peripheral oxygen extraction in patients.

Whole body exercise results suggest that altered ventilatory patterns occurred concomitantly
with the reduction in V0,4, following bed rest, whilst ventilatory patterns in patients remain
largely similar to healthy controls. Rather, patients indicate reductions in O pulse and
elevations in HR-V 0, slope, which are suggestive of a lower stroke volume or peripheral

oxygen extraction.
Skeletal Muscle Fiber Type Alterations

As muscle unloading can induce atrophy within days'’, we assessed muscle fiber cross
sectional area (FCSA), fiber-type specific FCSA, and fiber type composition using
immunohistochemistry (Figure 2A). As expected, bed rest induced muscle atrophy (Figure 2B),
affecting all fiber types similarly (Supplemental Figure 7A). In contrast, overall muscle FCSA
of patients with long COVID and ME/CFS did not differ from healthy controls (Figure 2B).
However, when assessing fiber-type specific FCSA, patients with ME/CFS exhibited
significantly smaller type I fibers compared to healthy controls (Supplemental Figure 7B),
while all other fiber type sizes remained similar to those of healthy controls. This suggests

selective atrophy of type I fibers in patients with ME/CFS, but not after long-term bed rest.
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Figure 1: Bed rest results in alterations in respiratory and cardiovascular responses to
maximal exercise, which are not seen in either patients with long COVID or ME/CFS. A:
Study designs for the bed rest and the myalgic encephalomyelitis/chronic fatigue syndrome (ME/CES; ME), long
COVID (LC), and healthy control (CON) cohorts. Bed rest decreased V 0,0, (B; p<0.001, n=24), gas exchange
threshold (GET; C; p<0.001, n= 21), and VE,,q, (D; p<0.001, n= 24), while VE,,4,/VCOzpax increased (E;
p<0.001, n=24). Patients with long COVID and ME/CFS had lower V05,4, (B; p<0.001, n=23 LC , p<0.001,
n= 26 ME/CFS; n=30 CON) and GET (C; p<0.001; n=23 LC ; p<0.001, n= 22 ME/CFS; n= 30 CON) compared
to controls and VE tended to be lower (D; ANOVA: p=0.062; n=23 LC , n=25 ME/CFS, n=30 CON), however
VE pmax/V COzmax Was not significantly different than controls (E; ANOVA: p=0.246, n=22 LC , n=25 ME, n=30
CON). VOymax and GET were non-normally distributed following Box-Cox transformations. Comparisons
between pre- and post- bed rest were assessed using two-sided paired t-tests for parametric data and two-sided
Mann—Whitney U test for non-parametric data. Comparisons between patients with long COVID and patients
with ME/CFS and healthy controls were assessed using analysis of variance, with Tukey HSD post-hoc testing
for parametric data or Kruskal-Wallis A test, with pairwise Wilcoxon tests with Benjamini—Hochberg correction
post-hoc for non-parametric data. Box plots display individual data points, median (center line) and the first and
third quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are displayed in white, post-bed
rest is displayed in grey, patients with long COVID are displayed in orange, and patients with ME/CFS are
displayed in green. Created in BioRender. Charlton, B. (2026) https://BioRender.com/gxz85by.
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Following long-term bed rest, fiber type composition did not change (Figure 2C and
Supplemental Figure 7C). In contrast, patients with long COVID and ME/CFS had a lower
proportion of type I fibers (albeit p=0.052 for long COVID) and a greater proportion of type
[a/IIx + IIx fibers compared to healthy controls (Figure 2C), while patients with ME/CFS had
an even lower proportion of type I fibers than patients with long COVID. We observed similar
results when expressing fiber type distribution as numerical percentages (Supplemental Figure
7D). This indicates either a greater propensity for those with greater proportions of type ITa/IIx
+ 1Ix fibers to contract chronic illness or suggests a fiber type shift occurring in patients. As we
noted a selective type I atrophy in patients, these results suggest a fiber type shift away from
type I fibers towards more type II fiber types. The muscle atrophy was not fiber type-specific

after long-term bed rest, and bedrest did not induce a similar fiber type shift.
Mitochondrial Respiration and Activity

Whilst we find evidence of either oxygen extraction or stroke volume being impeded in
patients, we did not have the resources to measure stroke volume. Thus, we focused on
parameters related oxygen extraction and utilization in the skeletal muscle. Given that physical
activity has been shown to shift limitations of maximal aerobic capacity from oxygen
utilization to oxygen supply®® and the association between mitochondrial function and whole-
body aerobic exercise capacity?’, we assessed mitochondrial respiration of permeabilized
muscle fibers and succinate dehydrogenase (SDH) activity in sections, to provide further
insight into mitochondrial alterations upon bed rest and in patients. Bed rest resulted in lower
SDH activity and oxidative phosphorylation capacity (Figure 3A+B). Compared to healthy
controls, only patients with ME/CFS, but not long COVID, exhibited lower SDH activity
(Figure 3A). Both patients with long COVID and ME/CFS presented with lower oxidative
phosphorylation capacities compared to healthy controls (Figure 3B). As mitochondria are the
ultimate recipients in the oxygen cascade, we hypothesized that either SDH activity or
oxidative phosphorylation correlated with V0,,4,. Both SDH activity and oxidative
phosphorylation capacity were correlated with V04,4, in healthy controls (Figure 3C+D), and
such a relation was present following bed rest. However, this association was absent in patients
with long COVID and ME/CFS. While the precise limitation of V0,4, in patients is obscured,
the lack of association of V0,4, With mitochondrial variables suggests that reductions in

exercise capacity are not limited by mitochondrial density or respiratory capacity per se.
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Figure 2: Bed rest induces muscle atrophy, with no change to fiber type composition. Both
patients with long COVID and ME/CFS have more glycolytic fibers than healthy,

matched controls. A: A typical example of muscle fiber type staining with colors adjusted to be color-blind
visible. Scale bar represents 100um. Severe fiber atrophy was observed following bed rest (B; p<0.001, n=16),
whereas fiber cross-sectional area (FCSA) was not different between patients with long COVID (LC, n=25) and
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=19) and healthy controls (B; ANOVA:
p=0.174, n=29 CON). Following bed rest, fiber type composition was not significantly altered (C; Linear mixed
model: p=0.877, n=16). Fiber type composition was significantly different between patients with long COVID,
patients with ME/CFS and healthy controls (C; Linear mixed model: p=0.004, n=25 long COVID, n=19 ME/CFS,
n=29 healthy controls). Long COVID (p=0.052, n=25) and ME/CFES (p<0.001, n=19) patients exhibited lower
proportions of type I fibers compared to healthy controls (n=29, albeit p=0.052 for long COVID), while both
patients with long COVID (p=0.023, n=25) and ME/CFS (p<0.001, n=19) had significantly higher proportions of
type 1la/IIx+IIx fibers compared to healthy controls (C; n=29 CON). All data was normally distributed following
Box-Cox transformations, except proportions of Ila/IIx+1Ix fibers. Fiber type proportions were assessed using a
linear mixed random effects model using % of proportion as the dependent variable and group x fiber type as the
fixed effects, with subject ID as the random effects variable, and post-hoc testing carried out per fiber type as
described below. Two-sided paired t-tests were used to assess parametric data from the bed rest cohort. Non-
parametric data from the bed rest cohort was assessed using two-sided Mann—Whitney U tests. Analysis of
variance, with Tukey HSD post-hoc testing or Kruskal-Wallis A test, with pairwise Wilcoxon tests with
Benjamini—Hochberg correction post-hoc were used to assess parametric and non-parametric data for patient
cohorts. Box plots display individual data points, median (center line) and the first and third quartiles (lower and
upper bound of box). Pre-bed rest and healthy controls are displayed in white, post-bed rest is displayed in grey,
patients with long COVID are displayed in orange, and patients with ME/CFS are displayed in green..
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As mitochondrial respiration reflects both mitochondrial content and function, we subsequently
normalized mitochondrial respiration to gain insight into alterations of intrinsic mitochondrial
function. After normalizing mitochondrial respiration to SDH activity, there was no effect of
bed rest on oxidative phosphorylation capacity (Supplemental Figure 8A). In contrast, patients
with long COVID still displayed lower oxidative phosphorylation capacity normalized to SDH
activity compared to healthy controls, while patients with ME/CFS tended to exhibit lower
oxidative phosphorylation capacity (p=0.063, Supplemental Figure 8A). Normalizing maximal
uncoupled respiration to leak respiration (E/L coupling efficiency) is reflective of intrinsic
mitochondrial biochemical coupling, wherein a less coupled system (lower values) indicates
higher proton leak. Bed rest did not alter the E/L coupling efficiency, however both patients
tended to display lower E/L coupling efficiency compared to healthy controls (p=0.066,
Supplemental Figure 8B). The relative NADH-linked respiration (NADH-linked respiration
normalized to oxidative phosphorylation capacity) increased and the relative succinate-linked
respiration (succinate-linked normalized to maximal uncoupled respiration) decreased after
long-term bed rest (Supplemental Figure 8C-D). No such differences were observed between

patients and healthy controls.

Bed rest reduced maximal oxidative phosphorylation, consistent with lower SDH activity, and
slightly altered intrinsic respiration, suggesting a shift in the contributions of complex I and II.
In contrast, the lower oxidative phosphorylation capacity in both patient groups were
accompanied by a lower coupling efficiency with no changes to qualitative changes in the

electron flux through complex I or complex II.
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Figure 3: Bed rest decreases both SDH activity and oxidative phosphorylation capacity,
which relate to maximal oxygen uptake. Lower SDH activity and oxidative
phosphorylation capacity in patients with long COVID and ME/CFS do not relate to
maximal oxygen uptake. Succinate dehydrogenase (SDH) activity (A) was significantly reduced following
bed rest (p=0.043, n=12). SDH activity in patients with long COVID (LC, n=24) was not different to healthy
controls (CON; p=0.967, n=30), but lower in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS;
ME, n=21, p=0.002; A). Oxidative phosphorylation capacity (B) was reduced following bed rest (p<0.001 , n=17)
and was lower in both patients with long COVID (p=0.001, n=23) and ME/CFS (p<0.001, n=23) compared to
healthy controls (n=30). SDH was associated with V0,4, (C) after bed rest (=0.65, p=0.024, n=12) and in
healthy controls (7=0.66, p<0.001, n=30). The relationship between oxidative phosphorylation capacity and
VOymax (D) was significant in pre- and post-bed rest (+=0.74, p<0.001, n=17; =0.60, p=0.0113, n=17) and
healthy controls (=0.53, p=0.003, n=29), but not in patients with ME/CFS (+=0.31, p=0.144, n=23) or long
COVID (=0.27, p=0.231, n=21). Bars represent 100pm. Oxidative phosphorylation data in the patient cohort
remained non-normally distributed following Box-Cox transformation. Two-sided paired t-tests were used to
assess parametric data from the bed rest cohort. Non-parametric data from the bed rest cohort was assessed using
two-sided Mann—Whitney U tests. Analysis of variance, with Tukey HSD post-hoc testing or Kruskal—
Wallis H test, with pairwise Wilcoxon tests with Benjamini—Hochberg correction post-hoc were used to assess
parametric and non-parametric data for patient cohorts. Linear relationships were assessed using Pearson’s
correlation on non-transformed data, solid lines represent significant correlations (p<0.05). Box plots display
individual data points, median (center line) and the first and third quartiles (lower and upper bound of box). Pre-
bed rest and healthy controls are displayed in white, post-bed rest is displayed in grey, patients with long COVID
are displayed in orange, and patients with ME/CFS are displayed in green.
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Skeletal Muscle Capillarization

As bed rest induced muscle fiber atrophy and patients exhibited a lower proportion of type I
fibers, we hypothesized that capillary supply may be differentially affected. Following bed rest,
the average capillary-to-fiber ratio was unchanged (Figure 4B), however the cross-sectional
area of each capillary was significantly reduced (Supplemental Figure 9A). Due to greater
muscle atrophy relative to capillary loss'?, capillary density was increased following long-term
bed rest (Figure 4C). These changes were not observed in patients with long COVID or
ME/CFS. Patients with ME/CFS displayed lower capillary-to-fiber ratios and capillary
densities (Figure 4C) compared to healthy controls and patients with long COVID, while
capillary measures in patients with long COVID were not different from healthy controls. The
relationship between muscle fiber size and the capillary-to-fiber ratio is reflective of adaptive
remodeling to support the tight link between these two parameters to maintain adequate
diffusive oxygen supply in larger fibers?®. As we found differential intrinsic mitochondrial
alterations between patients and bed rest, we queried whether alterations of mitochondrial
capacities and capillarization subsequently were reflected by an altered the capillary-fiber size
relationship. In all groups, capillary-to-fiber ratios were proportional to FCSA, with a trend
following long-term bed rest (p=0.062; Figure 4D). Both patient groups had significantly lower
intercepts than healthy controls (both p<0.05), indicating less capillary supply for a given fiber

cross-sectional area.

Due to the selective type I fiber atrophy in patients, we queried whether the capillary alterations
were different by fiber type. To this end, we calculated the capillary-to-fiber ratio on a fiber
type basis, comparing type I to type II fibers (Supplemental Figure 11) in a subgroup of
participants. In all conditions, type I fibers had a greater capillary-to-fiber ratio than type II
fibers. Bed rest reduced capillary-to-fiber ratio in both type I and type II fibers equally.
ME/CFS patients had lower capillarization compared to both healthy controls and long COVID
patients independent of fiber type. There was no effect of disease on fiber type specific

capillarization.

Due to the reduced capillary-to-fiber ratio for a given fiber size, despite no fiber-specific
alterations to capillary indices, we queried whether intramyocyte diffusive parameters may be
altered. To this end, we evaluated the intracellular myoglobin content in a subset of participants.
Following bed rest, myoglobin content increased unexpectedly (Supplemental Figure 10B),

whereas patients and healthy controls did not differ (Supplemental Figure 10C).
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Therefore, the results indicate that capillary number for a given FCSA remains largely
unchanged after long-term bedrest. In both patient groups, however, capillary number for a
given FCSA was lower, with patients with ME/CFS exhibiting an overall reduction in capillary-
to-fiber ratios, independent of fiber type. Myoglobin content was not different between patients

and healthy controls.
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Figure 4: Capillary-to-fiber ratio following bed rest is proportional to muscle fiber size,
while both patients with long COVID and ME/CFS have reduced capillary-to-fiber ratio

for a given fiber size. A typical example of a lectin stain for capillaries is shown in A. Scale bar represents
100um. Following bed rest, capillary-to-fiber ratio was not significantly different (B; p=0.543, n=17), while
patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=23) had a significantly lower
capillary-to-fiber ratio compared to patients with long COVID (p=0.001, n=24) and healthy controls (»<0.001,
n=30; B). Capillary density (C) was significantly increased following bed rest (p=0.001, n=17), while both
patients with long COVID (n=25) and patients ME/CFS (n=24) had significantly lower capillary densities
compared to healthy controls (D; p<0.001, n=30). The relationship between fiber cross-sectional area (FCSA)
and capillary-to-fiber ratio significantly correlated in all conditions, except post-bed rest (albeit p=0.062 following
bed rest). The relationship between FCSA and capillary-to-fiber ratio was not significantly different following bed
rest (z=0.495, p=0.621), however compared to healthy controls, both patients with long COVID (z= -2.176,
p=0.030) and patients with ME/CFS (z= -2.602, p=0.009) displayed significantly different relationships (G).
Capillary density and capillary-to-fiber ratio data were normally distributed following Box-Cox transformation.

Two-sided paired t-tests were used to assess parametric data from the bed rest cohort. Non-parametric data from
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the bed rest cohort was assessed using two-sided Mann—Whitney U tests. Analysis of variance, with Tukey HSD
post-hoc testing or Kruskal-Wallis / test, with pairwise Wilcoxon tests with Benjamini-Hochberg correction
post-hoc were used to assess parametric and non-parametric data for patient cohorts. Linear relationships were
assessed using Pearson’s correlation on non-transformed data. Solid lines represent significant correlations,
dashed lines represent correlations with p<0.10. Box plots display individual data points, median (center line) and
the first and third quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are displayed in
white, post-bed rest is displayed in grey, patients with long COVID are displayed in orange, and patients with
ME/CFS are displayed in green.

Comparing skeletal muscle alterations in long COVID and ME/CFS with long-term bed

rest

Since both patient groups had lower daily physical activity levels than healthy controls, we
reasoned that the healthy participants after bed rest could serve as an alternative control group.
We therefore analyzed a subgroup of 13 patients with ME/CFS, 13 patients with long COVID
and 13 age- and sex-matched healthy individuals following long-term bed rest (participant

characteristics outlined in Supplemental Table 1).

V 0ymax did not differ between groups (Supplemental Figure 12A), however patients with long
COVID tended to have a higher V0,4, than post-bed rest individuals when expressed relative
to age- and sex-predicted values (ANOVA: p=0.076, post-hoc: p=0.031 Supplemental Figure
12B). Patients with ME/CFS had significantly lower GET than those with long COVID and
healthy post-bed rest individuals (Supplemental Figure 12C). GET occurred at a lower relative
intensity in patients with ME/CFS than in both patients with long COVID and participants
following bed rest (Supplemental Figure 12D).

Participants after bed rest had significantly smaller FCSA compared to both patient groups
(Supplemental Figure 12E). Patients with long COVID displayed higher capillary-to-fiber
ratios, SDH activity and oxidative phosphorylation capacity compared to participants after bed
rest and patients with ME/CFS (Supplemental Figure 12F+G+H).

When assessing the relationships between capillary-to-fiber ratio and FCSA, only patients with
long COVID displayed a significant relationship, while patients with ME/CFS showed a similar
trend (Supplemental Figure 121). Conversely, only participants after bed rest displayed a
significant correlation between V0,4, and SDH activity and oxidative phosphorylation
capacity (Supplemental Figure 12J-K). These results suggest that capillary supply and
mitochondrial function are disrupted differently in long COVID and ME/CFS compared to bed

rest-induced deconditioning.
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Thus, when retrospectively comparing patients to age- and sex-matched participants after bed
rest, patients with long COVID and ME/CFS still display alterations that are different than
those found after bed rest. Despite similar V 0y,,4., patients show no associations with skeletal

muscle oxidative function compared to those observed with bed rest.

Discussion

The major finding of the present study is that acute exercise responses and skeletal muscle
alterations in long COVID and ME/CFS differ from those caused by bed rest-induced
deconditioning per se. Despite similar whole-body exercise capacity in both patient groups and
participants after bed rest, the pulmonary and cardiovascular responses to acute exercise were
distinct. Long-term (60 days) bed rest induced severe muscle atrophy, which was not observed
in patients with long COVID or ME/CFS. Instead, both patient groups displayed a lower
proportion of type I fibers, whereas only patients with ME/CFS exhibited lower capillary-to-
fiber ratios and type I specific atrophy. Further, the lower oxidative phosphorylation capacity
in both patient groups did not correlate with V0yp,q,, in contrast to bed rest participants,
suggesting that physiological impairments distinct from inactivity drive reduced exercise
capacity in patients. These findings challenge the notion that deconditioning is the primary
driver of reduced exercise capacity in long COVID and ME/CFS. Rather, our observations
suggest intrinsic skeletal muscle abnormalities contribute to limited exercise capacity,

including reduced capillary supply relative to muscle fiber size and mitochondrial impairments.

Maximal aerobic capacity was similar between patients with long COVID and ME/CFS, and
those undergoing a strict 60-day bed rest. However, the physiological determinants
underpinning this reduction differed. Ventilatory responses to acute exercise differed following
bed rest compared to the patient groups. Bed rest resulted in reduced VE, 4., consistent with
the decrease in VOypqy, Whereas the VE, 4 /VCOymax and the VE —VCO, slope were
increased. Patients only exhibited higher VE — V€0, slope during submaximal exercise, and
a tendency of lower VE,,q, and higher VE — V€0, slope for the entirety of the exercise test.
While arterial PCO; was not measured, reductions in VE,,, 4, and increases in VE, ;4 /V COpmax
and the VE — VCO, slope at submaximal exercise suggests earlier indications of hyperpnea >~
31 in patients. The causes of these findings are currently unclear, however reduced blood or
muscle CO> buffering capacity®?, increased chemoreceptor sensitivity®>, or pulmonary

vascular dysfunction resulting in increased dead space ventilation* may contribute.
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Acute cardiovascular responses to exercise also differed between cohorts. Previous studies
report that deconditioning typically leads to an increase of the HR-V 0,%°, reflecting a greater
heart rate increase per unit change in V0,, which is often associated with reduced oxygen
extraction®’**3®, However, in our study, bed rest participants did not present with this pattern,
which may be attributed to the disproportionate increase in baseline heart rate (+30%) relative
to their maximal heart rate (+5%) and reduction in V0,4, (-24%) following bed rest. The
increase in both resting and maximal heart rate following bed rest, which has been noted

previously®’’

, 1s not fully understood, but may be related to reductions in plasma and stroke
volume?®, altered baroreflex function®, or shifts in the balance between parasympathetic and
sympathetic nervous system activity’’observed after bed rest. In contrast, our patient groups
exhibited an increased HR-V 0, slope, suggesting a greater reliance on changes in heart rate to
satisfy a given oxygen demand. While this may be indicative of either decreased stroke volume
or reduced peripheral oxygen extraction®’, it is consistent with results from invasive CPET
studies, which have shown preload failure and marked reduction in peripheral oxygen
extraction in long COVID and ME/CFS patients***!. Future studies in long COVID and
ME/CFS should focus on measuring markers of cardiovascular function during exercise, such

as stroke volume, peripheral oxygen extraction, and baroreflex sensitivity to further elucidate

the underlying mechanism.

We showed that the reduction in oxidative phosphorylation capacity following bed rest was
primarily attributed to a reduction in SDH activity, often used as a proxy for mitochondrial
density*. In contrast, the reduced oxidative phosphorylation capacity in both patient groups
was still present following normalization to SDH activity, suggesting that intrinsic
mitochondrial respiration may be primarily affected. Furthermore, while E/L coupling
efficiency tended to be reduced in both patient groups, this was not observed following bed
rest. These results suggest that skeletal muscle oxidative impairments in long COVID and
ME/CES cannot solely be attributed to deconditioning. Indeed, previous work suggests
abnormal ultrastructure, particularly reduced cristae density, in patients with long COVID and
ME/CFS!, while bed rest is typically associated with more fragmented mitochondria!®. What
the cause of the intrinsic mitochondrial alterations in long COVID and ME/CFS is, is currently
unclear. Future work is required to quantify skeletal muscle mitochondrial ultrastructure in long

COVID and ME/CFS.

Notably, oxidative phosphorylation capacity and SDH activity correlated with whole-body

maximal oxygen uptake in healthy individuals (before and after bed rest), whereas these were
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absent in long COVID and ME/CFS. This suggests that factors beyond skeletal muscle
mitochondrial respiration constrain exercise capacity in long COVID and ME/CFS, including

4347 a reduced venous return and cardiac preload®, or a

impairments in endothelial function
reduction in muscle diffusive capacity*® contributing to impaired peripheral oxygen
extraction*'. Conversely, mitochondrial respiration contributes to V 05,4, in healthy sedentary,

2649 which is consistent with the associations observed between

untrained individuals
mitochondrial markers and V 05,4, across all healthy cohorts. Thus, it is likely the constraints
on V0yqx imposed by bed rest, long COVID and ME/CFS differ, implying that the reduced
aerobic exercise capacity in long COVID and ME/CFS cannot solely be ascribed to

deconditioning.

