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Muscle abnormalities worsen after post-
exertional malaise in long COVID

Brent Appelman 1,2,15, Braeden T. Charlton 3,4,15, Richie P. Goulding3,4,
Tom J. Kerkhoff 3,4,5,6, Ellen A. Breedveld 3,4, Wendy Noort3,4,
Carla Offringa3,4, Frank W. Bloemers4,7, Michel van Weeghel 8,
Bauke V. Schomakers8, Pedro Coelho9,10,11, Jelle J. Posthuma7,12,
Eleonora Aronica 11, W. Joost Wiersinga 1,2,13, Michèle van Vugt2,14,15 &
Rob C. I. Wüst 3,4,15

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 pathophy-
siology 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 under-
stand the pathophysiology of post-exertional malaise in patients suffering
from long COVID and other post-infectious diseases.

Chronic sequelae after acute infections contribute to debilitating
conditions that affectmillionsworldwide1–5. After an acute SARS-CoV-2
infection, a subgroup of patients suffers from post-acute sequelae of
COVID-19 (PASC), also called long COVID1,6–10. The most reported
symptoms of long COVID include limited exercise tolerance and post-

exertional malaise, representing the worsening of symptoms after
mental or physical exertion1,8,10. 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,
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systemic and local inflammation, disturbed immunological responses,
hormonal imbalance, and viral persistence11–18. 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 biome-
dical and psychological parameters, the cross-sectional nature ofmost
studies, and patient heterogeneity.

In this study, we systematically induced post-exertionalmalaise in
a cohort of 25 well-defined patients with long COVID and controls. We
obtained blood and skeletal muscle biopsies before and after a max-
imal exercise test (Supplemental Fig. 1) with the aim to study the bio-
logical 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 Organi-
zation, and an important inclusion criterion was the presence of post-
exertionalmalaise19. Both groupswere 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 mus-
cles of patients with long COVID worsen after induction of post-
exertional malaise.

Results
Limited exercise capacity in long COVID
All participants performed a cardiopulmonary exercise test on a cycle
ergometer. Maximal oxygen uptake (V̇O2max) and peak power output
were substantially lower in long COVID patients (Fig. 1A, B), despite
marked inter-patient heterogeneity. Patients with long COVID had
lower maximal ventilation and lower maximal end-tidal partial pres-
sure of CO2 (PETCO2) implying poorer ventilatory function during
exercise (Supplemental Fig. 3A–C)20–22. 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 O2 pulse (i.e.
the product of stroke volume and arteriovenous O2 difference; Sup-
plemental Fig. 3F), gas exchange threshold (Fig. 1C), and peripheral O2

extraction (determined via near-infrared spectroscopy; Fig.1D, E,
Supplemental Fig. 3I) during exercise all indicated peripheral skeletal

muscle impairments in patients. The lower V̇O2max in patients was not
due to submaximal effort during the exercise test, as the proportion of
participants attaining a plateau in V̇O2 did not differ between groups,
the gas exchange threshold was at similar percentages of V̇O2max, 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 V̇O2max in both groups with identical slope and intercept
(Fig. 2C). Compared to healthy controls, we observed a higher pro-
portion 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 skeletalmuscle 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 V̇O2max in healthy
controls, but not in patients (Fig. 2F). While patients had a significantly
lower oxidative phosphorylation capacity (Fig. 3A, ED 5A–H), no dif-
ferences were observed in SDH activity (Fig. 3B, C; Supplemental
Fig. 5I, J), suggestive of 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 lowermitochondrial function, with a possible additional limitation
of a lower capillarization and the ventilatory system.

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 muscle pain, greater severity of fatigue,
and cognitive symptoms up to 7 days after maximal exercise (Table 2,
Supplemental Fig. 2A, B). To systematically assess whether metabolic
andmitochondrial dysfunction is associatedwith the pathophysiology

Table 1 | Participant characteristics

Healthy controls Long COVID p-value

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/m2 24.14 (3.37) 25.60 (4.62) 0.24

Charlson Comorbidity Index, median [IQR] 0 [0, 0] 0 [0, 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

Weekly working hours before initial SARS-CoV-2 infection, median [IQR] 36 [32, 40] 36 [32, 45] 0.520

Weekly working hours during the study, median [IQR] 36 [32, 40] 5 [0, 12] <0.001

Time since initial SARS-CoV-2 infection, median [IQR], days 142 [105, 405] 545 [455, 686] 0.001

Time since latest SARS-CoV-2 infection, median [IQR], days 135 [93, 197] 504 [329, 665] 0.002

Continuousparametric datawere analyzedusinga two-sided t-test andare shown asmeanwith SD.Continuousnon-parametric datawereanalyzedusinga two-sidedWilcoxon-test andare shownas
a median with an interquartile range. p-values were not corrected for multiple testing. Source data are provided in the Source Data File.
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of post-exertionalmalaise23–26, wemeasuredmitochondrial respiration
and metabolomic signatures in skeletal muscle before and one day
after the induction of post-exertional malaise. Mitochondrial respira-
tion was assessed in hyperoxic conditions to avoid diffusion limitation
for oxygen that could contribute to exercise intolerance in vivo. Oxi-
dative 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 mito-
chondrial content are part of the pathophysiology of post-exertional
malaise.