Capillary-to-fiber ratios and capillary density were lower in patients with ME/CFS, but not
long COVID, compared to healthy controls, reducing the structural potential to adequately
supply oxygen and nutrients, and remove metabolic byproducts during exercise. These findings
are contrary to previous reports of lower capillary densities in long COVID®*, While capillary-
to-fiber ratio was unaltered following bed rest, capillary density increased due to significant

muscle atrophy'®!

, consistent with the principle that alterations in muscle size typically occur
before capillary alterations'®3233, Intriguingly, the average area of individual capillaries was
reduced following bed rest (Supplemental Figure 9A). This may be due to reduced diameter or

capillary tortuosity>*>

resulting in less obliquely cut capillaries, or due to the lack of shear
stress experienced during head-down tilt resulting in a structural remodeling of the capillary
beds®®. That skeletal muscle microvascular-endothelial function was impaired following a 10-

day bed rest’’

is consistent with this notion. Although we report unaltered structural indices of
capillarization in long COVID, it is unknown whether skeletal muscle capillary perfusion (and
oxygen diffusion) was altered during exercise in either long COVID or ME/CFS, as direct
measurements of skeletal muscle capillary blood flow are challenging to assess in humans in

vivo.

Capillary-to-fiber ratio is related to muscle FCSA, wherein larger muscle fibers typically have
more capillary contacts to accommodate oxygen and nutrient supply, and metabolite
removal®>*}. While these relations existed in all groups, except following bed rest, this
relationship was downshifted in both long COVID and ME/CEFS patients compared to healthy
controls. This suggests that fewer capillaries are available per unit fiber area in patients, which
is distinct from the capillary alterations following strict bed rest!®. This reduces the surface area

and spatial distribution for gas exchange at high metabolic rates, and represents a structural
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limitation to oxygen diffusion, irrespective of upstream regulation of blood flow at the
arteriolar level. Future work on endothelial alterations in long COVID and ME/CFS might

provide further mechanistic insight’®.

VOymayx is determined by the integrated function of convective oxygen delivery, diffusive
oxygen transport, and mitochondrial oxygen utilization, as conceptualized in the Wagner
diagram®>®°. Although we measured several components of this pathway, we did not assess all
sites required to localize the dominant limitation. Importantly, while mitochondrial oxidative
capacity was reduced in patients, its lack of association with V0,4, (in contrast to healthy
controls and bed rest participants) argues against a purely mitochondrial limitation. Instead,
our findings are consistent with the presence of interacting limitations upstream of the
mitochondria, including impaired muscle oxygen diffusive capacity or maximal convective
oxygen delivery, which cannot be resolved within the current dataset. Notably, reduced whole-
body oxygen extraction does not necessarily imply low intramyocyte PO, as a reduction in
mitochondrial oxygen utilization would be expected to reduce the diffusion gradient required
to support V0, rather than increase it. Localized reductions in tissue PO> would therefore
require sufficiently impaired diffusive conductance or microvascular perfusion heterogeneity,
mechanisms that were not directly assessed here. This situation contrasts with healthy
sedentary individuals, where mitochondrial capacity is the primary limitation to V0ppqy in
small muscle mass exercise (i.e. under conditions where cardiovascular limitations are
minimized)®®. Although we utilized whole-body exercise in the current study, and the
mitochondrial oxidative ceiling is far less likely to be reached in this mode of exercise, our
observation of the significant association between SDH-activity and oxidative phosphorylation
and V 0,4, that occurs after bed rest (Figure 3C), and across different populations®” is at least
consistent with the notion of a role for mitochondria in explaining the variation of V05,4, in

patient populations.

Invasive CPET results indicate that at maximal exercise, arterial PO, in long COVID and
ME/CFS is similar to that in healthy people***!. Intramyocyte oxygen movement is dependent
on convective oxygen delivery, oxygen diffusion through the tissue, and mitochondrial oxygen
consumption®. The decrease in capillary-to-fiber ratio for a given fiber size reduces the
potential for oxygen convective delivery. While the reduced mitochondrial oxidative capacity
in both patients with long COVID and ME/CFS would suggest a higher intracellular PO2, we
were not able to measure intracellular PO, directly. However, as myoglobin is an integral piece

in intramyocyte oxygen diffusion, we suspected that if intracellular PO, was indeed higher and
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oxygen convective delivery was impaired, there may be a compensatory response of myoglobin
in order to maintain the oxygen diffusion gradient. As myoglobin content was similar amongst
the groups, it would suggest that intramyocyte diffusion capacity may be maintained. However,
it is unknown whether any of hemoglobin, capillary or myocyte membrane function is altered,
which also impacts oxygen diffusive capacity. Future work should aim to address whether
membrane functions are altered and may contribute to impaired oxygen extraction.
We confirmed that bed rest causes significant atrophy across all fiber types®® . Conversely,
overall FCSA in patients with long COVID ME/CFS was not different from that of healthy
controls. However, we observed selective type I fiber atrophy in patients with ME/CFS,
suggesting fiber-type specific vulnerability to atrophy. The underlying mechanism remains
unclear, as we lack the longitudinal data to determine whether these changes result from the

disease progression or pre-disease differences.

Previous studies show conflicting results regarding changes in fiber type composition
following bed rest'**>"8, In our cohort, fiber type composition remained unchanged following
bed rest, calculated as both area occupied by fiber type and as the numerical proportion of
fibers of a given type relative to all fibers present. In contrast, both patients with long COVID
and ME/CFS exhibited higher proportions of type Ila/IIx fibers and lower proportions of type
I fibers compared to healthy controls, expressed both as relative to area occupied and total
number of fibers. Since we did not obtain longitudinal muscle biopsies from patients, we cannot
determine whether this is due to a fiber type transition, or whether individuals with higher
proportions of type Ila/IIx fibers are predisposed to developing long COVID or ME/CFS.
However, given the type I fiber-specific atrophy pattern observed in patients with ME/CFS, the
lower proportion of type I fibers and higher proportions of type Ila/lIx fibers in patients, our
findings suggest that a shift towards type Ila/IIx fibers may occur in ME/CFS. The type |
atrophy and the higher prevalence of type Ila/lIx fibers were more pronounced in ME/CFS
compared to long COVID patients, possibly because ME/CFS patients were diagnosed before
the COVID pandemic, and therefore were ill for a significantly longer time. Whether the
disease duration or intrinsic differences between long COVID and ME/CFS underlie these

differences is therefore unknown.

Previous studies have indicated an overlap in potential pathological mechanisms in both long
COVID and ME/CFS, that include (but certainly not limited to) autonomic dysfunction,
microclot formation in the blood, endothelial dysfunction and mitochondrial dysfunction®. In

our current study, we provide evidence for skeletal muscle mitochondrial impairments to be
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implicated in both long COVID and ME/CFS. However, as both diseases are heterogenous,
other mechanisms may be involved depending on clinical presentation. In our current cohort,
we focused on long COVID patients that exhibited PEM as a key symptom. Thus, it may be
that the mitochondrial dysfunction we highlight is more unique to those patients that exhibit
PEM rather than other long COVID symptoms.

The current study indicates that skeletal muscle adaptations and lower aerobic exercise
capacities observed in patients with long COVID and ME/CFS are different from those
occurring after bed rest, however there are several limitations. A limitation of the present study
is its cross-sectional design in patients with long COVID and ME/CFS, which precludes
inference on temporal disease progression or causality. While longitudinal muscle biopsies
would be informative, such data are currently unavailable, and ethical constraints limit
experimental manipulation of activity levels in patients. Consequently, our conclusions are
restricted to demonstrating that the skeletal muscle phenotype observed in patients differs from
that induced by prolonged bed rest, rather than establishing the temporal origin of these
abnormalities. We did not induce physical inactivity in patients with ME/CFS or long COVID.
Patients are typically more sedentary because PEM worsens both their symptoms and skeletal
muscle abnormalities®. We also cannot completely exclude the contribution of physical
inactivity to the skeletal muscle alterations observed in patients with long COVID and
ME/CFS, however our results do indicate that physical inactivity alone is insufficient to explain
the skeletal muscle changes in patients. There was likely self-selection bias towards patients
with milder symptoms, as they volunteered to travel to the laboratory for multiple occasions
and undergo a maximal exercise test. Our results are therefore not directly applicable to home-
bound patients "°. Similarly, we were unable to account for training status before disease onset.
We do not know if previous training status influences susceptibility of skeletal muscle
alterations’"’?. Additionally, the current research design precludes us to draw conclusions
about the differences in pathophysiology of long COVID and ME/CFS. ME/CFS patients were
diagnosed before 2020, and therefore ill for a significantly longer period. Therefore, we cannot
distinguish between disease duration and disease pathophysiology. While we only found a
lower capillarization in patients with ME/CFS, we did not assess qualitative markers for
microvascular blood flow or red blood cell flux through capillaries in long COVID or ME/CFS.
While we attempted to account for any sex differences, we cannot exclude any sex-specific
alterations that may occur during bed rest, due to an underpowered comparison. A further

limitation is the use of head-down tilt bed rest as a comparator for clinical deconditioning.
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Although this model enables long-term experimental control of physical inactivity, it
introduces hemodynamic alterations that differ from those experienced by ambulatory patients,
particularly with respect to fluid redistribution and orthostatic loading. As such, conclusions
drawn from the bed-rest comparison are most robust for skeletal muscle structural and
metabolic outcomes, whereas cardiovascular interpretations are necessarily more constrained.
Additionally, head-down tilt bed rest may differently affect women due to sex-specific

hormones on blood pressure regulation’.

This study demonstrates that the skeletal muscle determinants of exercise capacity in long
COVID and ME/CFS differ from those induced by prolonged bed rest. While V05,4, and
markers for aerobic exercise capacity were similarly low in patients with long COVID and
ME/CFES compared to long-term bed rest, respiratory and cardiovascular responses to acute
exercise were distinct. Patients with long COVID and ME/CFS displayed higher proportions
of type Ila/lIx fibers, and signs of intrinsic mitochondrial dysfunction, observations that were
not seen following bed rest. These findings indicate that the lower exercise capacity in patients
with long COVID and ME/CFS is not solely due to physical inactivity; therefore rehabilitation
strategies for patients should consider that patients with long COVID and ME/CFS are not
simply deconditioned, and should be treated as unique cases with alternative rehabilitation
strategies. As mitochondrial and endothelial dysfunction appear prominent in both long
COVID and ME/CFS, with clear implications on oxygen extraction, future studies should aim
to investigate the viability of improving patient mitochondrial and/or endothelial health to

reduce patient burden.

Methods

Study Approval and Previous Clinical Trial Primary Outcomes

Two cohorts were compared: one consisting of 24 bed rest participants undergoing a strict 60-
day head-down tilt bed rest (occurring before 2020), and one consisting of a cross-sectional
design cohort of 25 patients with long COVID, 26 patients with ME/CFS and 30 age- and sex-
matched healthy controls that had successfully recovered from an acute SARS CoV-2 infection.
The comparison between the two different cohorts was done as a non-pre-specified exploratory
analysis, approved by the Amsterdam UMC Medical Research Ethics Committee as an
amendment. Sex was considered in both study designs. Recruitment for the bed rest study
aimed to obtain a 50:50 sex divide, but since only 8 women were included, sex was used an

exploratory variable. The patient cohort study aimed to age- and sex-match all patient
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participants with healthy controls, thus reducing the influence of sex. As such, no sex-specific

analysis was conducted in either cohort. Sex was determined by self-report by participants.

Participants undergoing bed rest were part of the AGBRESA study (registered at
DRKS00015677)". The protocol was approved by the ethics commissions of the Medical
Association North Rhine (number 2018143) and NASA (Johnson Space Center, Houston,
United States). The AGBRESA study was registered as a clinical trial with the aim to
investigate the effects of continuous and intermittent centrifugation on 6° head down tilt bed
rest. Written informed consent was obtained from all participants and included the reuse of data
for subsequent studies. The primary outcomes from this study have been published

previously!&1%74-76,

Patients with long COVID and patients with ME/CFS were part of a case-control study in the
Amsterdam University Medical Center (AUMC) and the Faculty of Behavioral and Movement
Sciences (Vrije Universiteit Amsterdam). The study protocol was approved by the medical
ethics committee of the Amsterdam UMC (NL78394.018.21) and registered at
www.clinicaltrials.gov (NCT05225688). All participants signed a written informed consent
before participation. The study was conducted in accordance with the Declaration of Helsinki.
The primary outcomes of this trial were 1) skeletal muscle mitochondrial respiratory function
before and 24-hours following maximal aerobic exercise and 2) investigate local and systemic
inflammation following maximal aerobic exercise to understand post-exertional malaise in
patients with long COVID and ME/CFS (in an amendment). Data pertaining to 21 healthy
controls and 25 long COVID have been previously published®. Primary outcome measurements
related to post-exertional malaise in patients with ME/CFS have not yet been published. Here,

we present the baseline mitochondrial parameters from patients with ME/CFS.
Study populations
Bed rest

The study details have been reported previously'®. Briefly, 24 healthy participants underwent
a 60-day strict 6 degrees head-down tilt bed rest (Table 1). Participants followed standardized
diets, consuming 1.6 times their resting metabolic rate before bed rest and 1.3 times their resting
metabolic rate during bed rest. Fluid intake was controlled, and ingestion of caffeine and

alcohol were prohibited.

Long COVID and ME/CFS cohort
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Patients with long COVID were diagnosed by two experienced clinicians for long COVID
symptomology and exclusion of potential differential diagnoses. All long COVID patients were
diagnosed with post-exertional malaise (PEM) by the DSQ-PEM”’, had a minimum period of
long COVID-related symptoms of six months, and were between 18 and 65 years old. No
symptoms were present before the confirmed diagnosis of SARS-CoV-2. None of the included
participants were admitted to the hospital during acute SARS-CoV-2 infection and were healthy
prior to NAAT or serology-proven SARS-CoV-2 infection. Reported symptom durations (Table
1) were from symptom onset to study enrolment (February 2022 for long COVID and October
2023 for ME/CFS). Exclusion criteria were a medical history of cardiovascular/pulmonary
disease, diabetes mellitus, concurrent treatment with metabolism or coagulant-altering drugs
during the study period (statins, corticosteroids, SGLT2 inhibitors, GLP1 receptor agonists,
platelet aggregation blockers and any anticoagulants), adiposity and body mass index >35
(related to muscle biopsy obtainment), pregnancy, active infection, severe renal dysfunction or
any other prior chronic illness or >6 alcohol units per day or >14 alcohol units per week.
Smoking was not an exclusion criterion. One long COVID patient was excluded due to a recent

SARS-CoV-2 re-infection (<7 days).

Patients with ME/CFS all fulfilled the Canadian Consensus Criteria (CCC), exhibited PEM
according to the DSQ-PEM and consulted with a ME/CFS specialist or post-COVID physician,
and were between 18 and 65 years old. ME/CFS diagnosis was prior to 2020, and all patients
had a confirmed previous diagnosis of SARS-CoV-2. Exclusion criteria were identical to those

of the patients with long COVID.

None of the healthy controls had residual symptoms after the SARS-CoV-2 infection and none
were hospitalized within 6 months of study participation. Healthy controls withdrew because
of the invasive nature of the protocol (n=2), symptoms related to a burn-out (n=1), and a

novel diagnosis of uncontrolled hypertension (n = 1).

Cardiopulmonary Exercise Testing

All participants underwent cardiopulmonary exercise testing (CPET) on an electronically
braked cycle ergometer to assess aerobic exercise capacity. Generally, each test was preceded
rest on the ergometer, followed by a baseline cycling phase before beginning the incremental

exercise test.

Bed rest participants performed a step incremental test (Lode Excalibur, Lode, Groningen, The

Netherlands), whereas patients with long COVID and ME/CFS performed a ramp incremental
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exercise test (Lode Excalibur Sport, Lode, Groningen, The Netherlands; Monark L7TT,
Monark Sports & Medical, Vansbro, Sweden). Step and ramp protocols have been reported to

yield comparable V 0yyq, values 8.
Step Test Protocol (bed rest cohort)

Participants first completed 5-min of quiet rest on the cycle ergometer, followed by 3-min of
baseline cycling at SOW. Power output then increased by 25 W min™' until task failure.
Participants were instructed to maintain 75 RPM, and task failure was defined as the point at

which cadence dropped below 70 RPM despite verbal encouragement.
Ramp incremental test (Long COVID & ME/CFS cohort)

Participants completed 2-min quiet rest on the ergometer and 4-min baseline cycling at low
intensity between 0 and 20 W. This was followed by a ramped, linear increase in power output
(10-60W min™) until task failure. The individual baseline work rates and ramp slopes were
selected based on each participant’s anthropometric characteristics and physical activity levels
and designed to elicit task failure within 8—12 min. Participants were instructed to maintain
their cadence between 70 and 90 revolutions/min, and task failure was defined as the point at
which cadence dropped below 60 revolutions/min despite verbal encouragement. Capillary
lactate concentrations were determined at rest prior to the onset of the test, during baseline
cycling, and immediately following task failure (Lactate Pro 2 LT-1730, ARKRAY Ltd., United
Kingdom). Pulmonary gas exchange and ventilation were measured on a breath-by-breath basis
(Bed rest: Innocor, Innovision, Odense, Denmark; Patients with long COVID and patients with
ME/CFS: Cosmed Quark CPET; Cosmed, Rome, Italy). In all studies, V 0,4, Was defined as
the highest 30 second rolling average V0, achieved during the test. Achievement of V0y,nqyx
was primarily determined by the presence of a plateau in the VO, as defined by either: 1)
increase of V0,<100ml/min in the final 2-minutes of testing’®, 2) a V0, slope in the final 2-
minutes of exercise that was >50% different of the extrapolated V0, slope prior to the gas
exchange threshold®®, or 3) data points in the final 2-minutes lying outside of the 95%
confidence interval of the extrapolated VO, slope prior to the gas exchange threshold” .
Secondary endpoint criteria were also assessed, namely achievement of 1) maximal age-

predicted heart rate, 2) blood lactate >8.0 mM, and 3) respiratory exchange ratio >1.15.

The gas exchange threshold (GET) was assessed using 10-second binned averages as the point
of non-linear rise in VCO, relative to V0, using the V-slope method®', and verified with visual

inspection. The GET was then confirmed visually by assessing VE vs VO,, VE /VCO, vs VO,,
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and VE /V 0, vs VO,. Respiratory compensation point (RCP) was assessed as the point of non-
linear rise in VE relative to V 0, using the V-slope method, and again verified visually. Presence

of the RCP was confirmed by visual inspection of the VE /VCO, vs V0, and PetCO; vs VO,.

Maximal acute exercise values were taken as the highest 30-second rolling averages of the
respective parameters. The VE /V CO, slope was calculated as the linear rise until RCP. Heart
rate-V 0, slopes were calculated using the entirety of the exercise test and taken as the slope of
heart rate compared to V0,. Baseline heart rate was calculated using an average over the 5-
minute quiet rest, with the first 30-seconds and last 30-seconds being disregarded. Adjusted

heart rate reserve was calculated as the (HRmax- HRbaseline)/(220- age-HRbaseline)-

Due to software issues, three patients with ME/CFS undertook ramp rates that were too high,
resulting in a duration of exercise that was not sufficient to establish acute exercise responses.
Evaluation of maximal exercise was still possible in these participants, thus submaximal values

were excluded.

Skeletal muscle measurements

Biopsy Procedure

Muscle biopsies were obtained from the vastus lateralis at one-third of the distal length
(approximately 150mg weight wet) using a rongeur (4mm diameter for the bed rest cohort) or
a suction-supported Smm Bergstrom needle (Pelomi, Albertslund Denmark; for the long
COVID & ME/CEFS patient cohort) under sterile conditions after skin disinfection and local
anesthesia with 2% lidocaine®!. Muscle biopsies were taken before and after 55 days of head-
down tilt bed rest. One ~30 mg piece was aligned according to the muscle fiber arrangement
under a light microscope and frozen in liquid nitrogen for histochemistry, and another ~15 mg
piece was utilized for high-resolution respirometry experiments. Muscle biopsies from patients
and healthy controls were obtained 6 days prior to the CPET, and all participants were

instructed to refrain from strenuous activity at least 24 hours prior to the biopsy procedure.

All biopsies used for histochemistry were frozen in liquid nitrogen and stored in liquid nitrogen
at —196°C. Frozen muscle samples were mounted using freeze-gel (Q Path, VWR, Netherlands)
and cut into 10 pm thick sections in transverse orientation in a cryostat (Microm HMS550,
Adamas Instrumenten, Netherlands) at -20°C, before being mounted on polylysine-coated

slides, and stored at —80°C until staining. Due to issues with tissue freezing, histological
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analysis was completed on samples from 17 participants pre- and post-bed rest, 24 patients

with long COVID, 23 patients with ME/CFS, and 30 healthy controls.
Skeletal muscle respirometry

Mitochondrial respiration was assessed in permeabilized fibers as described previously®. Small
bundles of freshly isolated fibers were permeabilized with 50 pg mL™! saponin for 20 min at
4 °C in a solution consisting of (in mM) CaEGTA (2.8), EGTA (7.2), ATP (5.8), MgCl» (6.6),
taurine (20), phosphocreatine (15), imidazole (20), DTT (0.5) and MES (50) (pH 7.1). Tissue
was washed in respiration solution containing EGTA (0.5), MgCl (3), K-lactobionate (60),
taurine (20), KH,PO4 (10), HEPES (20), sucrose (110) and 1 gL™! fatty acid-free BSA (pH
7.1), quickly blotted dry, weighed and transferred to a respirometer (Oxygraph-2k; Oroboros
Instruments, Innsbruck, Austria) in respiration solution at 37 °C. Oxygen concentration was
maintained above 300 uM throughout the experiment to avoid limitations in oxygen supply.
Background respiration was assessed before adding substrates and was subtracted from all
subsequent values. Leak respiration (L) was assessed after the addition of sodium glutamate
(10 mM), sodium malate (0.5 mM), and sodium pyruvate (5 mM). NADH (Complex I)-linked
respiration was assessed after the addition of 5 mM ADP, and 10 pM cytochrome c¢ to confirm
the absence of outer-mitochondrial membrane damage. Maximal oxidative phosphorylation
capacity, with simultaneous convergent electron input via NADH and FADH-linked pathways,
was measured after the addition of 10 mM succinate. Maximum uncoupled respiration (E) was
determined via titration of carbonylcyanide-4-trifluoro-methoxyphenylhydrazone (FCCP) in
0.5 uM steps until no further increase in oxygen consumption was observed. Succinate-linked
respiration was measured after blocking mitochondrial complex I with 0.5 uM rotenone. Two
measurements per sample were performed simultaneously, and the results were averaged.
Respiration values were normalized to wet weight and expressed in pmol O2-s ' mg!. Samples
that increased more than 10% from the addition of SmM of ADP to 10 uM cytochrome ¢ were
excluded from analysis. E/L coupling efficiency was calculated as the difference between
maximum uncoupled respiration and leak respiration divided by the maximum uncoupled
respiration. The phosphorylation capacity through complex I (normalized NADH-linked
respiration) and complex II (normalized succinate-linked respiration) were calculated as
Complex I-linked respiration normalized to maximal oxidative phosphorylation capacity, and

Complex II-linked respiration normalized to maximal uncoupled respiration, respectively.

Immuno-histochemistry
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To visualize muscle fiber type and cross-sectional area, immunohistochemistry was carried out
on 10 um thick sections from the vastus lateralis muscle biopsies. Details about dilutions and

vendors can be found in Table 2.

Table 2: List of antibody vendors.

Primary Secondary
antibody, Antibody,
Parameter Catalog #/RRID Catalog #RRID
dilution, dilution,
vendor vendor
Goat Anti- | Thermo Fisher
BA-DS5,
Muscle P DSHB Cat# BA-DS5, | mouse IgG2B | Scientific Cat# A-
m bl
Fiber Type D“SgHB RRID:AB 2235587 555, 1:2000, | 21147,
Invitrogen RRID:AB_2535783
Goat Anti- | Thermo Fisher
6H1, 5Spg/mL, | DSHB Cat# 6HI, | mouse [gM 488, | Scientific ~Cat# A-
DSHB RRID:AB 1157897 1:2000, 21042,
Invitrogen RRID:AB 2535711
Goat Anti- | Thermo Fisher
SC-71 ..
DSHB Cat# SC-71, | mouse IgG1 | Scientific Cat# A-
Ipg/mL,
RRID:AB 2147165 647,1:2000, 21240,
DSHB .
Invitrogen RRID:AB 2535809
WGA 350,
1:25, W11263
Invitrogen
Vectastain Elite
Vector  Laboratories
ABC Kit PK-
Capillaries Cat# PK-6100,
6100,  Vector
Ulex europaeus ) RRID:AB 2336819
Laboratories
agglutinin I, | Vector  Laboratories
™
Wug/ml | Cat# B-1065, | mmPACT
Vector RRIDAB 2336766 | AMEC  Red | aboratories
. Peroxidase
Laboratories Cat# SK-4285,
Substrate,
RRID:AB 2336519
Vector
Laboratories
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Fiber-type composition

Skeletal muscle fiber type quantification and size were assessed using immunofluorescence
techniques using primary antibodies against myosin heavy chain (MHC) I (BA-D5), MHC Ila
(SC-71), and MHC IIx (6H1)®. Firstly, sections were air-dried for 10 min and then blocked with
10% normal goat serum (NGS) for 60 min. Subsequently, slides were washed 3 times for 5 min
each in 1x phosphate-buffered saline (PBS) and incubated with the primary antibodies for
60 min at room temperature. Slides were washed, and subsequently incubated with the
secondary antibodies for 60 min in the dark at room temperature. Another washing step was
performed and subsequently, the slides were incubated with Wheat Germ Agglutinin (WGA)
for 30 minutes in the dark at room temperature. This was followed by a final washing step
before the sections were mounted with coverslips using Vectashield Vibrance. Analysis was
performed with Image] and a modified version of Sandia Matlab AnalysiS Hierarchy
(SMASH) Toolbox (version 1.0) in Matlab (Version 2022a). Fiber type composition was
expressed as the cross-sectional area occupied by each fiber type as a percentage of the cross-
sectional area of all fibers. This allowed for quantification of fiber type specific fiber cross-

sectional area.
Succinate dehydrogenase activity

Sections were stained for SDH activity as described previously®. Immediately after cutting,
sections were air-dried for 15min and then immersed in a pre-heated (37 °C) solution
containing sodium phosphate buffer (0.1 M, pH 7.6), sodium succinate (0.2 M), sodium azide
(14 mM) and tetranitro blue tetrazolium (TNBT, 0.55 mM, Sigma-Aldrich) for 20 min in the
dark, and the reaction was stopped by brief HC1 (0.01 M) exposure before sections were washed
and mounted with glycerin-gelatin. Sections were stored at 4 °C and imaged within ten days.
The averaged SDH activity was obtained by outlining 40 individual skeletal muscle fibers per
participant and absorbance was assessed using ImageJ (Version 1.54f, NIH, Bethesda, USA).
Values were expressed as Adeso per pum tissue thickness per second of staining time

(Adgso pm ™' s71).
Capillarization

Capillarization was assessed by staining for Ulex Europaeus Agglutinin 1 lectin (UEA-1)°.
Sections were air-dried for 10 min and fixated in ice-cold acetone (—20°C) for 15 min.

Subsequently, slides were washed 3 times for 2 min in PBS and blocked with 1% bovine serum
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album for 30 min. Afterwards, slides were incubated with UEA-1 for 30 min at room
temperature, followed by wash steps and incubation with Vectastain Elite ABC kit for 30 min
at room temperature. After washing, incubation with Red Peroxidase substrate for 10 min at
room temperature was performed, washed, and sections were mounted with glycerin-gelatin
(heated at 37 °C). Capillary-to-fiber ratio and capillary density by capillaries per mm?* muscle
tissue, and capillary cross sectional area were determined in ImageJ. Where available, capillary
images were overlain with fiber type images to quantify fiber specific capillary-to-fiber ratios,
wherein a minimum of 20 type I and 20 type II fibers were analyzed per participant. Fibers
were deemed either type I positive (type I) or type I negative (type II), and capillaries were
summed as capillary divided by # of fiber contacts per capillary.

Myoglobin Content

To assess intracellular myoglobin content, muscle biopsy sections were freeze-dried and fixed
with paraformaldehyde (158127, Sigma-Aldrich) at 70-75°C for 60min using a vapor-fixation
technique®?. Slides were fixed with 2.5% glutaraldehyde (G5882, Sigma-Aldrich) buffer for
10min before a 60min incubation in O-tolidine-containing solution. The O-tolidine-containing
solution was prepared in 62 ml 50 mM Tris-80 mM KCIl buffer containing 25 mg ortho-tolidine
(T8533, Sigma- Aldrich), dissolved in 2 ml 95% ethanol, and 1.43 ml 70% tertiary-butyl-
hydroperoxide (458139, Sigma- Aldrich). Incubations were performed at 50 °C. Sections were
washed and mounted with glycerin-gelatin. Ninety randomly selected fibers regardless of fiber

type were analyzed using Fiji®*. Values were expressed as arbitrary unit (AU).
Image acquisition

Slides were dried overnight at 4 °C before imaging. Images for fiber type and capillarization
analysis were taken at 20 magnification with VS200 Research Slide Scanner (Olympus) using
Slideview 5.0. SDH images were taken with a DMRB microscope (Leica, Wetzlar) using a
CCD camera, calibrated gray filters, and an individual calibration curve at 660 nm. Myoglobin
images were captured with x20/0.4 objective using a CCD camera at 436+9nm absorbance.
Approximately fifteen images were taken per sample, with 5 images per slide-section. All
images were manually evaluated to exclude those containing out-of-focus areas, artifacts, and
large areas of connective tissue. Image processing and analysis was conducted using ImagelJ
(version 1.53u and later). Fiber type composition was performed with Image] and Sandia

Matlab AnalysiS Hierarchy (SMASH) Toolbox (version 1.0) in Matlab (version 2022a).

Statistical analysis
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Distributions were assessed with histograms and Shapiro—Wilk tests. Parametric quantitative
variables are presented as means =+ standard deviation (SD), and nonparametric quantitative
variables are presented as median and interquartile ranges (IQR; 25th and 75th percentiles).
Jitter plots are plotted with means represented as single bars. All individual points represent a

participant.

Non-normally distributed data were transformed using Box-Cox transformation in order to
obtain a normal distribution for statistical analysis. Continuous parametric data were analyzed
using a 2-tailed paired #-test or analysis of variance, with Tukey HSD post-hoc testing, where
appropriate. If data remained non-normally distributed following the Box-Cox transformation,
the continuous nonparametric data were analyzed using the Mann—Whitney U test, Kruskal—
Wallis H test, or pairwise Wilcoxon test with Benjamini—Hochberg correction where
appropriate. Correlations were analyzed using the Pearson correlation coefficient for linear
relationships. Correlation coefficients were compared using the R package cocor. Pertinent to
bed rest data, if data was missing in either the before or after bed rest condition, the participant
was removed from the analysis to maintain equal sample sizes and appropriate pairing. All data

were analyzed using R studio built under R version 4.0.3 (R Core Team 2013, Vienna, Austria).

Reuse of previously published data

Some results from bed rest participants were reanalyzed from previously published data'®7>.

Biopsies were restained and analyzed for capillarization, muscle fiber type, and myoglobin
content to account for differences in staining protocols and analysis procedures. A part of the

results from patients with long COVID and 21 healthy controls were previously published®.
Data Availability

The processed data generated in this study are publicly available via the GitHub repository
(doi: 10.5281/zenodo.20642303)%. The raw data are not publicly available due to data privacy
laws. For access to raw data files, please submit a request to Dr. Rob Wiist (r.wust@vu.nl) with
a detailed description of which raw data is being requested and planned uses of raw data files.
Requests that satisfy reuse policies will be approved within 2 months. The source data file is
available in the supplemental files. Source data can also be accessed via the GitHub repository:

https://github.com/becn95/LC_ME_CFS_BED_REST.

Code Availability

R codes are available in the supplemental files and via the GitHub repository®*. All codes and

a ReadMe file can be found at https://github.com/becn95/LC_ME CFS BED REST.
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Supplemental Information

Supplemental Table 1. Sub-cohort characteristics with both cohorts now matched for age and sex. Data

presented as median (IQR). Pre-bed rest participants were shorter than healthy, patient-matched controls

(»=0.038). Patients with long COVID had experienced symptoms for a shorter time-period than patients with

myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS, p<0.001). All data remained non-normally

distributed following Box-Cox transformations. Group differences between pre-bed rest and healthy, patient-

matched controls were assessed using Group differences between post-bed rest, long COVID and ME/CFS were

compared using a Kruskal-Wallis test, with pairwise Wilcoxon signed-rank test post-hoc where applicable.

Differences between patients with long COVID and patients with ME/CFS in symptom duration and daily steps

were assessed using Wilcoxon signed-rank tests.

Bed rest Healthy Bed rest Long ME/CFS
Control COVID
Pre Post
Participants (# 17 17 13 13 13
Females) ™) ) ™ ™ ™)
Age 34 34 29 31 32
(years) (29-43) (29-42) (27-40) (28-42) (28-42)
Height 175 180 174 177 175
(cm) (172-179) (176-186) | (162-175)  (168-191)  (172-186)
*
Weight 76 74 70 82 84
(kg) (69-80) (63-86) (66-76) (71-90) (75- 86)
Symptom n/a n/a n/a 500 3793
Duration (days) (408-599)  (2463-4613)
Tt
Daily Steps ND 7011 000 3970 3827
(steps.day™)

(4770-8316)

*: ys. healthy control; f: vs. ME/CFS; §: vs. Bed rest

*: p<0.05; **: p<0.01; ***: p<0.001

(2794-5030)

(2722-4901)
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Supplemental Table 2. Primary and secondary Endpoints for exercise testing. Data
pertaining to primary and secondary endpoint criteria of cardiopulmonary exercise tests are summarized below.
Across 129 tests, 40 tests did not meet any of the primary endpoint criteria, while only 7 tests failed to meet any

primary or secondary endpoint criteria. Lactate values were not collected during the bed rest study.

Before After
CON LC ME/CFS
Primary Endpoints Bed rest Bed rest
(n=30) | (@m=25) | (n=26)

(n=24) (n=24)
Final 2min VO, slope

4 3 5 10 10
<100ml/min (n)
Final 2min VO, Slope

1 9 7 13 7
>50% difference (n)
Points outside 95% CI

11 7 17 11 7
in final 2min (n)
Secondary Endpoints
Achieved Adjusted

2 9 13 8 4
Max Heart Rate (n)
Achieved blood lactate

ND ND 24 19 11
>8mM (n)
Achieved RER >1.15

19 18 20 16 8
(n)
Number of participants
that failed to meet any | 3 1 0 0 3
endpoint criteria (n)
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Unknown
Streptococcus
Pneumonia
Mycoplasma
Mexican flu

Lyme

Influenza

Flu-like symptoms

Flu

Epstein-Barr Virus,

Enterovirus
Dengue/Zika
0 2 4 6 8 10

Supplemental Figure 1: Patients with ME/CFS report a range of infections prior to

disease onset. Infection type prior to myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)

diagnosis, based on responses from participants and not necessarily clinically confirmed. All ME/CFS diagnoses

(n=26) were made prior to 2020. Bars display the total number of responses.
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A CON LC ME/CFS
Frequency ~ DSQ-PEMI  0(0,1) 1 4(1.4)" 4(24)
DSQ-PEM2  0(0,1)" ™" 3(04) 3.5(1,4)
DSQ-PEM3  0(0,0) ' 3(2,4) 3(1,4)
DSQ-PEM4  0(0,0) ' 3(04) 3(1,4)
DSQ-PEM5  0(0,0) ™" 3(14) 3(2.4)
Severity DSQ-PEM1  0(0,1)" ™" 314 3 (3.4)
DSQ-PEM2  0(0,1) " 2(0,3)" 3(1.4)
DSQ-PEM3  0(0,0) ' 3(1,4) 3(1.4)
DSQ-PEM4  0(0,0) ™" 2(04)" 3(1,4)
DSQ-PEM5  0(0,0) ' 3(14) 3(24)
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Supplemental Figure 2: The DSQ-PEM distinguishes both patients with long COVID and

ME/CFS from healthy controls. DePaul Symptom Questionnaire-Post-exertional Malaise (DSQ-PEM)
responses. Patients with long COVID (LC, n=25) and myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS; ME, n=26) reported significantly higher DSQ-PEM severity and frequency scores (A) compared to
healthy controls (n=30). Patients with ME/CFS scored higher than patients with long COVID in DSQ-PEM F1
(p=0.024), DSQ-PEM F4 (p=0.028), DSQ-PEM S1 (p<0.001, DSQ-PEM S2 (»p=0.008), DSQ-PEM $4, (p=0.009)
and DSQ-PEM S5 (p=0.018). Patients with long COVID and ME/CFES responded more negatively to questions
6-8 and 10 of the DSQ-PEM (B-D,F) and indicated longer durations of feeling worse following activities (E)
compared to healthy controls. All patients with long COVID and ME/CFES had a positive PEM diagnosis using
the DSQ-PEM (G), while no controls were positive for PEM. Responses in A are displayed as median (minimum,
maximum). Comparisons were made using a Kruskal-Wallis H test, with pairwise Wilcoxon tests with
Benjamini—Hochberg correction post-hoc. *p<0.05, **p<0.01, ***p<0.001. *Compared to ME/CFS, +Compared
to long COVID. Patients with long COVID are displayed in orange, and patients with ME/CFS are displayed in

green.

237




Chapter 8: Skeletal Muscle Properties in Long COVID and ME/CFS Differ From Those Induced by Bed Rest

]
A B 3
: :
) & S
2 $ H
2 a Iy Ed
g ¥ & £
a 8 G =
2 g
ORI J
Es o
%y 3 g
* % 3 oy
"3, %, o i
& o,
S & Reciy,
’ . oV Mt f, ke
v,
Shortness of breath

Diarrhea

i

Perceptual and sensory
disturbances

K

H
K

Fatigy,

o,

A
aua’
el o,
t pain

M
uscle oF join,
05507
sy 0 WS

Supplemental Figure 3. Patients with long COVID and ME/CFS report a range of
symptoms. Circular bar plots of symptoms reported by patients with long COVID (A, n=25) and myalgic

encephalomyelitis/chronic fatigue syndrome (n=26, B). Bars represent percentage of patients indicating positively
for the given symptom.
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Supplemental Figure 4. Healthy bed rest participants tend to have lower oxidative
capacity than patient-matched healthy controls. A sub-analysis was conducted on age- and sex-
matched individuals between healthy individuals pre-bed rest (n=17) and healthy individuals matched to patients
with long COVID and myalgic encephalomyelitis/chronic fatigue syndrome (CON, n=17; Supplemental Table 1).
There was a tendency for VOypypmqy to be lower in bed rest participants compared to the patient-matched healthy
controls (A, p=0.053) when expressed relative to body weight, and a significant difference when expressed as %
of predicted V 0,4, based on the FRIEND equation (B). However, there were no differences in in gas exchange
threshold (GET) (C), the occurrence of the gas exchange threshold relative to V 0,mqy (D) or fiber cross sectional
area (FCSA, E) between groups. Participants before bed rest had a lower capillary-to-fiber ratio (F), lower
succinate dehydrogenase (SDH) activity (G), and oxidative phosphorylation capacity (H) than patient-matched
healthy controls. Both groups had, or tended to have a significant relation between FCSA and capillary-to-fiber
ratio (I). Only patient-matched healthy controls had a significant relation between V 0,4, and SDH activity (J).
Both groups had, or tended to have, a significant association between V0,4, and oxidative phosphorylation
capacity (K). Data for V0,4, FCSA, and SDH activity remained non-normally distributed after Box-Cox
transformations. Parametric comparisons were assessed using non-paired two-sided t-tests. Non-parametric
comparisons were assessed using two-sided Wilcoxon signed rank tests. Solid lines represent significant
correlations, dashed lines represent correlations with p<0.10. Box plots display individual data points, median
(center line) and the first and third quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are
displayed in white, post-bed rest is displayed in grey, patients with long COVID are displayed in orange, and
patients with ME/CFS are displayed in green.
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Supplementary Figure 5. Bed rest results in alterations in respiratory and cardiovascular
responses to maximal exercise, which are not seen in either patients with long COVID or

ME/CFS. Cardiopulmonary exercise test (CPET) data from pre- and post-bed rest, healthy controls (CON),
patients with long COVID (LC) and patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS;
ME). Peak power was reduced following bed rest (A; n=24), and was also lower in LC and ME/CFS. Following
bed rest, VEqx/VCO0smax (B, 1=24), VEpasx/V Ozmax (C; 1=24), and VE /V C0, slope (D; n=20) all increased,
whereas LC and ME/CFS were not significantly different from CON. O»-pulse was significantly lower following
bed rest (E; n=24), and lower in LC (n=22) and ME/CFS (n=22) compared to CON (n=29). Maximal heart rate
was increased following bed rest (n=24), while LC (n=22) and ME/CFS (n=22) had similar maximal heart rates
to CON (n=22; F). Following bed rest (n=20), adjusted heart rate reserve (AHRR) was significantly higher, but
ME/CFS (n=21) had the tendency have a lower AHRR compared to CON (n=29; G). The V 0,-heart rate slope
was not altered following bed rest (n=22), while both LC (n=22) and ME/CFS (n=22) had, or tended to have, a
higher V0,-heart rate slope compared to CON (n=29; H). After bed rest (n=21), the gas exchange threshold

(GET) occurred at a higher percentage of V0yyqy., Whereas the GET occurred at a lower percentage of VOyppmax
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in ME/CFS (n=22) compared to both CON (n=30) and LC (n=23; I). Submaximal VE/V C0, slope was increased
following bed rest (n=20), and also increased in both LC (n=21) and ME/CFS (n=23) compared to CON (n=27;
J). Baseline heart rates were elevated following bed rest (n=20; K), and tended to be higher in LC (n=22) and
ME/CFS (n=21) than CON (n=29). Comparisons between pre- and post- bed rest were assessed using paired t-
tests for parametric data and Mann—Whitney U test for non-parametric data. Comparisons between LC, ME/CFS
and healthy controls were assessed using ANOVA, with Tukey HSD post-hoc testing for parametric data or
Kruskal-Wallis H test, with pairwise Wilcoxon tests with Benjamini-Hochberg correction post-hoc for non-
parametric data. Box plots display individual data points, median (center line) and the first and third quartiles

(lower and upper bound of box).
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Supplemental Figure 6. Lower V0, still exists after bed rest and in both patients with
long COVID and ME/CFS after correcting for predicted V0,4, Maximal oxygen

consumption (VOpmay) presented as a percentage of predicted V0ypqy, using the Wasserman (A,B) and the
FRIEND equation (C,D). After Box-Cox transformations, only data from bed rest participants calculated with the
Wasserman equation were normally distributed, all others remained non-normally distributed. Comparisons
between pre- and post- bed rest (n=24) were assessed using paired t-tests for parametric data and Mann—
Whitney U test for non-parametric data. Comparisons between patients with long COVID (LC, n=23) and patients
with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=26) and healthy controls (CON,
n=30) were assessed using a Kruskal-Wallis H test, with pairwise Wilcoxon tests with Benjamini—-Hochberg
correction post-hoc for non-parametric data. Box plots display individual data points, median (center line) and the
first and third quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are displayed in white,
post-bed rest is displayed in grey, patients with long COVID are displayed in orange, and patients with ME/CFS

are displayed in green.
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Supplementary Figure 7. Bed rest induces atrophy across all muscle fiber types, while

patients with ME/CFS have a type-I specific atrophy. Average fiber cross-sectional area (FCSA)
for each individual fiber type was reduced from pre- to post-bed rest (n=13; A), with the exception of the few pure
type 1Ix fibers (p=0.329). Type I fiber FCSA was significantly lower in patients with myalgic encephalomyelitis
(ME/CFS; ME; ANOVA: p=0.022, post-hoc: p=0.018, n=19; B) compared to healthy controls (CON, n=29), while
long COVID patients (LC; p=0.393, n=25) were not significantly different from controls. Other fiber types were
not significantly different in either patient group compared to healthy controls (ANOVA/ Kruskal-Wallis: 1/Ila
p=0.410, Ila p=0.847, 1la/lIx p=0.683, 1Ix p=0.817). Fiber type was subsequently calculated as the numerical
percentage relative to total fiber number (C,D). Bed rest did not change fiber type distribution (C; Linear mixed
model: p=0.629). ME/CFS patients had less type I fibers compared to controls (»p<0.001) and tended to have less
than long COVID patients (D; p=0.099). Both long COVID and ME/CFS patients had more type I1a/IIx hybrid
fibers than controls. After Box-Cox transformations, FCSA data of type I, type I/Ila and Ila fibers were normally
distributed, while FCSA data of type Ila/lIIx and IIx fibers remained non-normally distributed. Data for percentage
of type I in bed rest, percentage of I/II hybrids in all groups, and percentage of Ila fibers in all groups were
normally distributed after Box-Cox transformations; all other data was non-normally distributed. Fiber type
proportions were assessed using a linear mixed random effects model using % of proportion as the dependent
variable and group*fiber type as the fixed effects, with subject ID as the random effects with post-hoc testing
carried out per fiber type as described below. Comparisons between pre- and post- bed rest were assessed using
paired t-tests for parametric data and Mann—Whitney U test for non-parametric data. Comparisons long COVID
patients, ME/CFS patients, and controls were assessed using ANOVA, with Tukey HSD post-hoc testing for

parametric data or Kruskal-Wallis H test, with pairwise Wilcoxon tests with Benjamini—-Hochberg correction
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post-hoc for non-parametric data. Box plots display individual data points, median (center line) and the first and

third quartiles (lower and upper bound of box).
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Supplementary Figure 8. Bed rest does not affect intrinsic mitochondrial respiration,
while both patients with long COVID and ME/CFS have reduced intrinsic mitochondrial

capacity. Oxidative phosphorylation capacity was normalized to succinate dehydrogenase (SDH) activity to
provide a marker for intrinsic mitochondrial respiration. Bed rest (n=10) did not alter the normalized oxidative
phosphorylation capacity, while patients with long COVID (LC, n=23) and myalgic encephalomyelitis/chronic
fatigue (ME/CFS; ME, n=18) displayed lower capacities than healthy controls (CON, n=29, A). Bed rest (n=17)
did not alter biochemical coupling (uncoupled/leak (E/L) coupling efficiency), while both patients with long
COVID (n=23) and ME/CFS (n=23) tended to have lower biochemical coupling compared to healthy controls
(Kruskal-Wallis: p=0.066, n=29, B). Bed rest (n=17) increased the normalized NADH-linked respiration (NADH-
linked respiration normalized to oxidative phosphorylation capacity; C) and decreased the normalized succinate-
linked respiration (rotenone-linked respiration normalized to electron transport capacity; D), whereas neither
patients with long COVID (n=23) nor ME/CFS (n=23) were not different from healthy controls (n=29, NADH-
linked normalized Kruskal-Wallis: p=0.578, Succinate-linked normalized Kruskal-Wallis: p=0.226). After Box-
Cox transformations, all data remained non-normally distributed. Data from bed rest participants were compared

using a paired Wilcoxon Signed Rank test. Data from patients with long COVID and ME/CFS and healthy controls