To better understand the resting skeletal muscle metabolism
during post-exertional malaise, we annotated 116 metabolites in ske-
letal muscle and 83 metabolites in venous blood (Fig. 3D, E, Supple-
mental Fig. 6A, B). Skeletal muscle biopsies were obtained at rest, and
while skeletal muscle glycolytic metabolites displayed few group dif-
ferences, 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)27. Skeletal muscle creatine con-
centrations 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 reduced methylation and SAM
cycle activity in longCOVIDpatients. Dihydroxyacetone phosphate, an
important intermediate in lipid biosynthesis and glycolysis was
reduced in patient skeletal muscle following post-exertional malaise
(Fig. 3D). The lower hydroxyphenyl acetic acid in patients is typically
associated with increased mitochondrial production of reactive oxy-
gen species (Supplemental Fig. 6A, B)28. Metabolites related to pyr-
imidine and purine synthesis (such as ATP), which is a metabolically
demanding process29, tended to be lower between healthy controls
and longCOVIDpatients upon the induction of post-exertionalmalaise
(Fig. 3D, 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-exertionalmalaise (Supplemental Fig. 6A). Glycolytic
metabolites in the venous blood were significantly higher, but pyr-
uvate and other TCA cycle metabolites were lower in patients com-
pared to controls (Fig. 3E). The induction of post-exertionalmalaise 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 cyclemetabolites were lower in skeletalmuscle and
blood in long COVID patients, but did not change during post-
exertionalmalaise. Venous blood glycolyticmetabolites were higher at
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Fig. 1 | Lower exercise capacity in patientswith longCOVID.Maximal pulmonary
oxygen uptake (V̇O2max, 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 con-
trols. D and E Muscle deoxygenated [heme] responses (mean ± SD) measured by
near-infrared spectroscopywere lower (p =0.023) in longCOVID (n = 16), indicative
of lower peripheral oxygen extraction during exercise compared to healthy con-
trols (n = 18; excessive adipose tissue precluded data analysis in remaining

participants). Continuous parametric data were analyzed using a two-sided t-test
(panelsA–C). Continuous parametric longitudinal data (mean ± SD; panelsD and 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 themedian
(centerline), the first and third quartiles (the lower and upper bound of the box),
and the whiskers show the 1.5× interquartile range. Source data are provided in the
Source Data File.
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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 cir-
culation can block local perfusion in long COVID, causing ischemia-
reperfusion injury30,31. We studied whether amyloid-containing
deposits were present in the 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-spe-
cific abundance of amyloid-containing deposits in healthy controls13.
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 Figs. 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 these deposits block vessel perfusion, causing local tissue
hypoxia30,32. The underlying reason for the increased intramuscular
accumulation of amyloid-containing deposits during post-exertional
malaise remains elusive.

Exercise-induced myopathy in long COVID
To further elucidate the pathophysiology of increased muscle weak-
ness, 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 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
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muscle is a plastic tissue, signs of skeletalmuscle regeneration, such as
centralized nuclei (Fig. 5C), weremore evident in long COVID patients,
also before the induction of post-exertional malaise. Acutely regen-
erating 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 heal-
thy controls and long COVID patients without group differences. We

conclude that severe exercise-induced muscle damage and sub-
sequent regeneration are associatedwith the pathophysiology of post-
exertional malaise, and can possibly explain muscle pain, fatigue, and
weakness in patients with long COVID experiencing post-exertional
malaise.

Next, we explored the infiltration of immune cells (macrophages,
T- and B-cells) in skeletal muscle upon exhaustive exercise. More long
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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 response33–36.
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
the plasma of both groups (Supplemental Figs. 6B and 7G, H). Circu-
lating 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. 7I).

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 malaise1,37, we stained all muscle sections for SARS-
CoV-2 nucleocapsidprotein.We reasoned that if viral persistenceplays

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 infec-
tion 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 enrollment showed no differences
in the abundance of SARS-CoV-2 nucleocapsid protein, but we cannot
exclude additional unknown asymptomatic infections. The SARS-CoV-
2 nucleocapsid protein was not located insidemusclefibers, but rather
in the extracellular matrix, however, its presence did not consistently
overlap with cell nuclei. There was no correlation between the pre-
sence of SARS-CoV-2 nucleocapsid protein and amyloid-containing
deposits (R2 = 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.

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 skeletalmuscle and
blood in long COVID patients using a longitudinal, case-controlled,

Fig. 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, amarker formitochondrial 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 (panels
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 interac-
tion term was significant and was performed using emmeans with BH adjustment
(panels A and B). Effect sizes (D and E) were calculated with Hedges‘ g *p <0.05;
**p <0.001; †p <0.05 indicates a significant interaction effect. Bar: 50μm. PEMpost-
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 1.5×
interquartile range. Source data are provided in the Source Data File.

Table 2 | Patient-reported symptoms before and during post-exertional malaise

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

Fatigue 25 (100.0) 25 (100.0) 24 (96.0) 0.36

Self-reported fatigue severity intensity (1–10),
median [IQR]

6.00 [4.00, 7.00] 7.00 [7.00, 8.00] 7.00 [6.00, 7.25] 0.001

Cognitive problems 20 (80.0) 21 (84.0) 23 (92.0) 0.47

Self-reported cognitive severity intensity (1–10),
median [IQR]

4.00 [3.00, 6.25] 6.00 [5.00, 8.00] 6.00 [4.00, 7.00] 0.06

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

Cough 0 (0.0) 1 (4.0) 1 (4.0) 0.60

Continuousparametric datawere analyzedusinga two-sided t-test andare shown asmeanwith SD.Continuousnon-parametric datawereanalyzedusinga two-sidedWilcoxon-test andare shownas
median with interquartile range. p-values were not corrected for multiple testing. Source data are provided in the Source Data File.
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cohort design. Patients with long COVID displayed a markedly lower
exercise capacity, which related to skeletal muscle metabolic altera-
tions and a shift towards more fast-fatigable fibers. The pathophy-
siology 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 severemuscle tissue damage, together with a blunted
exercise-induced T-cell response in skeletalmuscle. 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 longCOVID,
associatedwith a substantial burden for daily life21. 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
patients21,23,38,39. Consistent with previous hypotheses21,38, we demon-
strate that long COVID is associated with a lower skeletal muscle oxi-
dative phosphorylation capacity. The occurrence ofmore 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 were lower. We
observed that a fiber-type shift and lower mitochondrial respiration
are associated with 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 large
variability in exercise tolerance (V̇O2max and peak power), fiber type

composition, andmitochondrial 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 pathophy-
siology 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 inmitochondrial SDH activity, occurrenceof tissue necrosis,
and possibly intramuscular accumulation of amyloid-containing
deposits could worsen skeletal muscle metabolism and force pro-
duction over time, causing a vicious downward circle.

Tissue hypoxia, induced by amyloid-containing deposit accumu-
lation in the smallest capillaries has been suggested to contribute to
long COVID symptoms, such as fatigue30,40. We found an impaired
peripheral oxygen extraction (and relatively lower deoxygenation) and
a 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 intol-
erance in long COVID remains open41,42. Further studies into the
composition of these amyloid-containing deposits and the possible
role of entrapped (auto-)antibodies43 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
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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 infection44,45, 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 COVID43,46,47. During acute SARS-CoV-2 infection,
the level of SARS-CoV-2 nucleocapsid protein rises sharply48, and
althoughour patients suffered fromexercise-inducedmyopathy, there
were no signs of a higher presence of SARS-CoV-2 nucleocapsid pro-
tein in patients with long COVID before or after induction of post-
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exertional malaise. Furthermore, we did not observe more B-cell
infiltration in the 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 blood49,50. 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 per-
sistence are associated with the pathophysiology of post-exertional
malaise in patients with long COVID.

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 activity51, 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 ourwork,
peripheral alterations inmitochondrialmetabolism39 andmyopathy12,52

have recently been observed in patients with long COVID, but how
post-exertional malaise alters skeletal muscle alterations requires fur-
ther 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 com-
pletely different, future work should highlight if the underlying

pathophysiology is similar in all patient populations, including chil-
dren and adolescents53.

In conclusion, this study reveals that local and systemicmetabolic
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 remain to be
determined.

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 AmsterdamUMC (NL78394.018.21) and registered at
www.clinicaltrials.gov (NCT05225688). All participants signed a writ-
ten informed consent before participation. The study was conducted
in accordance with the Declaration of Helsinki.

Long COVID patients were diagnosed by two experienced clin-
icians for long COVID symptomology and exclusion of potential dif-
ferential diagnoses. All long COVID patients were diagnosedwith post-
exertional malaise (PEM) by the DSQ-PEM54, had a minimum period of
longCOVID-related symptomsof sixmonths, andwerebetween 18 and
65 years old. No symptoms were present before the confirmed diag-
nosisof SARS-CoV-2.Questionnaires regarding fatigue, fatigue severity
score (FSS)55, multidimensional fatigue inventory (MFI)56, and DSQ-
PEMwere 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-

Fig. 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 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: 100μm. Abbreviation: PEM; post-
exertional malaise. Source data are provided in the Source Data File.
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CoV-2 infection. Exclusion criteria were a medical history of cardio-
vascular/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), preg-
nancy, 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 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 Bergström 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 themuscle. Sampleswere 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 h. 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 erg-
ometer (Lode Excalibur Sport, Lode, Groningen, TheNetherlands). The
test was preceded by 2-min quiet rest on the ergometer and 4-min
baseline cycling at low intensity (between 0 and 20W 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
participant’s anthropometric characteristics and physical activity
levels and designed to elicit task failure within 8–12min. Participants
were instructed to maintain their cadence between 70 and 90 revo-
lutions/min, and task failurewas defined as the point at which cadence
dropped <60 revolutions/min despite verbal encouragement. Capil-
lary 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). Pul-
monary 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 the head of the femur and
lateral condyle. This was around the location of the muscle biopsy.
Measurements for total (Δtotal[heme]), deoxygenated (Δdeox-
y[heme]) and oxygenated [heme] (Δoxy[heme]) [hemoglobin +