244



Chapter 8: Skeletal Muscle Properties in Long COVID and ME/CFS Differ From Those Induced by Bed Rest

were compared using a Kruskal-Wallis H test, with pairwise Wilcoxon tests with Benjamini-Hochberg correction
post-hoc where applicable. Box plots display individual data points, median (center line) and the first and third
quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are displayed in white, post-bed rest
is displayed in grey, patients with long COVID are displayed in orange, and patients with ME/CFS are displayed

in green.
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Supplementary Figure 9. Bed rest induces a reduction in capillary area, while neither

patient group is different to healthy controls. Average capillary area decreased significantly following
bed rest (n=17, A). Capillary area was not different between healthy controls (CON, n=29) and patients with
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=25, Kruskal-Wallis: p=0.334) or long
COVID (LC, n=25; B). Typical examples of capillary staining in bed rest are shown in C. After Box-Cox
transformations, capillary area data from bed rest participants was normally distributed, but data from patients
with ME/CFS and long COVID and healthy controls remained non-normally distributed. Data from patients with
ME/CFS and long COVID and healthy controls were compared using a Kruskal-Wallis H test. Box plots display
individual data points, median (center line) and the first and third quartiles (lower and upper bound of box). Pre-
bed rest and healthy controls are displayed in white, post-bed rest is displayed in grey, patients with long COVID
are displayed in orange, and patients with ME/CFS are displayed in green. Scale bars represent 100pum.
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Supplementary Figure 10. Myoglobin increases following bed rest, while neither patients
with long COVID nor ME/CFS are different to healthy controls. Typical examples of low
myoglobin content and high myoglobin content are displayed (A). Myoglobin content was measured in a subset
of participants. Following bed rest myoglobin content was significantly elevated (B; n=11), while no differences
were found between healthy controls (C; n=13), patients with long COVID (LC, n=11), and patients with myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=12). Scale bar represents 50 um. After Box-Cox
transformations, myoglobin data from bed rest participants was normally distributed, but data from patients with
ME/CFS and long COVID and healthy controls remained non-normally distributed. Data from bed rest
participants were compared using a paired t-test. Data from patients with ME and long COVID and healthy
controls were compared using a Kruskal-Wallis / test. Box plots display individual data points, median (center
line) and the first and third quartiles (lower and upper bound of box). Pre-bed rest and healthy controls are

displayed in white, post-bed rest is displayed in grey, patients with long COVID are displayed in orange, and
patients with ME/CFS are displayed in green.
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Supplemental Figure 11. Capillary-to-fiber ratio is higher in type I fibers compared to
type II fibers in all groups, while bed rest and both patient groups have lower capillary-

to-fiber ratios in both fiber types. Fiber type specific capillary-to-fiber ratios were analyzed by
overlaying capillary staining (A) with fiber type staining (B) in a subgroup of participants, where possible. Fiber
types were classified as type I positive (I) or type I negative (II). Bed rest participants (n=15) exhibited a reduction
in capillary-to-fiber ratio for both fiber types ubiquitously (C). Patients with ME/CFS (ME/CES; ME, n=23) had
lower capillary-to-fiber ratios in both fiber types compared to both patients with long COVID (LC, p=0.0013,
n=23) and healthy controls (CON, p<0.001, n=21; D). Patients with long COVID had the tendency (p=0.096) to
have lower capillary-to-fiber ratios than healthy controls. In all groups, type I fibers displayed greater capillary-
to-fiber ratios compared to type II fibers. After Box-Cox transformations, all data remained non-normally
distributed. Data from bed rest participants were compared using a repeated measures 2-way aligned rank
transform test. Data from patients with ME/CFS, patients with long COVID and healthy controls were compared
using a 2-way aligned rank transform test, with a pairwise estimated marginal means post-hoc test for group
effects. Box plots display individual data points, median (center line) and the first and third quartiles (lower and
upper bound of box). Pre-bed rest and healthy controls are displayed in white, post-bed rest is displayed in grey,
patients with long COVID are displayed in orange, and patients with ME/CFS are displayed in green. Scale bars

represent 100 um.
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Supplemental Figure 12. Despite similar V0y,,,, between post-bed rest and both patients
with long COVID and ME/CFS, skeletal muscle alterations are different following bed
rest compared to both patients with long COVID and ME/CFS. A sub-analysis was conducted
on age- and sex-matched individuals between post-bed rest (n=13), patients with long COVID (LC, n=13) and
patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ME, n=13). There were no
differences in V0,pqy between groups (A), however patients with long COVID tended to have higher % of
predicted VOypmqy based on the FRIEND equation (ANOVA: p=0.076; B). The gas exchange threshold was lower
in patients with ME/CFS (n=11) than patients with long COVID (n=13; C). The gas exchange threshold relative
to VOymayx Was also earlier in patients with ME/CFS compared to post-bed rest and patients with long COVID
(D). Skeletal muscle fiber cross-sectional area (FCSA) was lower after bed rest (n=10) compared to either
ME/CFS (n=9) or long COVID (n=13), while there was a trend for patients with ME/CFS to present with smaller
fibers than patients with long COVID (E; p=0.060). Capillary-to-fiber ratio was higher in long COVID (n=13)
than either post-bed rest (n=10) or patients with ME/CFS (n=11; F). Similarly, succinate dehydrogenase (SDH)
activity (G) and oxidative phosphorylation capacities (H) were higher in patients with long COVID (n=13, n=13)
than either post-bed rest (n=7, n=13) or patients with ME/CFS (n=11, n=13). All groups had, or tended to have,
a significant relation between FCSA and capillary-to-fiber ratio (I). There was a correlation between V0,4, and
either SDH activity (J) or oxidative phosphorylation capacity (K) in participants after bed rest, but not in either
patient group. Data from VO,,,,, gas exchange threshold relative to VO,pmer,» FCSA, and oxidative

phosphorylation remained non-normally distributed after Box-Cox transformations. Parametric comparisons were
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assessed using ANOVA, with Tukey HSD post-hoc testing. Non-parametric comparisons were assessed using
Kruskal-Wallis H test, with pairwise Wilcoxon tests with Benjamini—Hochberg correction post-hoc. Box plots
display individual data points, median (center line) and the first and third quartiles (lower and upper bound of
box). Pre-bed rest and healthy controls are displayed in white, post-bed rest is displayed in grey, patients with
long COVID are displayed in orange, and patients with ME/CFS are displayed in green. Solid lines represent

significant correlations, dashed lines represent correlations with p<0.10.
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Supplemental Figure 13. Blood lactate increased in patients with long COVID, patients
with ME/CFS, and healthy controls, with patients with ME/CFS having a smaller increase

in blood lactate at task failure. Blood lactate measurements of healthy controls (CON, n=29), patients
with long COVID (LC, n=21), and patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS;
ME, n=24) before and after maximal cardiopulmonary exercise testing. All groups showed elevations of blood
lactate at task failure. No differences were found between rest and baseline in any group. Neither patient group
was significantly different from healthy controls at any timepoint. After Box-Cox transformations, data at task
failure was non-normally distributed. Data was compared using a repeated measures aligned rank transformation
test with pairwise estimated marginal means post-hoc for interaction effects. Box plots display individual data
points, median (center line) and the first and third quartiles (lower and upper bound of box). Pre-bed rest and
healthy controls are displayed in white, post-bed rest is displayed in grey, patients with long COVID are displayed
in orange, and patients with ME/CFS are displayed in green.
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Abstract

Introduction: Myalgic encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and long
COVID patients frequently report with myalgia and post-exertional malaise (PEM), which is
the worsening of symptoms upon exertion. However, it is currently unknown whether PEM
results in higher amounts of muscle damage, and whether any damage or regenerative features

are present in patient skeletal muscle.

Methods: Sections of vastus lateralis biopsies of 26 ME/CFS patients, 25 long COVID
patients, and 30 healthy age- and sex-matched controls were stained for Pax7 to visualize
satellite cells, PDGFRa to visualize fibroadipogenic progenitor (FAP) cells, and collagen IV
and embryonic myosin heavy chain (eMHC) to assess damage and regeneration. Skeletal
muscle metabolomics and lipidomics were performed by liquid chromatography mass

spectrometry.

Results: Both patient groups had less Pax7" cells (P<0.001), while FAP cells were lower in
ME/CFS patients (P=0.017). Both patient groups had more collagen IV surrounding myofibers
(P<0.001). Expression of eMHC was not different between groups. Oxidative and antioxidant
metabolites were lower in patients, while several essential amino acids were lower in patients
with ME/CFS. Membrane-associated lipids were significantly lower in both patient groups
(P<0.001), predominantly phospholipid species and cardiolipin. Pax7" satellite cell density was
positively associated with membrane lipids (r=0.39, P<0.001), cardiolipin (1=0.28, P=0.004),
taurine (r=0.36, P=0.006), CoA-glutathione (r=0.36, P=0.010), creatine (r=0.34, P=0.013),
creatinine (r=0.33, P=0.019), FAD (r=0.31, P=0.026), and mitochondrial respiration (r=0.21,
P=0.034), and negatively associated with collagen IV (r=-0.35, P<0.001). Collagen IV was

negatively associated to membrane-associated lipids (r=-0.31, P<0.001).

Conclusions: ME/CFS and long COVID patients have a reduced potential regenerative
capacity, marked by signs of unresolved regeneration, collagen deposition, and altered

membrane-associated lipids, possibly impacting organelle function.

254



Chapter 9: An Inability to Recover: Unresolved Regeneration and Satellite Cell Depletion in Post-Acute
Infectious Diseases Associated With Altered Metabolic Landscape

Introduction

Myalgic encephalomyelitis (ME/CFS) is diagnosed commonly after viral or bacterial insults in
which symptoms persist or worsen. According to the Canadian Consensus Criteria (CCC) for
ME/CEFS, patients must exhibit post-exertional malaise (PEM), which is the worsening or
development of new symptoms with either cognitive or physical exertion!. PEM contributes to
a severe reduction in quality of life, limiting daily activity, social interaction, and ultimately
impacting mental health. Up to 20% of people that experience an acute SARS CoV-2 infection
will develop symptoms that persist beyond 3 months, which is subsequently termed long
COVID. Of those patients with long COVID, around 85% of patients will experience PEM as
one of their symptoms?, thus also meeting the CCC criteria for ME/CFS.

In both long COVID and ME/CFS, previous reports suggest dysregulated immune responses>*,
mitochondrial dysfunction®'* in multiple tissue types, and impaired endothelial function'>2°,
Specifically, patients with long COVID and ME/CFS that exhibit mitochondrial dysfunction
may be exposed to more pronounced oxidative damage, potentially resulting in cell injury. It
has previously been shown that patients with long COVID have high amounts of necrosis and
tissue damage 24-hrs following exhaustive exercise’. Whether these same markers of damage

are seen in patients with ME/CFS has yet to be reported. Further, in neither patients with

ME/CEFS nor long COVID has regenerative markers been assessed in skeletal muscle.

It is well reported that proper activation of the immune system following exercise is necessary
to restore musculoskeletal homeostasis®!?2. Acute exercise will often result in the activation of
neutrophils, T-cells, and M1 macrophages within the first few hours after exercise*’. As local
tissue damage is resolved, neutrophil and T-cells are removed locally, and macrophages are
polarized to M2 phenotypes, with macrophages being the dominant immune cell two to several

days following muscle damage?. The M2 subset of macrophages is necessary for the activation

24,25 26,27

of fibroadipogenic progenitor (FAP) cells™*°, and subsequently satellite cells

FAP cells activated via the IL4AR will further release myogenic factors to promote satellite cell
activation and differentiation into myonuclei**?*?°, Moreso, FAP cells are important regulators
of ECM composition, wherein activation of FAP cells generally increases collagen composition
in the extracellular matrix°, of which the composition is integral in appropriate regeneration’'.
However, FAP cells if stimulated by TGF-f aids in transient ECM remodelling, however long-
term exposure leads to the chronic deposition of ECM proteins, adipose, and hinders overall

muscle regeneration®®32,
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A necessary component of muscle regeneration is the activation of satellite cells by FAP cells,
exposure to mechano growth factor, interleukin-6, insulin-like growth factor-1, fibroblast

33-35

growth factor, hepatocyte growth factor or tumour necrosis factor (TNF)-a’~—>, or mechanical

stimuli 3637,

Once activated, satellite cells will begin to undergo proliferation and
differentiation, in which a handful of the satellite cells will incorporate into the myofibre as
new myonuclei, while the rest of the satellite cell pool will return to quiescence to maintain the
overall satellite cell pool*®3°. Remodelling of the myofibre occurs throughout regeneration,

4041 increases in non-fibrillar

often with transient expression of embryonic myosin heavy chain
collagens (IV, VI, etc.)**, and restructuring of the extracellular matrix3®*'*3. The remodelling
that accompanies regeneration increases the flux of protein synthesis and degradation to
accommodate the restructuring*®.

Mitochondrial function and signaling has been shown to influence regenerative processes in

4749 Mitochondrial dysfunction and morphological alterations have been

skeletal muscle
shown in both patients with ME/CFS and long COVID> %!, as well as a shift towards
glycolytic metabolism>>*°. This in turn may predispose patients to more frequent oxidative
damage. However, it is currently unknown whether the alterations to metabolic profiles

coincide with either damage or regenerative features in patients with long COVID or ME/CFS.

The aims of this study, therefore, were to quantify and evaluate damage-associated and
regenerative features of skeletal muscle in both patients with long COVID and patients with
ME/CFS. Additionally, we aimed to quantify the relative proportions of skeletal muscle
resident mononuclear cells typically involved in muscle repair in patients with long COVID
and ME/CFS, and investigate how changes in these populations then relate to damage-
associated or regenerative features of skeletal muscle, such as fibrosis, expression of embryonic
myosin heavy chain, and irregular deposition of lipids. Furthermore, we aimed to investigate
whether changes in metabolic or lipid profiles of patients relate to damage-associated or
regenerative features. We hypothesized that resident immune cells are elevated in both patients
with long COVID and ME/CFS, while satellite cells and FAP cells are lower in patients
compared to controls. Upon PEM induction, we expect to see a further increase in
macrophages, and an increase in satellite cell content, due to their proliferation in response to
exercise. As basal levels of satellite cells and FAP cells are expected to be lower in patients, we
then expect to see increased signs of damage in patient skeletal muscle, notably increase in
eMHC expression, collagen deposition surrounding myofibres, and increased lipid content,

consistent with damaged and fibrotic tissue. We will then conduct an exploratory analysis to
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investigate how alterations in either metabolic or lipid profiles relate to damage-associated or

regenerative features, and changes in resident mononuclear cell content.
Methods

The study design has been reported previously”™'. The study protocol was approved by the
medical ethics committee of the Amsterdam University Medical Centre (AUMC
(NL78394.018.21) and registered at www.clinicaltrials.gov (NCT05225688). All participants
signed a written informed consent before participation. The study was conducted in accordance
with the Declaration of Helsinki. Briefly, 26 patients with ME/CFS and 25 patients with long
COVID were recruited from the outpatient clinic at the AUMC. Patients were subsequently
age- and sex-matched with 30 healthy controls, whom had successfully recovered from an

acute SARS-CoV-2 infection.
Patients

Patients with long COVID were diagnosed by two experienced clinicians for long COVID
symptomology and exclusion of potential differential diagnoses. All long COVID patients were
diagnosed with post-exertional malaise (PEM) by the DSQ-PEM?!, had a minimum period of
long COVID-related symptoms of six months, and were between 18 and 65 years old. No
symptoms were present before the confirmed diagnosis of SARS-CoV-2. None of the included
participants were admitted to the hospital during acute SARS-CoV-2 infection and were healthy
prior to NAAT or serology-proven SARS-CoV-2 infection. Exclusion criteria were a medical
history of cardiovascular/pulmonary disease, diabetes mellitus, concurrent treatment with
metabolism or coagulant-altering drugs during the study period (statins, corticosteroids,
SGLT2 inhibitors, GLP1 receptor agonists, platelet aggregation blockers and any
anticoagulants), adiposity and body mass index >35 (related to ability of muscle biopsy
obtainment), pregnancy, active infection, severe renal dysfunction or any other prior chronic
illness or >6 alcohol units per day or >14 alcohol units per week. Smoking was not an exclusion
criterion. One long COVID patient was excluded due to a recent SARS-CoV-2 re-infection (<7
days).

Patients with ME/CFS all fulfilled the Canadian Consensus Criteria (CCC), exhibited PEM
according to the DSQ-PEM and consulted with a ME/CFS specialist or post-COVID physician,
and were between 18 and 65 years old. ME/CFS diagnosis was prior to 2020, and all patients
had a confirmed previous diagnosis of SARS-CoV-2. Exclusion criteria were identical to those

of the patients with long COVID.
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None of the healthy controls had residual symptoms after the SARS-CoV-2 infection and none
were hospitalized within 6 months of study participation. Healthy controls withdrew because
of the invasive nature of the protocol (n=2), symptoms related to a burn-out (n=1), and a

novel diagnosis of uncontrolled hypertension (rn = 1).
Biopsy Procedure

Muscle biopsies were obtained from the vastus lateralis at one-third of the distal length
(approximately 150mg weight wet) using a suction-supported 4mm Bergstrom needle (Pelomi,
Albertslund Denmark) under sterile conditions after skin disinfection and local anesthesia with
2% lidocaine’. One ~30 mg piece was aligned according to the muscle fiber arrangement under
a light microscope and frozen in liquid nitrogen for histochemistry, and another ~15 mg piece
was utilized for metabolomic and lipidomic analyses. Muscle biopsies from patients and
healthy controls were obtained 6 days prior to a cardiopulmonary exercise test and 24 hours
after. All participants were instructed to refrain from strenuous activity at least 24 hours prior

to the biopsy procedure.

All biopsies used for histochemistry were frozen in liquid nitrogen and stored in liquid nitrogen
at —196°C. Frozen muscle samples were mounted using freeze-gel (Q Path, VWR, Netherlands)
and cut into 10 pm thick sections in transverse orientation in a cryostat (Microm HMS550,
Adamas Instrumenten, Netherlands) at -20°C, before being mounted on polylysine-coated
slides, and stored at —80°C until staining. Due to issues with tissue freezing, histological
analysis was completed on samples from 24 patients with long COVID, 23 patients with

ME/CFS, and 30 healthy controls.
Immuno- and histochemical staining

To visualize mononuclear cell populations, collagen formation, and embryonic myosin heavy
chain expression, immunohistochemistry was carried out on 10 um thick sections from the
vastus lateralis muscle biopsies. Details about antibody dilutions and suppliers can be found in
Table 2.

CD68" Macrophages, CD3* T-cells and Collagen IV

Sections were stained for CD68 (PG-M1 IgG 3, 1:200, DAKO M0876), CD3 (SP7 (rabbit
moab), 1:200, Thermo Sc. Rm-9107-S), and collagen IV (Cell Marque, 1:100) by the AUMC
The Department of Pathology for visualization of macrophages, T-cells and the extracellular
matrix, respectively. Sections were air-dried, and subsequently fixed in acetone for 10min, and

incubated with the primary antibody for either CD68, CD3 or collagen I'V for 1 hour. Detection
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was performed using the BrightVision + poly-horseradish peroxidase anti-mouse/rabbit/rat IgG
system (ImmunoLogic), with 3-amino-9-ethyl-carbazole as the chromogen and hematoxylin as

counterstain.
0il Red O Stain

Sections were stained for hydrophobic and neutral lipid formation (i.e. triglycerides,
diacylglycerols and cholesterol esters)*>® by the Department of Pathology. Briefly, sections
were air dried for 10min and subsequently fixed in formalin. Slides were washed for Smin
under running tap water, followed by a rinse with 60% isopropanol. Sections were then stained
with Oil Red O solution (0.003g/mL, company)). Sections were subsequently rinsed with 60%
isopropanol and counterstained with haematoxylin to visualize nuclei. After this, they were

rinsed with distilled water and coverslips mounted with glycerine.
Satellite Cells and Fibroadipogenic Progenitor Cells

Slides were airdried for 10min and subsequently fixed in paraformaldehyde for 10min. Slides
were then washed 3 times with PBST (5Smin each) and subsequently blocked with 10% normal
goat serum for 30min at room temperature. Slides were then washed 3 times with PBST (5min
each) and blocked with 0.1% bovine serum albumin for 30min at room temperature. Slides
were then washed 3 times with PBST (Smin each) and incubated with the primary antibodies
overnight at 4°C (minimum 12 hours). Following overnight incubation, slides were washed
again 3 times with PBST (5min each) and subsequently incubated with the secondary
antibodies for 30min at room temperature. Subsequently, slides were again washed 3 times in
PBST (5min each) and then incubated with wheat germ agglutinin (WGA) 555 for 30min at
room temperature. The slides were then washed 3 times in PBS (5min each), after which
coverslips were applied using Vectashield mounting medium with DAPI (Stock Keeping Unit
(SKU): H-1200-10).

Embryonic Myosin Heavy Chain and Type I Myosin Heavy Chain

Slides were airdried for 10min and subsequently blocked with 10% normal goat serum for
60min at room temperature. Slides were then washed 3 times with PBS (5min each) and
incubated with the primary antibodies overnight at 4°C (minimum 12 hours). Following
overnight incubation, slides were washed again 3 times with PBS (Smin each) and subsequently
incubated with the secondary antibodies for 60min at room temperature. Slides were again

washed 3 times in PBS (5min each) and then incubated with WGA 555 for 30min at room
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temperature. Finally, slides were washed 3 times in PBS (5Smin each), after which coverslips

were applied using Vectashield mounting medium (SKU: H-1000-10).
Image acquisition

Slides were dried overnight at 4°C before imaging. Images for satellite cells, FAP cells, and
eMHC expression were taken at x40 magnification with a fluorescent microscope (Axiovert
200M, Zeiss) and image processing software Slidebook 5.0. Approximately 15 images were
taken per sample, with each image containing 3-8 visible whole myofibres. Images for CD68",
CD3, collagen IV, and Oil Red O expression were taken at x20 magnification with a brightfield
microscope (Slideview VS200 Research Slide Scanner, Olympus) and SlideViewer 5.0
software, with whole biopsy sections being analyzed. All images were manually evaluated to

exclude those containing out-of-focus areas, artifacts, and large areas of connective tissue.
Image analysis

Background signal was removed from all fluorescent images using a negative stain control. For
PAX7" and PDGFRa" cells, signal was deemed positive if the size of the remaining particle
was >5um? in area and overlapped with DAPI signal. As we previously reported no differences
in fibre cross sectional area (FCSA)', and there was no difference of nuclear count
(Supplemental Figure 1), the number of positive areas was subsequently normalized to the
number of nuclei present to yield positive cells per nuclei in addition to positive cells per
myofibre. In order to quantify myofibre injury, centralized nuclei were quantified on
PAX7/PDGFRo/DAPI stained images, over an average of 113 myofibres. Centralized nuclei
were defined as nuclei that were >5um from the subsarcolemma, taken as the closest point of

the DAPI signal from the membrane.

After removing areas with folds and debris, CD68" and CD3" cells were calculated as the
number of nuclei expressing either CD68 or CD3, normalized to the total number of nuclei
present in the entire section. An average of ~5110 (+/- 2639) nuclei were measured per

participant per time point.

For eMHC expression, after removal of background signal using a negative stain control, signal
overlapping with the type [ myosin heavy chain was subtracted for any non-specific signal. The
remaining signal was then quantified per cell, with 10 type I" and 10 type I cells analyzed per
participant. Collagen IV expression was calculated as the % area of collagen IV present in a
given image normalized to the number of fibres present and subsequently corrected for fibre

cross sectional area, yielding an approximation of collagen IV per myofibre. The correction for
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fibre cross sectional area (FCSA) was to account for differences in fibre radius that may affect
the surface area in contact with collagenous material. As the average myofibre FCSA did not
differ between groups, we calculated then the average thickness surrounding the myofibre. As
Oil Red O images were obtained using brightfield imaging, Oil Red O was quantified as the
percentage of signal within a given myofibre, corrected for the background signal outside of
the biopsy area. Myofibres did not include any crystalized Oil Red O particulate and 20-40

myofibres were manually circled and quantified per participant.
Metabolomics and Lipidomics

Skeletal muscle metabolomics analysis was performed as described previously**. The HPLC
system consisted of an Acquity binary HPLC pump, a vacuum degasser, a column temperature
controller, and an auto sampler (Waters, Milford, MA, USA). The column temperature was
maintained at 30°C. The metabolite extract was injected onto a SeQuant 100 x 2.1mm ZIC-
cHILIC column, 3pm particle diameter (Merck, Darmstadt, Germany). An Impact II QTOF
(Bruker Daltoniks) mass spectrometer was used in the negative and/or positive electrospray
ionization mode. In both the negative and positive ionization mode, mass spectra of the
metabolites were obtained by continuous scanning from m/z 50 to m/z 1200 with a resolution

of 50000 FHMW.

Lipidomics analysis was performed as described*. The HPLC system consisted of an Ultimate
3000 binary HPLC pump, a vacuum degasser, a column temperature controller, and an auto
sampler (Thermo Scientific, Waltham, MA, USA). The column temperature was maintained at
25°C. The lipid extract was injected onto a "normal phase column" LiChrospher 2x250-mm
silica-60 column, Sum particle diameter (Merck, Darmstadt, Germany) and a "reverse phase
column" Acquity UPLC HSS T3, 1.8um particle diameter (Waters, Milford Massachusetts,
USA). A Q Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer was used in the
negative and positive electrospray ionization mode. In both ionization modes, mass spectra of
the lipid species were obtained by continuous scanning from m/z 150 to m/z 2000 with a

resolving power of 280,000 based on full width at half maximum (FWHM).

As the data was collected during two different time frames, datasets were filtered so that only
metabolites and lipids existing across both datasets remained. Data was then normalized using
ROBUST transformations, and combined. Metabolites and lipids were analyzed as individual
species and as classes/families of metabolites/lipids separately. Due to the multiple groups and

timepoints, a mixed models approach was utilized to obtain group, time, and interaction effects
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for each species, which was subsequently corrected using the false discovery rate method.
Tukey HSD with Benjamini-Hochberg correction was used for the post-hoc analysis of any
individual species or classes that indicated group or interaction effects following FDR

corrections.
Statistical Analysis

Distributions were assessed using histograms and Shapiro-Wilk tests. Parametric quantitative
variables are presented as means + standard deviation (SD), and nonparametric quantitative
variables are presented as median and interquartile ranges (IQR; 25th and 75th percentiles).
Jitter plots are plotted with means represented as single bars. All individual points represent a
single participant. Continuous parametric data were analyzed using a 2-way mixed models
analysis of variance, with Tukey HSD post-hoc testing. Non-normally distributed continuous
nonparametric data were analyzed using 2-way align rank transform analysis of variance with
pairwise Wilcoxon test with Benjamini—-Hochberg correction. Correlations were analyzed
using the Pearson correlation coefficient for linear relationships. Significance was set at P<

0.05.)
Results

Markers of muscle damage

As we previously reported increased signs of necrosis in patients with long COVID?, we first
sought to investigate whether other signs of damage or regeneration were present in patients.
We first utilized collagen IV to investigate the extracellular matrix thickness surrounding the
fibres, as inflammatory states are known to increase collagen IV content***°. Here, we found
that the area of collagen IV present per area was higher in both patient groups compared to
healthy controls, with no differences between groups (Figure 1B). As exercise and the

t5 740’

subsequent hypertrophying of muscle is paralleled with increases collagen IV conten we

corrected the collagen IV for myofibre FCSA, which yielded the same results.
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Figure 1: “Long COVID and ME/CFS patients exhibit more collagen IV than healthy controls,

but eMHC and neutral lipid content are not different than controls.” Biopsy sections were stained

for collagen IV (A) to assess unresolved regeneration or damage. Both patient groups had higher proportions of
collagen IV surrounding myofibres compared to healthy controls (B). Biopsies were stained for embryonic myosin
heavy chain and type I fibres (eMHC, C, eMHC=red, Type I=cyan, membrane=blue) to investigate ongoing
regeneration and fibre type specific occurrences. Neither group displayed markedly different eMHC expression
compared to healthy controls, irrespective of fibre type (D). Skeletal muscle neutral lipids, were stained using Oil
Red O (E), but the proportion of neutral lipids per myofibre was not different between groups (F). *P<0.05,

**P<0.01, ***P<0.001, scale bar = 100 um.

In order to visualize recurrent regeneration cycling, we immunohistochemically stained muscle
sections for embryonic myosin heavy chain (eMHC), which is expressed by muscle fibres
undergoing remodelling and regeneration*®¢!. As we previously reported that both patients with
long COVID and ME/CFS have higher proportions of glycolytic fibres compared to healthy
controls™!*, which are more susceptible to both oxidative®>® and mechanical damage®, we
hypothesized that both patient groups would exhibit more eMHC compared to controls.

However, the amount of eMHC-positive fibers was not different between groups (Figure 1D).
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65-67

As incomplete regeneration and fibrosis often coincides with fatty infiltration®™’, we assessed

hydrophobic and neutral lipid formation (i.e. triglycerides, diacylglycerols and cholesterol

esters)>>33

using Oil Red O. Unexpectedly, lipids per myofibre did not differ between groups
(Figure 1F). However, due to tissue availability only a small subset of patients and controls
were assessed. Additionally, the number of centralized myonuclei that could be seen was not

different between groups (Supplemental 1B).
Resident Cell Populations

Due to the higher collagen IV accumulation in patient skeletal muscle, we queried whether
resident cell populations may differ. As skeletal muscle nucleation has been shown to relate to

overall ability to synthesize protein®®®?

, we first questioned whether skeletal muscle nucleation
differed between groups. There was no difference in nuclear count per myofibre in skeletal
muscle from patients (Supplemental 1A), and that in all groups nuclear count was related to
FCSA (Supplemental 1C). We then aimed to determine the relative proportions of resident
mononuclear cells, focusing on CD68" macrophages, CD3" T-cells, PAX7" satellite cells, and
PDGFRa" FAP cells. The proportion of nuclei expressing CD68, was markedly lower in
ME/CFS compared to both healthy controls and long COVID patients (Figure 2E). The
proportion of CD68" nuclei increased one day after a maximal exercise test in all groups. Prior
to exercise, there was no difference in CD3" nuclei between groups (Figure 2F). However,

following exercise, only healthy controls and patients with long COVID had increases in CD3™"

nuclei (Figure 2F).
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Figure 2: “ME/CFS patients have less CD68" macrophages and CD3" T-cells compared to both
healthy controls and long COVID patients, and do not exhibit a typical increase in resident

immune cells in response to exercise.” Biopsies taken 1 week before and 24 hours following an exhaustive
exercise test were stained for CD68 (A) and CD3 (C) to assess the amounts of resident macrophages and T-cells
respectively. Long COVID patients exhibited similar amounts of CD68" nuclei compared to healthy controls,
which subsequently increased following exercise, whilst ME/CFS patients had lower proportions of CD68" nuclei
compared to both long COVID and healthy controls (B). Both ME/CFS and long COVID patients exhibited less
CD3" nuclei compared to healthy controls (D). Scale bar= 100um.

Subsequently, we queried whether satellite cell and FAP cell populations differed, as both are
necessary for complete muscle regeneration. The proportion of PAX7" nuclei was markedly
lower in both patients with ME/CFS and long COVID (Figure 3C), in which PEM induction
did not change the relative proportions of PAX7" nuclei. FAP cell numbers (PDGFRo") were
lower in ME/CFS patients compared to healthy controls (Figure 3D), while patients with long
COVID had a tendency to have less FAP cells compared to controls. Neither PAX7" nor FAP

cell number was altered following PEM induction.
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Figure 3: “Both long COVID and ME/CFS patients have less satellite cells and fibroadipogenic

progenitor cells compared to healthy controls.” Biopsy sections from healthy controls (A) and patients
(B) were stained for PAX7 (satellite cells, yellow), PDGFRa (fibroadipogenic progenitor cells, cyan), DAPI
(nuclei, blue), and WGA (membranes, magenta). Both patient groups had decreased proportions of PAX7 nuclei
compared to healthy controls (C). Patients with ME/CFS had less PDGFRa* nuclei compared to healthy controls,
while patients with long COVID had a tendency to have less PDGFRa" nuclei than healthy controls. between
groups (D). When assessing PAX7* and PDGFRa" nuclei for a given myofibre, both long COVID and ME/CFS
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still had lower PAX7" nuclei per myofibre (E), where as PDGFRa" nuclei per myofibre was not different between
groups (F). Scale bar= 50pm.

Altered Metabolic Landscape in long COVID and ME/CFS

As we previously reported mitochondrial dysfunction in both patients with long COVID and
ME/CFS*!4, we sought to investigate whether patient skeletal muscle observed alterations in
the metabolic landscape that may relate to either collagen IV accumulation or reductions in
resident mononuclear cells. In both patient groups, most metabolites were reduced compared
to those in healthy controls (Figure 4A), with those related to the tricarboxylic acid (TCA)
cycle, pyrimidine metabolism, and cell stress panel being the most commonly affected

metabolite groups (Figure 4B).
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Figure 4: “Patients with long COVID and ME/CFS have lower amounts of oxidative and
antioxidant metabolites, indicative of a shift towards glycolysis, while patients with ME/CFS
have lower amounts of essential amino acids.” Volcano plots (A) illustrate that most metabolites were

lower in both ME/CFES and long COVID patients compared to healthy controls, while 14 metabolites (denoted in
red) were found to be significantly different after post-hoc corrections. Significantly lower metabolites were

involved in TCA cycling, SAMSAH metabolism, cell stress metabolism, amino acid metabolism and one-carbon
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metabolism (B). All metabolites with a P<0.05 group difference (C), were lower in both patient groups. 5
metabolites were commonly reduced in both patient groups, while glutamate was only decreased significantly in
long COVID patients. Red dots in A and white dots in B denote significantly altered metabolites at the group
effect level, *P<0.05, **P<0.01, ***P<0.001

After post-hoc corrections, 14 metabolites were significantly altered in either patient group
compared to healthy controls (Figure 4C). Metabolites that were lower in both patient groups
compared to controls included citric acid, FAD?*, glutamate, creatine, which are implicated in
the TCA cycle or ATP production, and hydroxyphenyllactic acid, taurine’®, and CoA-
Glutathione’!, which have been implicated in cell redox status. Whilst glutamate was the only
common amino acid low in both patient groups, patients with ME/CFS also exhibited lower
levels of the essential and large amino acids phenylalanine, tyrosine, methionine, isoleucine,

and leucine, most prominently following exercise (Figure 4C).

We expected that patients would exhibit increased lipotoxic species, while lipids related to
mitochondrial function and content would be reduced in patients. However, all lipid families
were either not different or were lower in both long COVID and ME/CFS patient skeletal
muscle (Figure 5A). Lipid families that were significantly lower were cardiolipins,
sphingomyelins, PE, and PC, all of which are typically implicated in lipid membrane integrity
(Figure 5B). No lipid species were significantly altered following 24 hours following

exhaustive exercise (Supplemental Figure 2).
Metabolic contributions to muscle regenerative capacity

To elucidate whether indices of regeneration were related to metabolic function in patients and
healthy controls, we compared metabolomic and lipidomic data with resident mononuclear cell
populations and collagen IV deposition surrounding the myofibre at rest (Figure 6 A-C). CD3"
T-cells were negatively associated with 2-aminobutyric acid, methylmalonylcarnitine, and
glucose, while CD63" macrophages were positively associated with hippuric acid. Collagen IV
deposition was positively associated with succinate, fructose 1,6 bisphosphate, and asparagine,
and negatively associated with hydroxyphenyllactic acid and citric acid. FAP cell prevalence
was negatively associated with glutathione and citrulline, whilst satellite cells were only
negatively associated with carnitine 4.0. Moreso, satellite cell numbers were positively
associated with multiple metabolites involved in oxidative metabolism or antioxidant
metabolism. Collagen IV was negatively associated with membrane associated lipids, whilst
CD3" T-cells, FAP cells and satellite cells were positively associated with membrane lipids

(Figure 6B).
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Figure 5: “Patients with long COVID and ME/CFS have lower amounts of membrane-

associated lipid species, particularly related to the endoplasmic reticulum and mitochondria.”
Volcano plots (A) indicate effect sizes of individual lipid species, where the majority of species are lower (negative
Hedge’s g values) in long COVID and ME/CFS compared to healthy controls. Many of the significantly reduced
lipid species are implicated in lipid membrane integrity (B), primarily those in the phosphatidylserine (PS),
phosphatidylethanolamine (PE and PE[P]), phosphatidylcholine (PC), and cardiolipin (CL) classes. These classes

are predominantly implicated in the cell membrane, endoplasmic reticulum, and the mitochondrial membrane.

As previous studies have indicated that myofibre integrity is important in satellite cell and FAP

cell response?’7>73

, we queried whether there was an association between collagen IV and
regenerative cell populations. Collagen IV was negatively associated with satellite cell count
(Figure 6C). Conversely, satellite cell prevalence was positively associated with both CD3™ cell

prevalence and oxidative phosphorylation capacity (Figure 6C).
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Figure 6: “Regenerative features and mononuclear cell populations were related with oxidative

2

and antioxidant metabolites, and membrane-associated species.” Correlation plots between

regenerative features and metabolites (A), lipid classes (B) and other regenerative markers (C). Collagen IV
surrounding the myofibre was negatively associated with membrane-associated lipids, while PDGFRa" cell count
was positively associated with membrane-associated lipids. Satellite (PAX7") cells were predominantly associated
with antioxidant metabolites, CD3" cells and oxidative phosphorylation capacity, while being negatively

associated to collagen IV surrounding myofibres. *P<0.05
Discussion

In the current study, we sought to investigate to whether evidence of damage and repair was
evident in PAIS skeletal muscle, and how differences in mononuclear cell populations may
relate to altered regenerative features. Further, in an exploratory analysis, we sought to
investigate whether changes to the skeletal muscle metabolic or lipid profiles related to
regenerative features or alterations to mononuclear cell populations. Collagen IV was higher
in both patients with long COVID and ME/CFS, coinciding with reductions in mononuclear
cell populations. Patients with long COVID and ME/CFS exhibited less satellite cells and less
FAP cells, while patients with ME/CFS had less CD3" and CD68" cells compared to healthy

controls.
Lower potential for muscle tissue regeneration

The lower proportions of satellite cells in both patient groups indicates a lower propensity for
regeneration at the myonuclear level. As satellite cells are required for muscle damage response

and resolution of regeneration, the lower abundance of satellite cells would suggest that the
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ability to respond to either mechanical or oxidative damage is reduced. Satellite cell number
has been previously shown to decrease with aging, particularly in type II fibres’*’>, which has

also been associated with more oxidative damage’®7’.

Moreso, the reduction of satellite cell proportions coincided with lower FAP cell counts in
patients in ME/CFS and a tendency for lower FAP cell counts in patients with long COVID.
FAP cells are necessary for proper satellite cell activation, and typically reside in greater
proportions to satellite cells in skeletal muscle?’®"°. FAP cell numbers decrease with aging®®,
which reduces the ability for satellite cells to integrate into myonuclei, and hence tissue
regeneration is impaired. Further, intact FAP cell signalling is necessary for non-differentiated
satellite cells to replenish the satellite cell pool and return to quiescence. Thus, the combination
of lower number of satellite cells and FAP cells suggests a depletion of the satellite pool either

by recurring damage or by improper restoration of the satellite cell pool via FAP cell signalling.

We further found evidence that CD68" cells were reduced in ME/CFS patients compared to
healthy controls. The overall decrease in macrophages is in line with reports of immune
exhaustion in ME/CFS patients. Previous studies investigating the peripheral blood
mononuclear cells of ME/CFS and long COVID patients have shown that PBMCs have reduced
metabolic activities or show reduced cytotoxic activity'"8*#3 Additionally, the alternative
macrophage activation pathways appear to be similarly impaired in long COVID and ME/CFS
patients®. However, in the current study, we were unable to investigate the mononuclear cell

function in skeletal muscle, and thus future studies should aim to address this.
Unresolved Regeneration and Impact on Myofibre Structure

In the current study, we observed a clear distinction between both patient groups and healthy
controls in the amount of collagen IV surrounding muscle fibres. While abnormal collagen
accumulation is typically indicative of fibrosis, and thus unresolved damage repair, which may
relate to chronic inflammation®, we found no differences between groups with respect to
eMHC expression or myofibre lipid accumulation. Fibrosis, the result of abnormal collagen
accumulation typically consisting of collagen I and III, is mediated by TGF-B and TNF-0¢8
. However, how collagen IV is regulated in these scenarios is less completely understood, where
in TGF-P signalling can reduce COLIV gene expression®”, and Wnt signalling promotes COLIV
gene expression®. Additionally, exercise mediated collagen IV accumulation has been
associated with Akt pathway signalling®*2. Thus, the results suggest that the collagen IV is not

indicative of fibrosis per se, but possibly another mechanism that may be adjacently related.
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Despite this, we found that collagen IV was negatively associated to satellite cell number.
Previous studies have shown that stiffening of the ECM composition and fibrosis impair the
ability for muscle to regenerate’>>. Therefore, the collagen IV accumulation observed in

patient skeletal muscle likely confers a negative influence on regenerative processes.

Subsequently, we found that eMHC expression was not significantly different between groups,
suggesting that ongoing regeneration or remodelling was not different between groups.

However, as we previously noted a type I specific atrophy in both patient groups®'*

, it may be
that remodelling is occurring in both patients and healthy controls, however the end product of
such remodelling may not be similar between groups. More detailed evaluations of cell

signalling related to the remodelling processes are warranted to draw apt conclusions.

Despite no obvious differences in ongoing damage and repair, we found that collectively the
amount of collagen IV surrounding the myofibre was inversely related to lipids that contribute
predominantly to cell membrane structure’®. Specifically, phosphoethanolamines and

phosphatidylcholines, which collectively account for ~80% of all cell membranes®’*8

, were
negatively correlated with collagen IV. As both these lipid classes were also found to be
significantly lower in patients (Figure 3B), the data suggests a disruption of cellular membrane
structure integrity and a potential compensation by increasing components of the extracellular
matrix to maintain skeletal myofibre structure. Duchenne’s muscular dystrophy, in which the
lack of dystrophin results in unstable membrane formation, is also known to have collagen

accumulation %1%

as well as reduced satellite cell functionality”’. While we did not query the
presence of dystrophin here or membrane integrity directly, it is plausible that membrane

disorganization relates to increased collagen deposition.

Above we noted that both satellite cell and FAP cell numbers are lower in both patients with
long COVID and with ME/CFS, whilst ME/CFS patients additionally have lower CD68" and
CD3" nuclei. It is well reported that proper skeletal muscle regeneration requires the
coordination of multiple cell types®**?’

inflammatory state'*>!*® via signalling such as IL6, TGF-p1, WNT and WISP1, and IGF-1.

and appropriate transition from pro- to anti-

Macrophage depletion has been shown to reduce TGF-f1 signalling resulting in increases in
fibrosis'®, while recent evidence suggests that IGF-1 secreted by FAP cells is necessary for

105

regeneration and ECM remodelling regulation'®. Thus, future studies should aim to investigate

whether specific signalling pathways related to regeneration are affected in patients.
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Metabolic Contributions to Mononuclear Resident Cell Populations and Unresolved

Regeneration

Previous reports show that mitochondrial oxidative phosphorylation capacity and metabolites
relating to oxidative metabolism are lower in long COVID and ME/CFS patients®*!%. Here,
we observed that metabolites involved in both oxidative metabolism and anti-oxidant function
were lower in both patients with long COVID and ME/CFS. A striking pattern observed in both
long COVID and ME/CFS was the reduction of metabolites implicated in oxidative
phosphorylation. Citric acid, FAD (P=0.056 in ME/CFS) and glutamate are implicated in the
TCA cycle, which occurs in the mitochondrial matrix; while creatine (P=0.070 in ME/CFS) is
essential for rapid cytosolic ATP generation and shuttling ADP and ATP between the cytosol
and mitochondria'®”'%®, Thus, reduction in these metabolites indicates a reduced capacity to
generate reducing equivalents and reduced ability to shuttle ATP to the cytosol for biochemical
use. As we previously report higher proportions of type Ila/llx fibres and impaired
mitochondrial respiratory capacity in both patient groups®'*

shift in long COVID and ME/CFS.

, these findings support a glycolytic

Of the reduced metabolites taurine, FAD, creatine, creatinine, and CoA-glutathione were
positively associated with satellite cell prevalence. This suggests that a balance between
oxidative capacity and ability to reduce oxidative stress is necessary to maintain the satellite
cell pool'® ! Generally, oxidative fibres contain more satellite cells than glycolytic
fibres’>!12, however this is not always consistent in human studies!!®. In the contrary, it is well
known that increases in oxidative stress of satellite cells reduces satellite cell efficacy, and over
time depletes the viable satellite cell pool''*!'7. However, how satellite cell pools are altered
in response to skeletal muscle fibre oxidative stress (rather than satellite cell oxidative stress)

is more nuanced, and less studies have investigated this interaction.

Several amino acids were lower in skeletal muscle in both patient groups, but most specifically
in patients with ME/CFS, and more prominently following exercise (Figure 2C). Notably,
glutamate was lower in both patient groups, while tyrosine tended to be lower in long COVID
patients (P=0.053), but was significantly lower in ME/CFS patients compared to healthy
controls. ME/CFS patients also exhibited lower phenylalanine, methionine, isoleucine and
leucine, all of which are essential amino acids. As amino acids are essential in protein synthesis,
the reduced pool of available amino acids suggests a lower ability to synthesize proteins.
Specifically, leucine is known to be one of two amino acids distinctly implicated in mTOR

118,119

activation , and thus the lower levels of leucine in ME/CFS patients may indicate anabolic

273




Chapter 9: An Inability to Recover: Unresolved Regeneration and Satellite Cell Depletion in Post-Acute
Infectious Diseases Associated With Altered Metabolic Landscape

resistance!?°

. Additionally, all amino acids that were altered in either patient group are large
amino acids and typically hydrophobic, which all use the same transporter: LAT1'2'=123, This
then may indicate, particularly in ME/CFS patients, impairments in skeletal muscle uptake of
large amino acids, impairing protein synthesis following damage or in response to cell
stressors. LAT1 inhibition has been shown to result in insulin resistance and reduced mTOR
activation!'®!12%, Future work should investigate whether skeletal muscle gene expression or
enzyme activity of LAT1 is altered in patients with long COVID and ME/CFS.