myoglobin], as well as muscle saturation (SO2, i.e., oxy[heme]/total[-
heme]·100) were normalized to amaximal andminimal 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 Δtotal[heme], Δdeoxy[heme],
and Δoxy[heme] signals were reached, and then subsequently
released. Themaximum andminimum yielded the physiological range
for each individual, and all valueswerenormalized to this physiological
range. As the greatest source-detector separation distance of the NIRS
device was 40mm, participants with an adipose tissue thickness
≥20mm (or skinfold thickness ≥40mm) were excluded from this
analysis. This resulted in the inclusion of 18 controls and 16 patients in
the final analysis. Individual Δdeoxy[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 50W until 175W,
after which most participants could not continue the test. NIRS data
was averaged for the 5W below and above each increment to reduce
noise in the data set. Similarly, for relative work rates, data was ana-
lyzed at 0%, 20%, 40%, 60%, 80%, and 100% ofmaximal 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, 60Hz sampling time) worn on the right hip (anterior
axillary line) during the entire study period, as described previously57.
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 previously27. Small bundles of
freshly isolated fibers were permeabilized with 50 µgmL−1 saponin for
20min at 4 °C in a solution consisting of (in mM) CaEGTA (2.8), EGTA
(7.2), ATP (5.8), MgCl2 (6.6), taurine (20), phosphocreatine (15), imi-
dazole (20), DTT (0.5) and MES (50) (pH 7.1). Tissue was washed in
respiration solution containing EGTA (0.5), MgCl2 (3), K-lactobionate
(60), taurine (20), KH2PO4 (10), HEPES (20), sucrose (110) and 1 g L−1

fatty acid-free BSA (pH 7.1), quickly blotted dry, weighed and trans-
ferred to a respirometer (Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria) in respiration solution at 37 °C. Oxygen con-
centration was maintained above 300μM throughout the experiment
to avoid limitations in oxygen supply. Background respiration was
assessed before adding substrates and was subtracted from all sub-
sequent values. Leak respiration was assessed after the addition of
sodium glutamate (10mM), sodium malate (0.5mM), and sodium
pyruvate (5mM). NADH (Complex I)-linked respiration was assessed
after the addition of 5mM ADP, and 10μM cytochrome c 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 10mM succi-
nate. Maximum uncoupled respiration was determined via titration of
carbonylcyanide-4-trifluoro-methoxyphenylhydrazone (FCCP) in
0.5 µM steps until no further increase in oxygen consumption was
observed. Succinate-linked respiration was measured after blocking
mitochondrial complex I with 0.5μM 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

−1 mg−1. Several ratios were subsequently cal-
culated, namely the oxidative phosphorylation/electron transport
system control ratio (OxPhosETS ), the electron transport system/oxidative
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phosphorylation control efficiency ðETS�OxPhos
ETS Þ, and the biochemical

coupling efficiency (ETS�Leak
ETS )58–60.

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 µm
thick sections from the vastus lateralis muscle biopsies. Details about
dilutions and vendors can be found in Table 1. 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 posi-
tively or negatively(Table 3)

Fiber-type composition. Skeletal muscle fiber type quantification and
size were assessed using immunofluorescence techniques using pri-
mary antibodies against myosin heavy chain (MHC) I (BA-D5), MHC II
(SC-71), and MHC IIx (6H1)61. A negative control, without a primary
antibody, was included for background correction. Firstly, sections
were air-dried for 10min and then blockedwith 10% normal goat serum
(NGS) for 60min. Subsequently, slides were washed 3 times for 5min
each in 1x phosphate-buffered saline (PBS) and incubated with the pri-
mary antibodies for 60min at room temperature. Again, slides were
washed and subsequently incubated with the secondary antibodies for
60min in thedark at roomtemperature.Oncemore, awashing stepwas
performed and subsequently incubation of the slides withWheat Germ
Agglutinin (WGA) for 30minutes in the dark at room temperature,
followed by a final washing step and mounting the sections with cov-
erslips using Vectashield Vibrance. Analysis was performed with ImageJ
and SandiaMatlab AnalysiS Hierarchy (SMASH) Toolbox (version 1.0) in
Matlab (version 2022a). Fiber typedistributionwas expressedusing 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-IIa, MHC-IIa only, and both MHC-IIx and MHC-IIa.
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 succi-
nate dehydrogenase (SDH) activity, which was used as a proxy for
mitochondrial density, as described previously62. Immediately after
cutting, sections were air-dried for 15min and then immersed in a pre-
heated (37 °C) solution containing sodiumphosphate buffer (0.1M,pH
7.6), sodium succinate (0.2M), sodium azide (14mM) and tetranitro
blue tetrazolium (TNBT, 0.55mM, Sigma) for 20min in the dark, and
the reaction was stopped by brief HCl (0.01M) exposure before sec-
tions 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 asΔA660 per µmtissue thicknessper secondof staining
time (ΔA660 µm

−1 s−1).

Capillarization. Capillarization was assessed by staining for Ulex
Europaeus Agglutinin 1 lectin (UEA-1)63. Sections were air-dried for
10min and fixated in ice-cold acetone (−20 °C) for 15min. Subse-
quently, slides were washed 3 times for 2min in PBS and blocked with
1% bovine serum album for 30min. Afterwards, slides were incubated
with UEA-1 for 30min at room temperature, followed by wash steps
and incubation with Vectastain Elite ABC kit for 30min at room tem-
perature. After washing, incubation with Red Peroxidase substrate for
10min at room temperature was performed, washed, and sections
weremountedwith glycerin-gelatin (heated at 37 °C).Capillary-to-fiber

Table 3 | Details about antibodies, including dilutions and vendors

Parameter Antibody, dilution, vendor Secondary antibody (dilution), vendor RRID

Muscle fiber type BA-D5 (MHC-I), 1 μg/ml, DSHB
SC-71 (MHC-IIA), 1 μg/ml, DSHB
6H1 (MHC-IIX) 5 μg/ml, DSHB (60min)
WGA 350, 1:25, TMO W11263 (30min
MHCI (BA-D5), 1 μg/ml, DSHBMHC IIA (SC-
71), 1 μg/ml, DSHB
MHC IIX (6H1), 5 μg/ml, DSHB (60min)
WGA 350, 1:25, TMO W11263 (30min)

Goat-anti-mouse IgG2b 555, 1:1000, Invitrogen A21147;
Goat anti-mouse IgG1 647, 1:1000, Invitrogen A21240;
Goat anti-mouse IgM 488, 1:1000, Invitrogen
A21042 (60min)

AB_2235587AB_2147165;
AB_1157897;
AB_2535783; AB_2535809;
AB_2535711

Amyloid-
containing deposits

Thioflavin T (50μM stock), 1:10, Sigma-
Aldrich (30min)
WGA 555, 1:25, TMO W32464 (30min)

N.A.

Endothelial cells CD31, IgG1 mouse, 1:50, Abcam ab9498
(overnight incubation)
WGA 350, 1:25, TMO W11263 (30min)

Goat anti-mouse IgG1 647, 1:200, Invitrogen A21240
(60min)

AB_726362

Endothelial cells Biotinylated UEA-1, 1:100,
B-1065, Vector Laboratories
(30min)

Vectastain Elite ABC Kit PK-6100, Vector Laboratories
(30min);
ImmPACT™ AMEC Red Peroxidase Substrate SK-4285,
Vector Laboratories (10min)

AB_2336766
AB_2336819
AB_2336519

Lymphatic vessel LYVE1, IgG rabbit, 1:50 Abcam 10278
(overnight incubation)
WGA 350, 1:25, TMO W11263 (30min)

Goat anti-rabbit IgG 647, 1:200, Invitrogen A32733
(60min)

AB_881387

SARS-CoV-2 nucleo-
capsid protein

SARS-CoV-2 Nucleocapsid Antibody, Rab-
bit PAb, Antigen Affinity Purified, 1:500;
SinoBiological (60min)
WGA 555, 1:25, TMO W32464 (30min)

Alexa fluor goat-anti rabbit IgG 488 1:500, Invitrogen
A27034 (60min)

AB_2892769

CD3 SP7 (rabbit moab), 1:200, Thermo Sc. Rm-
9107-S

AB_149924

CD68 PG-M1 IgG 3, 1:200, DAKO M0876 AB_2074844

CD20 L26 IgG 2a, 1:1000,DAKO/M0755 AB_2282030

RRID research resource identifiers.
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ratio (C/F) and capillary density (CD) by capillaries per mm2 muscle
tissue were determined in ImageJ.

Amyloid-containing deposits. To visualize amyloid-containing
deposits, skeletal muscle sections were exposed to 5μM 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 a LYVE-1-specific antibody to
visualize lymph vessels. Firstly, sections were air dried for 10min and
then fixed in 4% paraformaldehyde (PFA) for 5min only for the double
staining. Subsequently, slides were washed 3 times for 5min each in
PBS Tween (PBST) and blocked with 10% NGS for 60min. 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 a primary antibody,
was included. Slides were washed in PBST and subsequently incubated
with the secondary antibody for 60min in the dark at room tempera-
ture. Subsequently, a washing step was performed and followed by
incubation in ThT in 0.1% BSA in PBS for 30min, followed by another
washing step. Lastly, incubation of the slides with WGA for 30min in
the dark at room temperature, followed by a final washing step and
mounting of the sections with coverslips using Vectashield Vibrance.

SARS-CoV-2. To determine viral presence in the muscle cells, the
sections were stained for SARS-CoV-264. Staining began with air drying
the sections for 10min, followed by a blocking step with 10% NGS for
60min. A washing step consisting of 3 times 5-min intervals in 1× PBS
followed, after which the sections were incubated with the primary
antibody anti-N for 60minutes at room temperature. Another washing
step followed, and then incubation with the secondary antibody for
60min in the dark at room temperature. Afterward, awashing stepwas
again performed, followed by incubation with WGA for 30min in the
dark at room temperature. Sections were washed a final time and
mounted with a coverslip using a Vectashield hard set with DAPI.

Image acquisition. Slides were dried overnight at 4 °Cbefore 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 DMRBmicroscope (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 ×40 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 weremanually 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 per-
formed 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 back-
ground correction was applied.

Metabolomics. Metabolomics was performed on skeletal muscle
biopsies and venous blood samples as previously described, with
minor adjustments27,65. Our metabolomics method is specifically tai-
lored 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 2mL tube, containing either 20 µL of plasma or an average of 3.2mg
of freeze dried muscle tissue, the following amounts of internal stan-
dard dissolved in water were added to each sample: adenosine-15N5-