Reductions of satellite cell prevalence and increases in oxidative stress often coincide with

109,111,125

remodelling of the extracellular matrix , notably resulting in increased collagen

deposition and fibrosis surrounding muscle fibres, resulting in stiffening of the ECM!!1:125:126,
Indeed, we observed that satellite cell prevalence was positively associated with membrane-
associated lipids, while being negatively associated with collagen IV surrounding the myofibre
(Figure 5), suggesting that satellite cell pools are interrelated with membrane composition.
Further, collagen IV was found to be negatively associated with membrane-associated lipids,
suggesting that alterations to membrane integrity may then relate to compensatory regulation
of collagen 1V, similarly to what has been reported in Duchenne’s muscular dystrophy'?’. In
the current study, we did not assess membrane integrity directly, and additionally we lack the
time-resolution to distinguish whether impaired membrane integrity, collagen deposition,
oxidative stress, or depletion of the satellite cell pool occurs first. Despite this, previous studies

indicate that acrobic exercise training increases membrane fluidity'*®

, and thus it may be that
the altered balance between oxidative capacity and oxidative stress seen in patients disrupts the
myofibre membrane, resulting in an increase need for collagen IV deposition.

Multiple membrane lipid classes were reduced in patients compared to controls, similarly to

other studies'?’

. Notably, three significantly reduced classes also account for ~90% of the inner
mitochondrial membrane lipids: phosphatidylcholines, phosphatidylethanolamines, and
cardiolipins®’. (Normalized) oxidative phosphorylation capacity both correlated with multiple
membrane lipid species, particularly cardiolipins and phosphatidylethanolamines
(Supplemental Figure 3), suggesting that mitochondrial integrity in particular may be affected
in patients. Our observation that mitochondrial membrane lipids are altered in patients may
help to resolve these differences, as the anchoring and activity of different mitochondrial

subunits in the mitochondrial membrane are dependent on the lipid composition'’. It is

currently unknown if the altered lipid profiles underlie changes in skeletal muscle
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mitochondrial density in patients with post-acute infectious diseases, as conflicting reports of

about mitochondrial density or enzyme activity have been reported™!*!3!.

Limitations

One limitation of the current study is the lack of repeated biopsies to better understand the time
course and causality of skeletal muscle alterations in patients with post-acute infectious
diseases, as the second biopsy was taken 24 hours after the maximal exercise test, which is too
short to observe structural changes. We did observe time-related changes in resident cell
populations, metabolites, and lipid species after one maximal exercise session that help to
understand how acute responses to exercise are different in patients compared to healthy

controls.

We indicated that several alterations within the skeletal muscle microenvironment were
associated with each other, namely the increased collagen IV coinciding with reduced
membrane-associated lipids and reduced satellite cells. Due to the lack of longitudinal biopsies
beyond a 24-hr time period, we cannot resolve what may be the instigating event. It may be
that collagen IV accumulation precedes alterations in lipid-associated membrane composition
and reductions in mononuclear cell populations, or vice-versa. Future studies should aim to
investigate these temporal relationships from disease onset to better understand the

physiological responses.

Although we indicated that there was no alteration in the number of nuclei per myofibre, we
reported that mononuclear cell populations were reduced in patients, suggesting that a greater
proportion of nuclei located between myofibres then may be associated to the myofibre itself.
However, we lack the ability to resolve whether nuclei are myofibre specific. This may be aided

in part with spatial transcriptomics.

While we reported that resident mononuclear cells were lower in patients, we lack the ability
to comment on the functionality of these cells. This is of particular interest in the relation
between satellite cells and FAP cells, in which a reduced ability for FAP cells to instigate
satellite cell quiescence may precede the reduction of satellite cells. Further, we did not
investigate whether satellite cells were activated, quiescent or senescent in this current study.
Thus, future work should aim to assess the satellite cell-FAP cell interaction in patients and

what state patient satellite cells exist in.

With regards to macrophages and T-cells, we employed a generic marker for both immune cell

types. As different subsets of immune cells can promote or absolve inflammatory environments
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differently, it would be of interest to further separate which subtypes of immune cell
populations may be affected. This would require detailed spatially resolved proteomics or

transcriptomics to study in more detail.

A second limitation is the spatial resolution of metabolites and lipid species within the skeletal
muscle. We attribute most metabolites changes to the skeletal muscle, but we cannot resolve
whether membrane-specific lipid species are integrated into cell membranes, endoplasmic
reticular membrane, mitochondrial membrane, or other organelles. Any association between
lipid species or classes with skeletal muscle structure can therefore be confounded by other
intracellular factors, such as other organelles. Spatially-resolved metabolomics would then

provide additional insights in future studies.
Conclusions

Here, we report that long COVID and ME/CFS patients exhibit increased myofibre fibrosis
that coincides with lower content of satellite cells and FAP cells in skeletal muscle, which
subsequently occurs alongside lower membrane-associated lipids and lower metabolites related
to oxidative and anti-oxidant function. The lower satellite cell content in patients was related
to increases in collagen IV surrounding the myofibre, however not indicative of fibrosis per se,
decreases in membrane lipid species, and changes in oxidative and antioxidant metabolites.
Thus, increased presence of unresolved regeneration in both long COVID and ME/CFS patients
is likely a repercussion of lower satellite cell content, of which alterations to membrane
structure and metabolic landscape may also influence skeletal muscle damage response. Thus,
both patients with long COVID and ME/CFS whom experience PEM likely possess a reduced
ability to recover following exercise (particularly damaging exercise), which may in part

explain the occurrence of PEM.
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Supplemental Figure 1: Number of nuclei per myofibre (A) was not different between groups either before

or 24 hours after exercise. The number of observed centralized nuclei per myofibre was not different between
groups, nor before or 24 hours after exercise (B). Nuclear content was related to fibre cross sectional area (FCSA,

).
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were significantly increased following exercise (unadjusted p=0.034, p=0.012, p=0.042 respectively). Following

Benjamini-Hochberg corrections, no classes were significantly altered 24 hours after maximal cardiopulmonary

exercise testing. *P<0.05.
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Chapter 10: General Discussion

Worldwide, chronic illnesses account for a large proportion of disease burden, including
diabetes, HIV/AIDS, and SARS-CoV2'. Many of these disecases have a known
pathophysiology and health effects can be mitigated through a triage of treatments, including
physical activity’?. However, little is known about the pathophysiological mechanisms
underlying both long COVID and ME/CFS, two chronic diseases which many patients are
defined by post-exertional malaise (PEM)°. PEM-episodes result in worsening of patient
symptoms or development of new symptoms, which occurs over days and can last for months*
7. Ultimately, this results in patients avoiding activities that trigger PEM, most commonly
physical activity®®. While little is known about the physiological repercussions of PEM, it is
certain that long-term physical inactivity also results in severe health decrements'®!!. Thus,
this thesis aimed to resolve several unknowns in the field of long COVID and ME/CFS,

namely:

1. Do patients with long COVID that experience PEM exhibit skeletal muscle alterations
that may contribute to symptoms, such as myalgia and PEM (chapter 2)?

2. Can whole-body aerobic capacities and skeletal muscle alterations in patients with long
COVID and ME/CFS be attributed to physical inactivity alone (chapters 6 and 8)?

3. Do long COVID and ME/CFS share similar skeletal muscle adaptations (chapters 8 and
9)?

4. How are resident mononuclear cell populations affected in long COVID and ME/CFS?
Particularly, are distinct populations of resident mononuclear cells preferentially
affected that may partially explain patient symptoms, such as myalgia and PEM
(chapter 9)?

5. With the onset of post-exertional malaise, how does the metabolic landscape of skeletal
muscle change (chapters 2 and 9)?

6. Is the ability for patients to respond to exercise affected by differences in either a)
resident mononuclear cells or b) alterations to metabolic landscapes following exercise

(chapter 9)?

In chapter 2, whether long COVID patients display any whole-body or skeletal muscle
characteristics that are distinct from healthy individuals, and whether that may in part explain
symptoms was investigated. Here, it was resolved that there are skeletal muscle alterations
distinct in long COVID patients from those of healthy individuals that likely contribute to
multiple symptoms, including severe fatigue, myalgia, and PEM. Specifically, long COVID
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patients exhibit lower mitochondrial function, higher proportions of glycolytic fibres, lower

oxidative metabolites, and more frequently show signs of necrosis and damage.

As long COVID is a relatively novel disease, and little is known about PEM pathophysiology,
chapter 3 thus sought to summarize the likely contributing factors to skeletal muscle alterations
in long COVID and PEM pathophysiology. In this chapter, skeletal muscle adaptations in
patients and PEM pathophysiology were highlighted by possible mitochondrial dysfunction,
endothelial dysfunction, autoimmunity, localized hypoxia, electrophysiological alterations,

central nervous system impairments, and deconditioning.

Whilst chapter 2 refutes the concept that long COVID is a psychological disorder, skepticism
arose as to whether alterations observed in long COVID patients were simply due to
deconditioninglz’n. Thus, chapters 3b, 4b, 6, 7 and 8 aimed to address skeletal muscle and
cardiac adaptations that occur due to deconditioning, long COVID, and due to ME/CFS. In
chapter 8, it was highlighted that although whole-body aerobic exercise is similarly reduced in
deconditioning, long COVID and ME/CFS, the underlying physiological changes occur
uniquely. Bed rest (or deconditioning) is primarily associated by a reduction in muscle mass,
mitochondrial content, decreases in carnitine metabolites, and increases in lipotoxic species.
Patients with long COVID and ME/CFS had mitochondrial dysfunction (rather than just
mitochondrial loss), higher proportions of glycolytic fibres. Patients with ME/CFS were
distinct in some aspects compared to patients with long COVID, primarily with less
capillarization, and lower succinate dehydrogenase (SDH) activity. However, the skeletal

muscle characteristics of the two diseases largely resemble each other.

Due to the alterations seen in long COVID and ME/CFS largely resembling one another, and
due to the presence of PEM in patients, I further queried how exercise may 1) damage the
muscle and therefore contribute to myalgia, and 2) how regeneration may be affected in patients
and therefore how this may contribute to PEM onset. In chapter 9, I therefore assessed resident
mononuclear cell populations that are involved in muscle damage response and regeneration,
markers of ongoing and unresolved regeneration, and how the metabolic landscapes of patients
may result in altered regenerative processes. Here, I observed that not only did patients with
long COVID and ME/CFS present with more indications of fibrosis compared to healthy
individuals, satellite cell populations were reduced, likely further contributing to an ability to
respond to damage. While both healthy controls and long COVID patients showed the typical
increase in resident immune cell populations following exercise, patients with ME/CFES further

exhibited reduced macrophage and T-cell populations, suggesting immune system
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exhaustion'*!¢, Collagen IV deposition, an indicator of fibrosis, was found to be negatively
associated with lipids associated with membrane integrity, whilst satellite cell prevalence was
positively associated with metabolites related to antioxidant function, oxidative

phosphorylation capacity, and negatively associated with collagen I'V.

Skeletal Muscle Alterations in Long COVID and ME/CFS: What’s the

difference?

One of the major aims of the thesis was to investigate whether long COVID and ME/CFS share
a similar underlying pathophysiology. In chapters 2 and 8, I highlight that whole-body exercise
in both long COVID and ME/CFS patients was reduced predominantly as a result of either
reduced cardiac stroke volume or impaired peripheral oxygen extraction and utilization (as
indicated by the relative decreases in maximal oxygen pulse and increased HR-VO»
relationships). We found little evidence for respiratory limitations in maximal aerobic capacity
compared to controls. Within these measures, I did not have the ability to measure stroke
volume, and thus the cardiac contribution to reduced aerobic capacity in patients is largely
unknown, despite indications that cardiac morphology and function in both long COVID and
ME/CFS patients is comparable to healthy persons'’ 2. However, I further investigated
whether peripheral adaptations may contribute to lower aerobic capacities, under the premise
that if little adaptations were seen, then it would be likely that cardiac alterations contribute
largely to the decreased aerobic capacities. While this would not exclude the involvement of
the cardiac system to reduced aerobic capacity, it would provide indications whether cardiac

impairments would solely explain reduced aerobic capacity.

When assessing peripheral skeletal muscle alterations, it was apparent that long COVID and
ME/CFS exhibited similar adaptations, namely increased proportions of fast-twitch, glycolytic
fibres, reduced oxidative phosphorylation capacity (even when normalized to a proxy for
mitochondrial content), increased fibrosis surrounding the myofibre, decreased satellite cell
populations, reduced oxidative and antioxidant metabolites, and reductions to lipid species
associated with cell membrane integrity. The key differences that distinguished long COVID
patients from ME/CFS was the lower capillary fibre ratios found in ME/CFS patients,
decreased SDH activity (a proxy for mitochondrial content), and lower resident immune cell
populations, possibly indicative of immune exhaustion'*!*. In many of these measures, it

appeared to be near step-wise effects moving from healthy controls to long COVID patients to
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ME/CFS patients. The exception being collagen IV deposition around myofibres, in which long
COVID patients had more compared to ME/CFS patients.

When evaluating metabolite signatures, more differences begin to emerge between the two
diseases. Particularly, compared to controls, ME/CFS patients had lower amino acid pools, of
which 5 are essential amino acids, and all utilize the same LAT1 transporter for large amino
acids. Long COVID patients, however, only displayed lower glutamate levels compared to
healthy controls. Despite this, they only differed from ME/CFS patients in levels of isoleucine
and tryptophan, in which ME/CFS patients had lower of both, particularly following exercise.
While protein synthesis rates were not measured in this thesis, the lower pool of available
amino acids would implicate reduced integration of amino acids into proteins in both patient

groups.

A large confounder between distinguishing long COVID patients from ME/CFS is duration of
disease. In general, long COVID patients, at the time of testing, had been ill for a shorter
duration of time than the most recently diagnoses ME/CFS patient. With the many parameters
that indicate near step-wise patterns between healthy controls, long COVID, and ME/CFS
patients, it is tempting to suggest that long COVID is perhaps just an early stage of ME/CFS.
Unfortunately, this would require follow up of patients years after long COVID diagnosis to
evaluate the temporal progression of the disease. Likewise, for all ME/CFS patients, I lack
earlier obtained biopsies to understand the trajectory of their disease. Thus, it may well be that
the repercussions of both diseases are largely similar, but perhaps the event of onset defines
certain unique alterations that occur. In order to investigate this, large scale studies are certainly

required, in which the mechanism of onset is clearly defined and represented within the cohorts.

As the repercussions of PEM are experienced by patients systemically, it is possible that
circulating factors may contribute to PEM onset in both long COVID and ME/CFS, such as the
contents of extracellular vesicles*’, which may be released during exercise bouts. A simple
experiment to elucidate whether PEM occurs via similar mechanisms in both long COVID and
ME/CFS would be to expose C2C12 myoblasts and myotubes to patient sera and healthy
control sera obtained both before and after exercise. C2C12 cells exposed to patient sera
collected following exercise should therefore exhibit similar morphological, protein
expression, and gene expression alterations in both long COVID and ME/CEFS. Further, C2C12
cells exposed to sera can be stimulated electrically to recapitulate the effects of exercise.
Therefore, whether patient sera at baseline contains PEM-contributing factors can also be

investigated.
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PEM pathophysiology

Two major goals of this thesis were to investigate 1) whether the PEM experienced by long
COVID and ME/CFS patients had a similar underlying physiological basis, and 2) whether
there were distinct patterns that may indicate PEM occurrence. While in multiple instances,
long COVID patients and ME/CFS patients showed similar physiological alterations compared
to healthy controls, there was an overall lack of distinguishing features relating to PEM onset.
In chapter 2, skeletal muscle SDH activity and metabolite concentrations of asparagine and
DHAP declined in long COVID patients 24hrs after exercise, and the number of long COVID
patients positive for CD3" cell infiltration increased less than healthy controls following
exercise. In chapter 9, however, after accounting for total nuclear content, there was no
impaired increase of CD3" cell numbers following exercise in long COVID patients. This

disparity may be in part due to variability amongst pathology grading®*-2.

When considering the metabolite quantities, however, two metabolites indicated differential
effects in long COVID patients and ME/CFS compared to controls: UDP-HexNac and
phosphorylethanolamine. Following exercise, UDP-HexNac increased in healthy controls, but
in neither patient group. UDP-HexNac has been implicated as a sugar donor in O-GlcNac

protein modifications, which is thought to reduce proteoasomal breakdown?"2°

, and typically
increases following stress**3!. Thus, lower levels of UDP-HexNac may rather indicate a lower
ability to protect against unwanted protein degradation following stress events in long COVID

and ME/CFS patients.

Phosphorylethanolamine on the other hand similarly increased following exercise in both
healthy controls and long COVID patients, but failed to increase in ME/CFS patients.

32,33

Phosphorylethanolamine is implicated in osmolarity regulation and the synthesis in

phospholipids*>3

, and therefore may be central to the eventual disruption of phospholipids
observed in patients. This appeared to be a distinguishing feature between ME/CFS and long
COVID patients, where ME/CFS patient phospholipids decreased following exercise, where
healthy controls and long COVID patients remained relatively unchanged. Therefore, future
studies that investigate skeletal muscle biopsies before and after PEM in patients, should also
aim to quantify these metabolites and associated enzymes to understand whether the inability

for UDP-HexNAC and phosphorylethanolamine to increase following exercise are

contributing factors in PEM pathophysiology.
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While most mitochondrial measures changed in all groups similarly, notably a decrease in
overall tissue respiration following exercise, long COVID patients were the only group to
exhibit a decrease in SDH activity 24 hours after exhaustive exercise. While long COVID
patients had SDH activities similar to those of healthy controls prior to exhaustive exercise,
these were reduced to levels similar to those of ME/CFS patients following exercise. The
reason for this is unclear, however, this may be indicative of widespread mitophagy and
hindered mitochondrial remodelling. As other reports have indicated morphological
abnormalities in long COVID patients consistent with altered mitochondrial fusion/fission
regulation®, it may be that the decrease in SDH activity is therefore related to an increase in
mitophagy following exercise, due to a likely increase in oxidative stress. It is curious that this
is not recapitulated in the ME/CFS cohort, however this may be due to the already low amount
of mitochondria that may be existing in these patients’®. Future studies should aim to
understand this phenomenon further. While overall there were many similarities observed
between long COVID and ME/CFS patients in terms of metabolic function, skeletal muscle
architecture, and whole-body aerobic capacity, there was no single defining feature that
appeared to implicate PEM. As PEM is a systemic symptom, affecting multiple organs, it may
be that the skeletal muscle itself does not account for PEM symptomology, but rather skeletal
muscle alterations may result in altered myokine/cytokine signalling, which may lend itself to
developing systemic features. However, it is very clear that more research in this regard is

warranted.

Putative Pathophysiological Mechanisms of Skeletal Muscle Alterations in

Long COVID and ME/CFS

Localized hypoxia: Impaired oxygen extraction and utilization

In chapter 8, I found that ME/CFS patients exhibited reduced capillarization compared to both
long COVID patients and healthy controls, with no difference in the capillary sizes. As
capillarization is typically reflective of the area needing to be perfused®*’ (i.e. larger fibre
cross sectional areas require higher capillarization), I initially expected FCSA to be
subsequently reduced in ME/CFS patients. However, FCSA in both ME/CFS and long COVID
patients were comparable to those of healthy controls. Indeed, when I plotted capillarization
(capillary-to-fibre ratio) against FCSA, all groups showed the expected linear relation. Both
ME/CEFS and long COVID patients had reduced intercepts, suggesting that for any given FCSA,

less capillaries were supplying that area. Even though I did not measure capillary function, this
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would suggest that in the instance that capillary function is similar between groups, less oxygen
is supplied for a given fibre size, which may limit skeletal muscle oxidative capacity. Other
studies similarly reported alterations to capillarization that would suggest that oxygen flow

may be impeded®.

The flux of any gas across a membrane can be described by Fick’s law of diffusion, wherein
the flux is proportional to the concentration gradient of the gas multiplied by the permeability
and solubility of the gas, and inversely proportional to the distance it must diffuse across. No
evidence exists to suggest that oxygen solubility differs between different disease states, and
thus we are left with the oxygen gradient and oxygen diffusion distance as the primary
determinants of oxygen diffusion in patients. Evidence suggests that arterial blood oxygenation
is not altered in either long COVID or ME/CFS patients***’, however it is unknown whether

intracellular oxygen pressures (PO») are altered.

Recent evidence further suggests that not only is the number of capillaries affected, but
capillary basement membrane are thickened in patients with long COVID and ME/CFS
(Slaghekke et al. in prep). The thickening of capillary basement membrane in combination with
the increased myofibre collagen IV deposition I reported in chapter 9, increases the diffusion
distance of oxygen. Further, chapter 9 also provides evidence for altered membrane structure,
due to the lower amount of membrane-associated lipid species in patients. It is suggested that
cholesterol is the main determinant for oxygen permeability across membranes*, and while I
did not find evidence of altered cholesterols in patients, there was evidence of reduced
phosphatidylcholines and phosphatidylethanolamines in patients. Both phosphatidylcholines
and phosphatidylethanolamines, but specifically phosphatidylcholines interact with cholesterol
to surround neutral lipids in order to form lipid droplets*, which are thought to enhance oxygen

solubility®®3!.

As oxygen is the final electron recipient of the electron transport chain, mitochondrial
respiratory capacity determines myocyte intracellular PO». The current evidence suggests that
tissue respiration is reduced in both long COVID and ME/CFS, which is either due to reduced
mitochondrial density or dysfunctional mitochondria®***. Thus, less mitochondria or poorer
functioning mitochondria would likely result in increased intracellular PO,. Data from invasive
cardiopulmonary exercise tests indicate that arterial PO; in patients is largely similar to that in
healthy individuals, with an increase in venous PO>, suggesting that oxygen extraction at the

muscle is impeded. The combination of reduced phospholipid species, increased diffusion
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distance, and potential increase in intracellular PO> due to reduced mitochondrial oxidative

capacity would certainly lend to a reduced oxygen flux at the myocyte.

The current thesis provides evidence that oxygen extraction is impeded, in part by increased
collagen surrounding the muscle fibre and decreased tissue respiratory capacity in both patient
groups. The repercussions of this may be seen in reduced maximal oxygen extraction and
higher HR-V 0, slope during exercise, however we cannot distinguish whether this is entirely
driven by alterations in the skeletal muscle or due to reduced cardiac contractility. Patients with
ME/CFS may be further hindered by the decrease in capillarization. However, future work
should aim to investigate how intracellular PO, is altered in both patient groups, and whether
this is due primarily to the increased diffusion distances or due to reduced tissue respiratory
capacity. This can be done using magnetic resonance spectroscopy>*, of which *'P spectra can
be analyzed to evaluate mitochondrial oxidative capacity, while 'H spectra may be utilized to
evaluate intracellular PO,. However, a limitation in these methods is that to obtain the
coexistence of mitochondrial oxidative response and changes in PO, interleaving of spectra is

necessary>>.

Alternatively, positron electron tomography scans using tracers specific to hypoxia and
glucose. In using hypoxia tracers, such as 'SF-FAZA’*  tissue specific hypoxia can be
elucidated, whilst glucose tracers, such as [*®F]2-Fluoro-2-deoxy-D-glucose®, would allow for
quantification of tissue specific energy demand. In both MRI and PET scans, using additional
doppler ultrasound methods to study blood flow, would help indicate whether any oxygen or

glucose restrictions are then upstream of capillaries or downstream.
Mitochondrial dysfunction in long COVID and ME/CFS

Recent evidence has been accumulating that mitochondrial dysfunction is one of the
predominant features of both long COVID and ME/CFS. Recent work has shown altered

39-61 " while some studies have indicated reduced mitochondrial

mitochondrial morphology
enzyme activity>?, and overall reduced tissue oxidative phosphorylation activity>>®!. However,
it is worth defining mitochondrial dysfunction, and how this may appear in the context of long

COVID and ME/CFS.

Mitochondria, once thought to simply be the “power house of the cell”, are now known to be
multifunctional organelles that are involved in various cell signalling pathways including
damage response and metabolic adaptation®?. Further, it is now understood that mitochondria

are not necessarily individual entities, but rather part of a reticular network throughout
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myofibres. This reticulum can be divided into several distinct areas: the paravascular,
perinuclear, subsarcolemmal, and the intermyofibrillar mitochondrial regions®*=%. Each region
therefore has its own distinct role, aside from ATP production. Those residing in the
intermyofibrillar space predominantly generate ATP for contractile function, while perinuclear
are thought to predominantly generate ATP to support nuclear functions. The subsarcolemmal
and perivascular mitochondria largely account for the initial drop in oxygen pressure moving
from the capillary to the myocyte. It is not fully known whether these distinct populations have
distinct roles in other mitochondrial-related responses®®. The major contributor to intracellular
oxygen pressures, however, is the mitochondria, as they are the ultimate recipients of oxygen
at cytochrome ¢ oxidase (or complex IV). As electrons are shuttled from complexes I and II
(NADH:ubiquinone oxidoreductase and succinate dehydrogenase) towards complex I'V, which
uses oxygen as the final electron acceptor, results in transfer of hydrogen ions to the
intermembrane space. This creates a hydrogen ion gradient, which can then be used by
ATPsynthase (complex V) to generate ATP. Therefore, by stimulating or inhibiting various
complexes, the relative contribution of each complex to whole tissue respiration can be
assessed, yielding a qualitative assessment of the mitochondria. Thus, for the purposes of this
thesis, mitochondrial dysfunction will refer to the reduced respiratory capacity of mitochondria

or intact cells that cannot be explained by mitochondrial loss alone.

In the current work, the resolution of the mitochondria by the assessment of SDH activity is
limited, and therefore can only regard mitochondria as one entity, rather than their distinct
subpopulations. However, the differences in normalized tissue respiration can be assessed to
allow a view on qualitative and quantitative changes in mitochondria. This is best highlighted
in chapter 8, in which whole tissue respiration measures were similarly low in long COVID
and ME/CFS patients compared to individuals after 55 days of bed rest. We found that
following bed rest, normalized S-linked and N-linked respiration differed, with a shift towards
a greater reliance in N-linked respiration. This shift can be accounted for by the relative
decrease in complex II proteins compared to complex I (chapter 6). However, as all other
complexes were lower following 55 days of bed rest, in combination with a reduced
mitochondrial density, the findings suggest that during bed rest, mitochondrial number is
preferentially affected rather than mitochondrial function. Further, neither E/L coupling nor
E/P coupling (presented below) differed before or after bed rest, which implies the coupling

from complexes I and II through complex IV and V are relatively maintained. Indeed,
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supercomplex formation composition did not change, and only the abundance of

supercomplexes decreased as a result of decreased mitochondrial density.

Comparatively, both long COVID and ME/CFS patients did not differ from healthy controls in
their normalized N-linked and S-linked respiration rates, suggesting that electron flow through
complex I and II is likely not affected. Rather, the E/L coupling efficiency tended to differ
between these groups (P=0.06), with long COVID patients having lower E/L coupling
efficiency than controls and ME/CFS patients not being different to controls. This is driven by
the lower uncoupled respiration (i.e. electrons are allowed to freely flow through the transport
chain without restriction from complex V) in long COVID patients compared to their leak.
ME/CEFS patients rather have reduced leak respiration and uncoupled respiration, resulting in
no difference in the E/L coupling efficiency compared to healthy controls. It may be posited
that the decline in respiration in ME/CFS patients then reflects more a decline in mitochondrial
density, this is partially refuted by the occurrence of a decreased normalized oxidative
phosphorylation capacity. Thus, while they may exhibit more mitochondrial loss than long
COVID patients, there is still a degree of reduced mitochondrial functionality. Neither group
indicates differences in the E/P coupling, which assesses the restriction of complex V on the
electron transport chain. Together, the mitochondrial measures suggest that deficits in long
COVID and ME/CFS patients lie downstream of complex I and II, but upstream of complex V.
However, the current work lacks the resolution to determine whether complex III or complex

IV are affected.

As different mitochondrial populations provide different functions within skeletal muscle, it is
worth considering what impact this may then yield for oxygen extraction and utilization.
Subsarcolemmal mitochondria and paravascular mitochondria typically display an uncoupling
between complex IV and ATPsynthase, which is thought to generate the proton motive force
across the reticulum, but consequently results in higher oxygen utilization rates and
contributing to the initial large drop in intracellular PO, and may contribute to the oxygen
gradient®>03667  Therefore, if the subsarcolemmal or paravascular mitochondria are
preferentially affected in either disease, this may reduce the capacity to generate the initial drop
in PO; to efficiently extract oxygen. Further, it was noted that increased collagen deposition
surrounding the myofibre likely increases the diffusion distance of oxygen. In order to maintain
the same flux of oxygen across the myofibre membrane would require a lower PO>, and thus
either more mitochondria or more uncoupled mitochondria to drop intracellular PO,. In chapter

8, there was a tendency for long COVID patients to have a more uncoupled respiration, due to
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the lower E/L coupling, suggesting that this may be a compensatory response in attempt to
drive PO> down. We did not observe the same phenomenon in ME/CFS patients, however,
which may indicate either a difference in mitochondrial adaptation between the two diseases
or possibly an end-point at which the mitochondria can only become uncoupled before

becoming completely non-functioning.

In chapter 9, both long COVID and ME/CFS patients had lower abundances of membrane-
associated lipids, of which phosphatidylethanolamines and cardiolipins account for nearly 90%
of mitochondrial membrane lipids. Previous research has highlighted that mitochondrial
membrane composition is integral in properly embedding proteins and respiratory chain
complexes, but also the formation of cristae®®*”. While the reduction in cardiolipins may signal
an overall reduction in mitochondrial density, which other studies have observed in long
COVID populations? , in the current cohort there was less evidence of mitochondrial loss and
a greater propensity for mitochondrial dysfunction, as noted by a tendency for reduced E/L

coupling and after normalizing oxidative phosphorylation capacity to SDH activity.

In a preliminary analysis, complex IV (COX 1V) and ATP synthase (ATPB) were stained in
sections of biopsies from patients with long COVID and ME/CFS and healthy controls.
Regions were separated into the subsarcolemmal and intermyofibrillar regions and assessed for
the relative distribution of COX IV and ATPB (Figure 1A). While healthy controls had lower
intermyofibrillar ATPB:COX 1V signal, indicating an uneven distribution of the complexes as
expected, this was not seen in either patient group. Particularly, ATPB appeared to be higher in
patients with long COVID and lower in patients with ME/CFS compared to healthy controls
(Figure 1C). COX 1V distribution appeared similar between groups, only indicating regional
differences between the subsarcolemmal and intermyofibrillar regions (Figure 1D). As
complex IV is the major site of oxygen utilization, it would be expected that there should be a
relation between COX IV and permeabilized tissue respiration. However, only healthy controls
had an association between oxidative phosphorylation capacity and COX IV (Figure 1E). In no
groups were SDH activity and oxidative phosphorylation capacity associated. While this is an
exploratory analysis, it suggests differential regulation of mitochondrial complex prevalence
or functionality that separates not just controls from patients, but may indicate patient-specific
alterations. Due to the limitations of immunohistochemical stains, it is imperative that future
research investigates further whether the particular subpopulations of mitochondria are

unequally affected and whether specific complexes are impaired or perhaps not present.
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Evaluation with western blots and Blue Native PAGE or with targeted proteomics would aid in

understanding mitochondrial permutations further.
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Figure 1: Typical examples of immunohistochemical stain for COX IV (green), ATPB (blue) and membrane
(cyan) with separate subsarcolemmal and intermyofibrillar regions (A). ATPB:COX IV was lower in the
intermyofibrillar region of healthy controls, whereas neither long COVID nor ME/CFS patients had regional
differences (B), while long COVID patients had higher ATPB:COX IV compared to patients with ME/CFS in both
regions (Sub: p=0.028, IMF: p=0.010). Patients with ME/CFS tended to have less subsarcolemmal ATPB:COX
IV than healthy controls (p=0.052). All groups had higher subsarcolemmal ATPB compared to intermyofibrillar
ATPB, while long COVID patients had higher ATPB than ME/CFS patients (Sub: p=0.012, IMF: p=0.009), while
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healthy controls were not different from either group in either region (C). All groups had higher subsarcolemmal
COX 1V than intermyofibrillar COX IV, however long COVID patients had a smaller difference between
subsarcolemmal and intermyofibrillar regions (CON -39.6%, LC=-23.1%, ME/CFS= -41.2%), while there were
no group differences in any region (D). Both subsarcolemmal and intermyofibrillar COX IV was positively
associated with oxidative phosphorylation capacity in healthy controls, however this was not seen in either patient
group (E). Oxidative phosphorylation capacity was not associated with SDH activity in any groups (F).

Notably, while other studies have not necessarily quantified mitochondrial morphology in
patients with long COVID and ME/CFS¥-%!, deranged mitochondria have been highlighted in
both populations. Particularly, some studies note that cristac (the mitochondrial folds) appear
to be less pronounced in patients. Recent evidence suggests that the supercomplex I-1112-
IV27%7! is implicated in cristae formation, which cardiolipin content is known to increase
supercomplex formation’>74, While the formation of supercomplexes in patients was not
assessed, based on the evidence suggesting reduced cristae formation and the reduction in
either complex I1I or IV, it can be speculated that patients are likely to have altered proportions
of supercomplexes. Future studies should aim to investigate the relative proportions of the
various complexes and supercomplexes. In doing so, this would help to understand whether
interventions that bypass complex I and II (i.e. supplementing with glycerol-3-phosphate),
interventions that reduce reactive oxygen species (ROS) (i.e. Solicrominol), or interventions

that target either complex III, IV or V would be useful for patients.

Early studies in SARS-CoV-2 showed that the virus could interact with a protein located on the
outer mitochondrial membrane: translocase of the outer mitochondrial membrane
(TOMM)>76, which is necessary to import various subunits involved in respiratory
complexes’”’®, Recent evidence has further shown that the binding of SARS-CoV-2 to
TOMM20 in cell culture results in a depolarization of the mitochondrial membrane and

increase in ROS production’.

Other viruses have also been shown to interact with
mitochondrial protein structures®’. Currently, however, there is not any evidence of persistent
viral accumulation in patient mitochondria. Thus, future work should aim to address whether
the functional and morphological mitochondrial changes are repercussions of viral interactions
with the mitochondria or a repercussion of an alternative mechanism, such as interaction with
other organelles or chronic inflammation. In chapter 2, viral remnants of SARS CoV-2,
specifically the nucleocapsid protein, were found in long COVID patients. While there was no
difference between healthy controls and long COVID patients, it may be that the localization

of the virus may be different between patients and healthy controls. In order to resolve this,

muscle sections from animals infected with SARS CoV-2 (both acutely and after several
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weeks/months) can be stained for the nucleocapsid and spike proteins of the virus alongside
mitochondrial markers, such as TOMM20 or TOMM40. This enables us to visualize the time
course of which the virus is cleared from skeletal muscle, and whether viral remnants colocalize

with mitochondria.

While there is a growing body of evidence indicating reduced mitochondrial function in long
COVID and ME/CFS3%°253:59-6181=84 it is important to understand the effects within particular
tissue compartments. Therefore, it may be that mitochondrial dysfunction is widespread
throughout different tissues, however whether the tissue level repercussions remain the same
are unclear. Indeed, cells like PBMCs may not reflect alterations in other tissue
compartments®>, and as such specific tissue populations need to be studied further. Particularly,
endothelial tissue would be of interest, as blood flow regulation would be impeded if there is

mitochondrial dysfunction in endothelial cells or other vascular cell types.
Autoimmunity in Long COVID and ME/CFS

One of the most promising theories of the development of long COVID and ME/CEFS is that of
autoimmunity®® 2. While there exists a wide range of reported autoantibodies in both long

COVID and ME/CFS patients, the most commonly observed are autoantibodies against

87,89,90 87,89,90
b

adrenergic receptors muscarinic receptors , endothelin receptor A%, and
angiotensin II receptor type I°’. As both long COVID and ME/CFS patients report a wealth of
systemic symptoms, it is no surprise that many of the proteins potentially targeted by
autoantibodies are rather ubiquitously expressed. All of the aforementioned receptors are
implicated in blood flow regulation, and thus dysregulation of these receptors may reduce local
oxygen and nutrient availability, particularly in response to stress®>~°. However, it is not known
whether this is a feature of all patients or just subsets that experience particular symptoms such
as postural orthostatic intolerance!*'%2. Further, p2-adrenergic stimulation is known to
increase lactate formation, irrespective of oxygen availability'®. Thus, if autoantibodies
against B2 adrenergic receptors were present in patients, it may be expected to decrease
glycolysis rather than increase. As this is an acute response, however, it is uncertain how

repeated insults to this pathway may alter metabolism.
Electrophysiological alterations

Currently, some evidence exists to suggest that patients with long COVID and ME/CFS may
exhibit ion disbalances, resulting in alterations to electrophysiological function. Specifically,

patients with ME/CFS appear to exhibit higher intramuscular sodium content!%*, The increase
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in intracellular sodium, if not counterbalanced by an equal extrusion of other ionic species,
would increase the osmolality, resulting in increased water absorption at the tissue. It is

hypothesized that this results in hypovolemia!%>-106

, which may contribute to reduced cardiac
filling, reduced blood flow, and poor tissue perfusion. Further, the potential swelling within the
muscle tissue would increase the lattice space, wherein miniscule increases in the space may

have large repercussions on force generation'’’, namely reducing specific force.

In the current thesis, as there is evidence of impaired oxidative ATP production, which
subsequently reduces the capacity to ensure functioning of several key ATPase enzymes, one
of which being the Na-K ATPase. As the role of the Na-K ATPase is sodium extrusion and
potassium import, reduction in Na-K ATPase function would result in sequestering of sodium
intracellularly, due to the inherently large electrochemical gradient. Additionally, there are two
forms of the Na-K ATPase, one which is constitutively active that mainly regulates the
electrochemical gradients at rest, and an alternative isoform that is stimulated in response to
insulin'®®. The higher activity of this isoform helps to restore the membrane potential during
high EC coupling repetition!%, and thus it may be that this particular isoform is affected in long

COVID and ME/CFS patients, lending to the PEM episodes.

Dysfunction of either isoform of Na-K ATPase may have subsequent downstream effects on
other channels and exchangers, namely the sodium-hydrogen exchanger (NHE) and sodium-
calcium exchanger (NCX). Increases in intracellular sodium would slow the activities of both
these exchangers, as they are largely dependent on the sodium electrochemical gradient. This
subsequently may result in increased intracellular hydrogen and calcium. Increases in hydrogen
ion, reducing the pH, alters the functionality of many proteins and enzymes, whilst alterations
in Ca®" concentrations interfere with Ca®" signalling. Increased Ca®" concentrations, likely

leading to reduced Ca*" cycling, would also result in decreased force generation'®,

In the face of reduced inefficient ATP production, sarcoplasmic reticular calcium ATPase
(SERCA) activity may also be reduced. SERCA acts to remove Ca*" from the cytosol and
sequester it in the sarcoplasmic reticulum following muscular contractions. Thus, reduction in
SERCA activity would result in increased intracellular Ca®’. Overtime, this reduces the amount
of Ca*" released with each excitation-contraction coupling event, in which the flux of Ca®*
rather than the absolute concentration is necessary for several signalling pathways!!?. Further,
if the ability of the NCX to extrude Ca?" is reduced, as described above, the removal of Ca>*
from the cytosol then falls upon the mitochondria via voltage dependent anion channels

(VDAC). While this typically results in transient signalling to promote ATP production,
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overtime Ca*" sequestration in mitochondria can result in depression of the respiratory chain

111

function'''. This may result in higher free radical formation, resulting in more mitochondrial

2

Ca”*" sequestration''? and lower sarcoplasmic reticular Ca2+ release''’, further impairing

contractile function.

Less considered channels that may also be impacted in alterations due to ATP availability also

14 and thus function to hyperpolarize the

include the inward rectifying Karp channels
membrane. These channels open in response to lower ATP or higher ADP levels, and are
imperative in a wide variety of tissues, including the pancreas (being involved in insulin
secretion) and cardiomyocytes (being involved with reducing ischemic injury). A reduction in
ATP, therefore, may lead to an increase in Karp channel opening, which can result in a
hyperpolarized membrane!!® resulting in “electrically fatigued”!'®!"” cells or reduced
contractility''®. Some evidence suggests that patients with long COVID have reduced qEMG

signal durations''?, which may indicate a hyperpolarized state.

Skeletal muscle metabolome and lipidome alterations

Following both short and long-term bed rest and in patients with long COVID and ME/CFS,
metabolites related to glycolysis were higher compared to their respective controls. However,
while bed rest also led to reductions in various carnitines, indicating a reduction in fatty acid
oxidation, this was largely absent in both long COVID and ME/CFS. Rather patients with long
COVID and ME/CFS had lower levels of antioxidant metabolites, suggesting that while the
increased reliance in glycolysis may be similar to that of inactivity, the underlying physiology
creating this shift may differ. As individuals undergoing bed rest were otherwise healthy
individuals, the reduction in energy utilization resulted in overabundance of energetic
substrates. This subsequently coincided with insulin resistance and increase lipid droplets. This
is also noted in the lipidomic analysis, in which there are increases in skeletal muscle
triglycerides with increasing bed rest. While lipid droplet formation in EM images of long
COVID and ME/CFS patients was not assessed, oil red o staining indicated no differences in
neutral lipid content compared to health controls, and lipidomic data suggested reductions in

diacylglycerols, while triglycerides were largely the same.

In chapters 2 and 8, hydroxyphenyllactic acid was significantly lower in both long COVID and
ME/CFS patients compared to their matched healthy controls. In chapter 6, there was an
increase in hydroxyphenyllactic acid from pre-bed rest to short term bed rest, and a subsequent

decline from short- to long-term bed rest. Literature regarding hydroxyphenyllactic acid in
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skeletal muscle is very minimal'2°-1?2, Hydroxyphenyllactic acid has been observed to increase

in the blood in septic patients'?’

, it has yet to be studied directly in the muscle, although there
are indications that skeletal muscle may release hydroxyphenyllactic acid'?*. In all cohorts, it
was detected in both blood and muscle, however only long COVID and ME/CFS patients
appeared to show significantly lower proportions in skeletal muscle. Hydroxyphenyllactic acid
is part of the phenol class of metabolites, normally known for metabolites arising from plants
or the gut microbiome. Phenols have been suggested to reduce oxidative stress and promote

oxidative metabolism'?’. Thus, it may be an indicator of increased oxidative stress and

glycolytic reliance.

In chapter 6, it was highlighted that one of the defining characteristics of physical inactivity is
loss of muscle mass, defined by reductions in muscle volume, FCSA, and the coincidence of
increased plasma amino acids, thought to be a consequence of the increased protein catabolism
occurring during bed rest. The pool of amino acids appeared to be largely unchanged following
bed rest within the skeletal muscle, indicating sufficient supply of amino acids given the
metabolic requirements. In chapters 2 and 8, there was no difference in muscle FCSA between
long COVID patients and ME/CFS patients, suggesting a preservation of muscle mass.
Subsequently in chapter 9, several essential amino acids were lower, predominantly in ME/CFS
patients, and that all amino acids affected in either patient group are large, and require LAT1
for muscle uptake'?®. Interestingly, no circulating amino acids were altered in either patient
group, suggesting that large amino acids may not be taken up at the muscle. However, whether
this is due to dysfunction of the LAT1 channel or due to increased degradation of those

particular amino acids requires further studies.

As one of the predominant theories with the development of long COVID and ME/CFS is that
of autoimmunity, I performed an exploratory analysis on skeletal muscle metabolome and
lipidome alterations in a known autoimmune disease to compare to what was found in patients
with long COVID and patients with ME/CFS. While multiple sclerosis (MS) is defined by the
demyelination of neurons, which has not been reported to occur in either long COVID or
ME/CFS populations, MS patients do frequently present with severe fatigue and on occasion
have been reported to experience PEM'?’, and MS is frequently reported after Eppstein-Barr
virus infection'?®. Similarly, some reports implicate dysfunction or loss of adrenergic or
muscarinic receptors in MS patients'>*'32. Thus, if autoimmunity is a common mechanism to
PEM, metabolic profiles may present with commonalities. In this exploratory analysis, I

analyzed skeletal muscle metabolomic and lipidomic data collected from 13 patients with MS
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and 6 healthy controls, in which whole-body exercise and skeletal muscle oxidative function
have been previously analyzed'**. Despite patients with MS having lower skeletal muscle
oxidative capacity compared to controls'**, no metabolites were significantly different
following post-hoc corrections (Figure 2). Using skeletal muscle lipidomics, patients with MS
had lower skeletal muscle diglycerides compared to healthy controls (Figure 4), with other lipid

classes being minimally affected.

s Untargeted metabolomics
. Untargeted lipidomics
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Figure 2: Graphical representation of the study design is presented in panel A. Homocysteine (p=0.002, BH
adjusted=0.204) and adenosine (p=0.04, BH adjusted=0.329) tended to be higher in patients with MS, while
succinate (p=0.002, BH adjusted=0.204), NAD" (p=0.008, BH adjusted=0.220), ophthalmic acid (p=0.010, BH
adjusted=0.260), coenzyme A (p=0.017, BH adjusted=0.260), carnitine 14:1 (p=0.026, BH adjusted=0.260),
carnitine C16:0 (p=0.017, BH adjusted=0.260), carnitine 16:1 (p=0.047, BH adjusted=0.348), carnitine C18:1
(p=0.023, BH adjusted=0.260), erythrose-4-phosphate (p=0.024, BH adjusted=0.260), NADH (p=0.024, BH
adjusted=0.260), glucose-6-phosphate (p=0.024, BH adjusted=0.260), glycerol-3-phosphate (p=0.026, BH
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adjusted=0.260), 2-hydroxybutyric acid (p=0.027, BH adjusted=0.260), glyceraldehyde-3-phosphate (p=0.029,
BH adjusted=p=0.260), homocitrate (p=0.043, BH adjusted=0.329) tended to be lower in patients with MS (B, C,
D). Principal components 1 and 2 explained 31.4% and 11.9% of group variance respectively (E). Metabolites
involved in carnitine metabolism tended to be lower irrespective of expanded disability status scale (EDSS) score
(F), while coenzyme-A, fumarate, succinate, malate, NAD*, NADH, and ophthalmic acid tended to show stepwise
decreases (G). After BH adjustments, no metabolites were significantly different. Metabolites that were

significantly different prior to BH adjustments are indicated in white (B), red or blue (C), or denoted * (D).
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Figure 2: Principal components 1 and 2 explained 18.7% and 17.7% of the variance in lipidomic profile between
patients with MS and healthy controls (A). Diacylglycerols and lipid classes related to membrane formation tended
to be lower in patients with MS, while sphingomyelins tended to be increased (B, C, D). There was not relation
between extended disability status scale (EDSS) score and lipid profiles (E-L). After BH adjustments, no lipid
species were significantly different. Lipids and lipid classes that were significantly different prior to BH
adjustments are indicated in red or blue (C), or denoted * (D).