monophosphate (5 nmol), adenosine-15N5-triphosphate (5 nmol), D4-
alanine (0.5 nmol), D7-arginine (0.5 nmol), D3-aspartic acid (0.5 nmol),
D3-carnitine (0.5 nmol), D4-citric acid (0.5 nmol), 13C1-citrulline
(0.5 nmol), 13C6-fructose-1,6-diphosphate (1 nmol), 13C2-glycine
(5 nmol), guanosine-15N5-monophosphate (5 nmol), guanosine-15N5-tri-
phosphate (5 nmol), 13C6-glucose (10 nmol), 13C6-glucose-6-phosphate
(1 nmol), D3-glutamic acid (0.5 nmol), D5-glutamine (0.5 nmol), D5-
glutathione (1 nmol), 13C6-isoleucine (0.5 nmol), D3-lactic acid (1 nmol),
D3-leucine (0.5 nmol), D4-lysine (0.5 nmol), D3-methionine (0.5 nmol),
D6-ornithine (0.5 nmol), D5-phenylalanine (0.5 nmol), D7-proline (0.5
nmol), 13C3-pyruvate (0.5 nmol), D3-serine (0.5 nmol), D6-succinic acid
(0.5 nmol), D4-thymine (1 nmol), D5-tryptophan (0.5 nmol), D4-tyrosine
(0.5 nmol), D8-valine (0.5 nmol). Subsequently, solvents were added to
achieve a total volume of 500 µL water, 500 µL methanol, and 1mL
chloroform. Muscle tissues were homogenized before the addition of
chloroform using a Qiagen TissueLyser II for 5min at 30 times/s with a
5mm Qiagen Stainless Steel Bead in each tube. All samples were
thoroughly mixed, before centrifugation for 10min at 14,000 rpm.

The top layer, containing the polar phase, was transferred to a
clean 1.5mL tube and dried using a vacuum concentrator at 60 °C.
Dried samples were reconstituted in 100 µL 6:4 (v/v) methanol:water.
Metabolites were analyzed using a Waters Acquity ultra-high perfor-
mance liquid chromatography system coupled to a Bruker Impact II™
Ultra-High Resolution Qq-Time-Of-Flight mass spectrometer. Samples
were kept at 12 °C during analysis, and 5 µL of each sample was injec-
ted. Chromatographic separation was achieved using a Merck Milli-
pore SeQuant ZIC-cHILIC column (PEEK 100 × 2.1mm, 3 µm 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) acetoni-
trile:water, both containing 5mmol/L ammonium acetate. Using a flow
rate of 0.25mL/min, the LC gradient consisted of: Dwell at 100% Sol-
vent B, 0–2min; Ramp to 54% Solvent B at 13.5min; Ramp to 0% Sol-
vent B at 13.51min; Dwell at 0% Solvent B, 13.51–19min; Ramp to 100%
B at 19.01min; Dwell at 100% Solvent B, 19.01–19.5min. Column
equilibration was done by increasing the flow rate to 0.4mL/min at
100%B 19.5–21min.MSdatawere acquired using negative andpositive
ionization in full scan mode over the range ofm/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 com-
parable retention times and response in the MS. Metabolite identifi-
cation has been based on a combination of accurate mass, (relative)
retention times, ion mobility data and fragmentation spectra, com-
pared to the analysis of a library of standards.Measurements below the
lower limit of quantification were imputed as half the lowest value.
Metabolites were excluded from analysis if they contained missing
values formore than 5%of samples. Four samples from skeletalmuscle
metabolomics were excluded during quality control.

Venous blood measurements
Hormoneconcentrations. Venous concentrations of cortisol, creatine
kinase and creatine kinase-MB weremeasured in the Amsterdam UMC
clinical laboratory, and details are provided in Table 4.

Circulating mitochondrial DNA. Mitochondrial DNA (mtDNA) mea-
surements 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 ethylenediamine-
tetraacetic acid by centrifuging at 1500×g for 10min. Subsequently,
50 µL of plasma was diluted in a solution containing 150 µL PBS, 25 µL
proteinase K, and 200 µL Buffer B3. After incubation at 70 °C for
15min, 210 µL of 96% ethanol was added to the solution and cen-
trifuged for 1min at 11,000×g, where the solution passed through a
silica membrane column. The column was then placed in a new col-
lection tube, washed with 500 µL Buffer BW and centrifuged for 1min
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at 11,000×g. This was subsequently washed with 600 µL of buffer B5
and centrifuged again for 1minute at 11,000×g. Lastly, 100 µL of buffer
BE was added, incubated for 3min, and centrifuged a final time for
1min at 11,000×g to yield the final isolated DNA in solution. Both ND1
and ND6 mtDNA primers were used to quantify the mtDNA copy
number, using the ΔΔCt-method. Each well contained 2 µL of mtDNA,
3 µL of primer mix, and 5 µl of Power Up SYBR Green Master mix.
Subsequently, qPCR in duplowas conducted usingQuantStudio 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 numberswith 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
analysis66. 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 correla-
tion coefficient for linear relationships and the Spearman rank cor-
relation coefficient for non-linear relationships. Correlation
coefficients were compared using the R package cocor67. Categorical
longitudinal data were analyzed using logistic regression with Time
(baseline and 1-day after exercise) as a covariate. Continuous para-
metric longitudinal data and metabolomics were analyzed with a
generalized linearmixedmodel 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 metabo-
lome pathway. Post-hoc comparisons of longitudinal data were, if the
interaction termwas significant, performedusing the EmpiricalMean
Differences using R package emmeans68 methods with BH adjust-
ment. Continuous nonparametric longitudinal data analysis was
conducted by comparing the delta (Δ) between the time points.
Longitudinal metabolomic data were visualized with the effect size
calculated using Hedges’ g69. p-values < 0.05 (two-tailed) were con-
sidered statistically significant. All data were analyzed using R studio
built under R version 4.0.3 (R Core Team 2013, Vienna, Austria).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

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 https://doi.org/10.
48338/VU01-KPABVO. Metabolomics is available on MetaboLights
(with study identification code:MTBLS9103). Source data are provided
with this paper.

Code availability
R codes are available at https://doi.org/10.5281/zenodo.10171056.