Whilst MS patients, long COVID patients, and ME/CFS patients all exhibited lower oxidative
capacity both at the whole-body and skeletal muscle level compared to healthy controls, the
metabolomes and lipidomes of the patient groups were dissimilar. Long COVID and ME/CFS
patients exhibited lower antioxidant metabolites, and ME/CFS patients had lower proportions
of essential amino acids, whilst patients with MS do not have a significantly different

metabolome compared to healthy individuals. MS patients only had lower skeletal muscle
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diglycerides compared to healthy controls, whereas long COVID and ME/CFS had lower
membrane-associated species. Therefore, although MS may share a similar onset to long
COVID and ME/CFES (i.e. following viral infection), the skeletal muscle metabolome and
lipidome alterations incurred by MS patients do not resemble those seen with either long
COVID or ME/CFS. It may be that the demyelination in MS confers specific alterations to
oxidative capacity without impacting metabolite and lipid species. As noted previously,
autoimmunity in long COVID and ME/CFS is reported to be specific to G-coupled protein
receptors rather than the myelin, as seen in MS. Thus, it may be that different autoimmune
antibodies may confer specific alterations to the metabolome and lipidome. Future studies
should investigate the effects of different autoantibodies by using animal models, wherein
animals are exposed to autoantibodies against G-protein coupled receptors, myelin, and no
autoantibodies. By doing so, the effects of the autoantibodies themselves can be studied in
isolation rather than with possible other cofounders, such as severity of the primary infection
(in the case of long COVID and ME/CFS).

Therapeutic Prospects

In recent years, many therapies have been proposed for both long COVID and ME/CFS,
ranging from behavioural interventions to graded exercise therapy to pharmaceuticals. Within
the current thesis, there is a multitude of data to support or refute the application of various

therapies for patients exhibiting PEM.
Behavioural Therapy

Since ME/CFS was recognized as a disease (or more accurately historically, a disorder), the
underlying basis was thought to be predominantly psyochological'** 3¢ | Psychologists of the
1950’s and 1960’s referred to ME/CFS in terms that were more reflective of hysteria rather
than a disease. Thus, it was proposed that cognitive behavioural therapy may improve the well-
being of ME/CFS patients'*""13?. While with many diseases that remove a person from social
contact, reduces physical engagement, and hinders normal daily functioning, there will be
psychological consequences, such as depression or other mood disorders'**!#! however these
rates do not tend to be different to what is found in the general public'*?. Within the current
thesis, there is a wealth of evidence to suggest that ME/CFS (and now long COVID) are not
simply psychological disorders, and that there is a physiological underpinning to both diseases.

Thus, while CBT may aid in improving mental wellbeing of some patients, it largely will not
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confer benefits to diseases that directly impact the metabolic functioning of tissues, as

displayed here in skeletal muscle.
Graded Exercise Therapy

Physical rehabilitation and graded exercise therapy is a staple in many different illnesses, and
is particularly useful following hospitalization®!**!**, Like many exercise programs, the
premise lies in progressive overload, where overtime patients gradually increase load or
duration as they become adapted to the current load or duration'*’. The assumption made in
these programs is that responses and adaptations to exercise remain intact. However, patients
that experience PEM, by all accounts, likely do not exhibit similar responses to exercise as
would be expected. Despite a lack of factors that were distinct during PEM-induction, chapters
2,8 and 9 illustrate that local skeletal muscle factors are detrimentally altered in long COVID
and ME/CFS patients that likely affect appropriate exercise response. The lower number of
resident mononuclear cells that would typically participate in exercise responses, and
subsequently adaptation, increases in fibrosis, and altered metabolism, particularly oxidative
metabolism and essential amino acid pools, suggests that the ability for patient skeletal muscle
to respond appropriately to exercise is likely also altered. While there is not enough evidence
to suggest in what way exercise responses are altered, the results from chapter 9 would suggest
that long COVID and ME/CFS patients may exhibit a blunted training response. In order to
assess whether appropriate training responses may exist, it would be of interest to investigate
epigenetic alterations known to be related to training responses!#¢, and whether these are altered

in the skeletal muscle of patients.
Targeting the Mitochondria: Pharmaceutical and Dietary Interventions

Progressively more evidence is accumulating that mitochondrial dysfunction is implicated in
long COVID and ME/CFS33:523359-6L.798184.147 "Thig then makes treatment targeting the
mitochondria with pharmaceuticals enticing. Due to the many known mitochondrial
myopathies and mitochondrial-borne diseases'*3!°, there is already a number of available
potential pharmaceutical treatments, yet even within this sphere definitive effectiveness of
certain therapeutics is lacking. While the current thesis lacked the full resolution to pinpoint
which aspects of the mitochondria are dysfunctional, the evidence provided suggests several
candidates for targets. The most evident targets would aim to decrease oxidative damage
typically associated with mitochondrial dysfunction. Within the metabolomics analyses, it is

clear that metabolites involved in reducing oxidative stress are reduced in patients with both
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long COVID and ME/CFS. Thus, irrespective of which complexes may be specifically
affected, a viable approach may be increasing the capacity by which patient tissue can reduce
oxidative stress. We also provide evidence that it is likely either complex III, complex IV, or
both may be affected in patients. While more studies are required to validate this, therapies that
may aid these dysfunctions would include exogenous mitochondrial transplants'®, ketogenic
diets, or supplementation with CoQ10 or L-creatine. Taking into account the lower levels of
creatine and essential amino acids found in patients, ketogenic diets with creatine
supplementation may be viable dietary interventions'>'"'3* Currently, a clinical trial is
scheduled in the Netherlands, investigating the use of sonlicromanol in long COVID patients
experiencing PEM (Clinical Trials NCT07298005). As the mechanism of action of
sonlicromanol is sequestering reactive oxygen species and modulating redox metabolism'>>,

treatment should reduce oxidative damage due to mitochondrial dysfunction.

Future Research

From the current work, it is evident that there are skeletal muscle alterations that contribute to
reduction in whole-body exercise capacity, and likely a blunted exercise response in patients
with long COVID and ME/CFS. However, it remains to be fully understood whether these
alterations indicate simply similarities in disease presentation or that both diseases are identical,

and that simply exist along a spectrum of disease progression.

As noted in previous chapters, patients with ME/CFS have been ill for longer durations than
their long COVID counterparts, despite being of similar ages and sex distribution. Thus,
longitudinally obtained biopsies from both cohorts would allow resolution of this issue. If the
diseases are the same, it would be expected over time that the patients with long COVID would
progressively exhibit reduced capillarization, further reductions in whole-body aerobic
capacity, oxidative phosphorylation capacity, reductions in SDH enzyme activity, depletion of
resident immune cells, and reduced quantities of several essential amino acids. As no studies
have investigated skeletal muscle longitudinally in ME/CFS, it is difficult to speculate whether
the changes observed were part of the disease progression over years, or whether the alterations
occurred more acutely and remained unchanged over the duration of their disease. As many of
the alterations reflect on the ability to generate sufficient ATP for cellular processes, it may be
that over time there exists a plateau effect, wherein the adaptations occur simply to maintain

energy production for the most essential cell processes.

315




Chapter 10: General Discussion

While a sole mechanism of PEM in patients could not be identified, several areas that may
contribute to PEM occurrence were noted. Specifically, the reduction in satellite cell prevalence
lends itself to a lower propensity to functionally recover from damage, while the null changes
in phosphorylethanolamine and UDP-HexNac following exercise may indicate altered
signalling in response to exercise. Further, it appears that the lower amounts of resident immune
cells likely implicates immune cell exhaustion in PEM occurrence and likely also reduces
patient response to exercise. However, it is clear that more work investigated the nuances of
how cell signalling may be altered in relation to these pathways occur in patients, and whether

these are distinct between long COVID and ME/CFS.
Conclusion

Within this thesis, I provide evidence of altered skeletal muscle physiology in both long
COVID and ME/CFS, contributing to lower whole-body exercise capacity, and thus a lower
ability to perform daily tasks. These changes are highlighted by mitochondrial dysfunction,
shifts towards glycolytic metabolism as evidenced both by muscle fibre contractile proteins
and skeletal muscle metabolomes, and less membrane-associated lipids, which coincides with
muscle fibrosis. Further, I provide evidence for physiological repercussions and contributors
of PEM, indicated by muscle fibrosis, lower satellite cell and FAP cell numbers, and reduced
resident immune cells in ME/CFS. As skeletal muscle is a potent regulator of whole-body
metabolism and influences multiple organ systems, including immune response, future studies
should aim to investigate how skeletal muscle alterations in long COVID and ME/CFS impose
alterations to other organ systems and may in part contribute to systemic symptoms. Future
clinical trials should investigate the feasibility of interventions aimed to addressing

mitochondrial dysfunction in patients.
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In chapter 1, I summarize the current understanding of long COVID and ME/CFS. This
includes what is known about their pathological onset and how muscle may be impacted in
patients. As both long COVID and ME/CFS patients exhibit post-exertional malaise, I also
recount regular physiological mechanisms involved in exercise and damage response, and how

these may be affected in either condition.

How skeletal muscle is impacted in long COVID patients was relatively unknown. Thus,
chapter 2 investigated resting and 24-hour post-exercise muscle biopsies from patients to
elucidate whether long COVID impacted skeletal muscle architecture or metabolism, and
whether this may in part explain the reduced exercise capacity of patients. In a cohort of
patients and age- and sex-matched controls, cardiopulmonary exercise test (CPET) data
indicated that the reduced capacity was likely not due to altered ventilation, but rather
peripheral oxygen extraction and utilization impairments. In permeabilized fibres, I found that
tissue respiration was lower in long COVID patients, while immunohistochemical staining
revealed no changes in SDH activity (a proxy for mitochondrial density), suggesting reduced
mitochondrial function. Further, patients had higher fraction of glycolytic fibres, whilst muscle
fibre size was largely similar to that of healthy controls, suggesting a shift towards a preference
for glycolytic metabolism. Metabolomics revealed multiple metabolites related to the
tricarboxylic acid (TCA) cycle were lower in patients, further supporting this notion. A major
finding in this study was that 24-hours following exhaustive exercise, patients with long
COVID had a reduction in SDH activity, had an increase in skeletal muscle microclots, and
were scored more pathological for infiltrating immune cells, small atrophic fibres, and necrosis.
This study highlights that patients with long COVID exhibit physiologically changes that in

part explain their reduced exercise capacity, but likely also explains the onset of PEM.

In chapters 3a and 4a, academic letters in response to chapter 2 challenged the findings,
suggesting that the long COVID patients involved in this study were simply physically inactive.
Thus, chapters 3b and 4b aimed to refute these points, as skeletal muscle characteristics of long
COVID patients were not identical to characteristics seen with detraining or physical inactivity.
Even after matching for aerobic capacity rather than just age and sex, many of the differences
observed in long COVID were still evident. However, no study had done a direct comparison
between long COVID patients and healthy people whom were physically inactive, and thus

there remained a large gap in the literature.

PEM is one of the most mysterious symptoms of long COVID, which challenges us to rethink

whether the long-held adage that “exercise is medicine” holds true. As patients have a
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worsening of their symptoms upon exertion, it would suggest that a stress response is
negatively altered in these patients. In chapter 5, I review the current literature surrounding
skeletal muscle alterations in long COVID, and prominent hypotheses and proposed
pathological mechanisms for post-exertional malaise in long COVID. Here, I found that
multiple studies find indications for reduced mitochondrial respiratory capacity or altered
mitochondrial morphology, suggesting that patients likely exhibit some form of mitochondrial
dysfunction. Further, while some studies find atrophy, reduced capillarization, and fibre type
shifts, the evidence is rather inconsistent, and more studies need to be conducted to validate
findings in other populations. Highlights of the possible pathophysiological mechanisms of
PEM included altered electrophysiology, central nervous system fatigue/damage, microclots
either obstructing vasculature or imposing cytotoxicity to their environment, mitochondrial

dysfunction, autoimmunity, and physical inactivity.

In chapter 6, I address the notion that cardiac changes in long COVID are due to physical
inactivity. Although bed rest is known to reduce cardiac output by inducing cardiac atrophy,
which subsequently affects cardiac contractile function. Typically, physical inactivity is not
associated with inflammation-mediated scarring nor pre-load failure. Conversely, patients with
long COVID are reported to show indications of myocarditis, whilst invasive CPET measures
find evidence of pre-load failure, such that the cardiac filling is reduced rather than the cardiac
contractility. Yet, it remains that no single study compared effects of cardiac morphological or

functional changes between long COVID and physical inactivity.

Chapter 7 aimed to investigate skeletal muscle metabolic responses in both short-term (6 days)
and long-term (60 days) bed rest in healthy individuals. Previous studies had suggested severe
muscle wasting within days of commencing bed rest. In chapter 7, muscle atrophy is evident
within 6 days of physical inactivity, which also coincided with loss of mitochondria, reduced
oxidative phosphorylation capacity, increases in lipid droplet formation and lipotoxic species
in the skeletal muscle, and an increase in insulin resistance. Long-term bed rest worsened many

of these parameters further, however the largest changes were observed after 6 days.

Chapter 8 aimed to finally determine to what extent skeletal muscle alterations seen in patients
with long COVID could be explained by physical inactivity. Moreover, as ME/CFS and long
COVID also share similar symptoms, including PEM, this chapter also investigated whether
long COVID and ME/CFS also shared similar pathophysiological features. Data from patients
with long COVID in chapter 2, a new cohort of patients with ME/CFS, and age- and sex-

matched healthy controls for every patient where then compared against the longitudinal cohort
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from chapter 6. This chapter highlighted that bed rest altered the respiratory and cardiovascular
responses to (sub)maximal exercise, while patients only exhibited respiratory alterations at
submaximal exercise. When evaluating skeletal muscle, bed rest caused muscle atrophy and
reduced oxidative phosphorylation, which the reduced oxidative phosphorylation related to
reductions in maximal oxygen uptake. Contrastingly, overall muscle fibre size was not smaller
in long COVID and ME/CEFS patients, however patients with ME/CFS displayed type I-specific
atrophy. Patients had larger proportions of glycolytic fibres, and reduced oxidative
phosphorylation capacity, which was not associated with maximal oxygen uptake. Both
patients with long COVID and ME/CFS had lower capillary-to-fibre ratios for a given muscle
fibre size, suggesting a reduced oxygen supply for a given cross sectional area. Patients with
ME/CFS had an additional overall reduction in capillary-to-fibre ratio. chapter 8 therefore
concludes that while whole-body aerobic capacity is similar following bed rest compared to
patients, the skeletal muscle phenotypical characteristics differed. This suggests that physical
inactivity alone did not explain the lower exercise capacity and skeletal muscle adaptations in

long COVID and ME/CFS.

As PEM physiology still remained unknown, and with long COVID and ME/CFS showing
similar skeletal muscle characteristics, chapter 9 sought to investigate factors that may
contribute to PEM pathology and exercise response in patients. As the ability to adapt to
exercise is dependent on the local muscle damage incurred, the inflammatory and immune
response, and mononuclear cells present around the myofibre, chapter 9 aimed to quantify these
parameters. Both long COVID and ME/CFS patients had more collagen IV surrounding each
muscle fibre, suggestive of fibrosis and incurring more damage. However, other damage
markers did not appear different from healthy controls. Satellite cells and fibroadipogenic
progenitor cells, both of which are necessary for proper myofibre growth and repair, were lower
in both long COVID and ME/CFS. ME/CEFS patients also had lower quantities of macrophages
and T-cells prior to exercise, and showed no increase following exercise, which may indicate a
lower immune response, and therefore activation of the regeneration cascade. The fibrosis and
alterations in mononuclear cell populations coincided with lower amounts of oxidative and
antioxidative metabolites, and lower amounts of membrane-associated lipid species. In
metabolomic and lipidomic data, ME/CFS was only distinguished from long COVID in having
several essential amino acids lower than healthy controls, but not than long COVID patients.
The fibrosis seen in patients is then likely due to impaired membrane integrity, either as a result

of or causing a reduction in satellite cell and fibroadipogenic progenitor cell densities. While
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the exact mechanistic cause of PEM remained unclear in this chapter, several physiological
alterations coincide that likely explain aspects of PEM in patients, and suggest that exercise

response in long COVID and ME/CFS is altered compared to healthy individuals.

Chapter 10 discusses the findings of the thesis, in particular looking at the outcomes with
respect to hypotheses surrounding long COVID and ME/CFS pathophysiology. The major
finding in this thesis is that long COVID patients experiencing PEM and patients with ME/CFS
(whom must have PEM as a symptom) showed similar skeletal muscle characteristics,
suggesting that both diseases likely have similar physiology and may be classed together. This
thesis also provides substantial evidence refuting the notion that physical inactivity alone
explains either disease. Patients with ME/CFS, due to duration of disease, may begin to
encounter additive effects of physical inactivity, but this is not the dominant explanation of

their symptoms.
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The SARS-CoV-2 viral outbreak in 2020 resulted in a record number of global
hospitalizations and deaths. Although most people recover from an initial COVID infection
within 3 months, around 10% of people have symptoms that do not improve after 3 months,
which is called long COVID. While not common, other viruses and bacterial infections can
also result in long-term symptoms, which is known as myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS). One of the most common symptoms patients with either long
COVID or ME/CFS experience is post-exertional malaise, which is the worsening of their
symptoms or development of new symptoms after physical, mental or emotional stress. This
can lead to patients leading less physically active lifestyles.

Physical activity is known to be beneficial for overall health and wellbeing, mostly by
increasing exercise capacity, which is a significant predictor in long-term health. Physical
inactivity, on the other hand, decreases exercise capacity and generally results in worse health
outcomes. It is thought that symptoms experienced by patients with long COVID and
ME/CEFS are due to inactivity. However, people who are less physically active don’t usually
experience post-exertional malaise, which implies that there are disease-specific changes that
happen in patients, but may also include changes that are seen in physical inactivity.

Many of the benefits that come from exercise come from a persons ability to adapt to an
exercise session. Usually, exercise will create a short energy deficit, which then may result in
small amounts of muscle damage. This then triggers a short-lived immune response, led first
by neutrophils and macrophages, which clear damaged cells. This creates a small amount of
local and whole-body inflammation. As the damaged cells are cleared, macrophages begin to
create an anti-inflammatory environment. At the same time, they activate fibroadipogenic
progenitor cells (FAP cells), which in turn activate satellite cells. Activated satellite cells will
then become new nuclei around the damaged areas of the muscle cell. FAP cells can then
either remain FAP cells or turn into either adipocytes (fat cells) or fibroblasts, which then
communicate together to repair the outer muscle areas. Ultimately, this creates a stronger,
more resilient muscle. Those who are physically inactive still have this normal response to
exercise. However, patients with long COVID and ME/CFS, because of post-exertional
malaise (PEM), it has be questioned whether they experience a normal exercise response.

The goal of this thesis then to 1) understand whether skeletal muscle changes in long COVID
patients experiencing PEM may contribute to their symptoms, 2) whether muscle changes in
long COVID and ME/CFS can be explained by physical inactivity alone, 3) whether long
COVID and ME/CFS have the same changes, 4) how changes to the muscle environment and
other cell types may relate to long COVID and ME/CFS symptoms, 5) how changes in
metabolism with exercise may relate to PEM, and 6) whether the exercise responses in
patients may be affected due to either changes in metabolism or changes in important cell
populations.

In chapter 2, I use both maximal exercise testing and muscle biopsies from the upper leg of
patients to show that long COVID patient exercise ability is limited by factors in the muscle,

namely the mitochondria and metabolites related to oxidative function. As well, I show that
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long COVID patients have more fast-twitch fibres, which are known to have lower endurance
capabilities. I additionally show that 24-hours after exercise, long COVID patients were more
likely to have necrosis (tissue damage), high increases in local immune cells, and a reduction

in the number of mitochondria, all of which may relate to patients experiencing PEM.

In chapters 3a and 4a, the results of chapter 2 were challenged in letters to the editor,
suggesting that the changes seen in patients were just due to physical inactivity. In chapters
3b and 4b, I tried to address why changes in long COVID patients were not the same as
physical inactivity. However, no research at that point had studied this comparison, and so

there was a large need in the field to study these similarities and differences.

Post-exertional malaise still remains an unknown phenomenon, and goes against the age old
adage of “exercise is medicine”. In chapter 5, I highlight the current understanding of how
skeletal muscle in patients differs from healthy people. As well, I touch upon the current

hypotheses that may explain how post-exertional malaise may occur in patients.

In chapter 6, I address the thought that cardiac alterations in long COVID are also due to
physical inactivity. Here, I review the evidence showing that physical inactivity often results
in reduced ability to produce forceful contractions with no signs of myocarditis
(inflammation of the heart). Instead, long COVID patients typically have signs of myocarditis
and pre-load failure, where blood returning to the heart does not fill the heart completely.

However, no study had yet directly compared physical inactivity and long COVID.

Chapter 7 investigated the effects of short-term (6 days) and long-term (60 days) of bed rest
on muscle of healthy people. Muscle wasting in healthy people occurred by 6 days of bed
rest, while long-term bed rest resulted in loss of mitochondria, higher fat content within the
muscle, and insulin resistance. This highlighted the time course of many negative changes in

skeletal muscle, showing that the largest changes occurred after only 6 days of bed rest.

In chapter 8, I finally compare the effects of physical inactivity (chapter 7), long COVID
(chapter 2) and ME/CFS on muscle, and how this relates to exercise capabilities. Here I
highlight that physical inactivity causes general muscle atrophy and mitochondrial loss, while
both long COVID and ME/CFS have atrophy of slow-twitch fibres specifically, poorer

functioning mitochondria, and lower number of capillaries supplying the muscle.

The occurrence of PEM in both long COVID and ME/CFS still appeared mysterious. The

goal of chapter 9 was to investigate muscle-related factors that may explain PEM. Here, I
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found that both long COVID and ME/CFS have more collagen surrounding their fibres,
which suggested impaired growth and repair. Both long COVID and ME/CFES had less
satellite cells and FAP cells both before and after exercise compared to healthy people, while
ME/CFS patients had few to no resident immune cells to participate in regeneration. These
differences happened alongside lower oxidative metabolites and lipids that are important for
maintaining membrane structure. Overall, these differences in the muscle environment in

long COVID and ME/CFS may help to explain PEM.

Chapter 10 summarizes the work in this thesis, highlighting that long COVID and ME/CFS
patients have muscle changes that impact their ability to perform exercise and their ability to
recover from exercise, and that these changes are different from what is seen in physical
inactivity. As ME/CFS patients have been sick for longer, they also show additional effects of
physical inactivity, but by itself physical inactivity cannot explain the symptoms experienced

by ME/CFS patients.
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