References
1. Davis, H. E., Mccorkell, L., Vogel, J. M. & Topol, E. J. Long COVID:

major findings, mechanisms and recommendations. Nat. Rev.
Microbiol. 21, 133–146 (2023).

2. Hickie, I. et al. Post-infective and chronic fatigue syndromes pre-
cipitated by viral and non-viral pathogens: prospective cohort
study. BMJ 333, 575–578 (2006).

3. Ruiz-Pablos, M., Paiva, B., Montero-Mateo, R., Garcia, N. & Zabaleta,
A. Epstein-Barr virus and the origin of myalgic encephalomyelitis or
chronic fatigue syndrome. Front. Immunol. 12, 4637 (2021).

4. Ursinus, J. et al. Prevalence of persistent symptoms after treatment
for lyme borreliosis: a prospective observational cohort study.
Lancet Reg. Health—Eur. 6, 100142 (2021).

5. Herridge, M. S. & Azoulay, É. Outcomes after critical illness.N. Engl.
J. Med. 388, 913–924 (2023).

6. Subramanian, A. et al. Symptoms and risk factors for long COVID in
non-hospitalized adults. Nat. Med. 28, 1706–1714 (2022).

7. Kedor, C. et al. A prospective observational study of post-COVID-19
chronic fatigue syndrome following the first pandemic wave in
Germany and biomarkers associated with symptom severity. Nat.
Commun. 13, 1–13 (2022).

8. Kerkhoff, T. J., Charlton, B. T., Appelman, B., van Vugt,M. &Wüst, R.
C. I. Post COVID‐19 condition: critical need for a clear definition and
detailed pathophysiology. J. Cachexia Sarcopenia Muscle 13,
2754–2756 (2022).

9. Chilunga, F. P. et al. Differences in incidence, nature of symptoms,
and duration of long COVID among hospitalised migrant and non-
migrant patients in the Netherlands: a retrospective cohort study.
Lancet Reg. Health Eur. 29, 100630 (2023).

10. Al-Aly, Z., Bowe, B. & Xie, Y. Long COVID after breakthrough SARS-
CoV-2 infection. Nat. Med. 28, 1461–1467 (2022).

11. Klein, J. et al. Distinguishing features of Long COVID identified
through immune profiling. Nature 1–3 (2023) https://doi.org/10.
1038/s41586-023-06651-y.

12. Hejbøl, E. K. et al. Myopathy as a cause of fatigue in long-term post-
COVID-19 symptoms: evidence of skeletal muscle histopathology.
Eur. J. Neurol. 29, 2832–2841 (2022).

13. Pretorius, E. et al. Persistent clotting protein pathology in Long
COVID/Post-Acute Sequelae of COVID-19 (PASC) is accompanied
by increased levels of antiplasmin. Cardiovasc. Diabetol. 20,
1–18 (2021).

14. Muri, J. et al. Autoantibodies against chemokines post-SARS-CoV-2
infection correlate with disease course. Nat. Immunol. 1–8 (2023)
https://doi.org/10.1038/s41590-023-01445-w.

15. Wang, E. Y. et al. Diverse functional autoantibodies in patients with
COVID-19. Nature 595, 283–288 (2021).

16. Kruger, A. et al. Proteomics of fibrin amyloid microclots in long
COVID/post-acute sequelae of COVID-19 (PASC) shows many
entrapped pro-inflammatory molecules that may also contribute to
a failed fibrinolytic system. Cardiovasc. Diabetol. 21, 1–23 (2022).

17. Guo, L. et al. Prolonged indoleamine 2,3-dioxygenase-2 activity and
associated cellular stress in post-acute sequelae of SARS-CoV-2
infection. EBioMedicine 94, 104729 (2023).

Table 4 | Details about methods for venous blood
concentrations

Parameter Equipment Method Reference limits

Cortisol Roche
cobas C8000

Electro- chemilumines-
cence immunoassay
“ECLIA” Roche Diagnostics

250–650nmol/L

Creatine
kinase

c702 Roche
diagnostics

NAC-activated, 37 °C Roche
Diagnostics

Male < 171 U/L
Female < 145U/L

Creatine
kinase-MB

e602
Roche
Diagnostics

Enzyme-labeled
sandwich immunoassay
Roche Diagnostics

<4 μg/L

Article https://doi.org/10.1038/s41467-023-44432-3

Nature Communications |           (2024) 15:17 13

https://doi.org/10.48338/VU01-KPABVO
https://doi.org/10.48338/VU01-KPABVO
https://doi.org/10.5281/zenodo.10171056
https://doi.org/10.1038/s41586-023-06651-y
https://doi.org/10.1038/s41586-023-06651-y
https://doi.org/10.1038/s41590-023-01445-w


18. Soares,M.N. et al. Skeletalmuscle alterations in patientswith acute
Covid-19 and post-acute sequelae of Covid-19. J. Cachexia Sarco-
penia Muscle 13, 11–22 (2022).

19. World Health Organization. Post COVID-19 condition (LongCOVID).
https://www.who.int/europe/news-room/fact-sheets/item/post-
covid-19-condition. (2023)

20. Frésard, I. et al. Dysfunctional breathing diagnosed by cardio-
pulmonary exercise testing in ‘long COVID’ patients with persistent
dyspnoea. BMJ Open Respir. Res. 9, e001126 (2022).

21. Schwendinger, F., Knaier, R., Radtke, T. & Schmidt-Trucksäss, A.
Low cardiorespiratory fitness post-COVID-19: a narrative review.
Sports Med 53, 51–74 (2023).

22. Skjørten, I. et al. Cardiopulmonary exercise capacity and limitations
3 months after COVID-19 hospitalisation. Eur. Respir. J. 58,
2100996 (2021).

23. Singh, I. et al. Persistent exertional intolerance after COVID-19:
insights from invasive cardiopulmonary exercise testing.Chest 161,
54–63 (2022).

24. Germain, A. et al. Plasmametabolomics reveals disrupted response
and recovery following maximal exercise in myalgic encephalo-
myelitis/chronic fatigue syndrome. JCI Insight 7, e157621 (2022).

25. McGregor, N. R., Armstrong, C.W., Lewis, D. P. & Gooley, P. R. Post-
exertional malaise is associated with hypermetabolism, hypoace-
tylation and purine metabolism deregulation in ME/CFS cases.
Diagnostics 9, 1–11 (2019).

26. Missailidis, D. et al. An isolated complex V inefficiency and dysre-
gulated mitochondrial function in immortalized lymphocytes from
ME/CFS patients. Int. J. Mol. Sci. 21, 1074 (2020).

27. Wüst, R. C. I. et al. The antibiotic doxycycline impairs cardiac
mitochondrial and contractile function. Int. J. Mol. Sci. 22,
4100 (2021).

28. Beloborodova, N. et al. Effect of phenolic acids of microbial origin
on production of reactive oxygen species in mitochondria and
neutrophils. J. Biomed. Sci. 19, 89 (2012).

29. Pedley, A. M., Pareek, V. & Benkovic, S. J. The purinosome: a case
study for a mammalian metabolon. Annu. Rev. Biochem. 91,
89–106 (2022).

30. Kell, D. B., Laubscher, G. J. & Pretorius, E. A central role for amyloid
fibrin microclots in long COVID/PASC: origins and therapeutic
implications. Biochem. J. 479, 537–559 (2022).

31. Charnley, M. et al. Neurotoxic amyloidogenic peptides in the pro-
teome of SARS-COV2: potential implications for neurological
symptoms in COVID-19. Nat. Commun. 13, 3387 (2022).

32. Aschman, T. et al. Post-COVID exercise intolerance is associated
with capillary alterations and immune dysregulations in skeletal
muscles. acta neuropathol commun. 11, 193 (2023).

33. Nakahira, K., Hisata, S. & Choi, A. M. K. The roles of mitochondrial
damage-associatedmolecular patterns in diseases. Antioxid. Redox
Signal. 23, 1329 (2015).

34. Grazioli, S. & Pugin, J. Mitochondrial damage-associated molecular
patterns: from inflammatory signaling to human diseases. Front.
Immunol. 9, 1 (2018).

35. Frere, J. J. et al. SARS-CoV-2 infection in hamsters and humans
results in lasting and unique systemic perturbations after recovery.
Sci. Transl. Med. 14, eabq3059 (2022).

36. Littlefield, K. M. et al. SARS-CoV-2-specific T cells associate with
inflammation and reduced lung function in pulmonary post-acute
sequalae of SARS-CoV-2. PLoS Pathog. 18, e1010359 (2022).

37. Iwasaki, A. &Putrino, D.Whyweneedadeeperunderstandingof the
pathophysiology of long COVID. Lancet Infect. Dis. 23,
393–395 (2023).

38. de Boer, E. et al. Decreased fatty acid oxidation and altered lactate
production during exercise in patients with post-acute COVID-
19 syndrome. Am. J. Respir. Crit. Care Med. 205, 126–129 (2022).

39. Colosio, M. et al. Structural and functional impairments of skeletal
muscle in patients with postacute sequelae of SARS-CoV-2 infec-
tion. J. Appl. Physiol. 135, 902–917 (2023).

40. Posthuma, J. J., van derMeijden, P. E. J., ten Cate, H. & Spronk, H.M.
H. Short- and long-term exercise induced alterations in haemos-
tasis: a review of the literature. Blood Rev. 29, 171–178 (2015).

41. Charfeddine, S. et al. Long COVID 19 syndrome: is it related to
microcirculation and endothelial dysfunction? Insights from TUN-
EndCOV study. Front. Cardiovasc. Med. 8, 745758 (2021).

42. Turner, S. et al. Long COVID: pathophysiological factors and
abnormalities of coagulation. Trends Endocrinol. Metab. 34,
321–344 (2023).

43. Swank, Z. et al. Persistent circulating severe acute respiratory syn-
drome coronavirus 2 spike is associated with post-acute cor-
onavirus disease 2019 sequelae. Clin. Infect. Dis. 76,
e487–e490 (2023).

44. Aschman, T. et al. Association between SARS-CoV-2 infection and
immune-mediated myopathy in patients who have died. JAMA
Neurol. 78, 948–960 (2021).

45. Mageriu, V., Zurac, S., Bastian, A., Staniceanu, F. & Manole, E. His-
tologicalfindings in skeletalmuscle of SARS-CoV2 infected patient.
J. Immunoass. Immunochem. 41, 1000–1009 (2020).

46. Patterson, B. K. et al. Persistence of SARSCoV-2 S1 protein in CD16+
monocytes in post-acute sequelae of COVID-19 (PASC) up to
15 months post-infection. Front. Immunol. 12, 5526 (2022).

47. Buonsenso, D. et al. Viral persistence in children infected with
SARS-CoV-2: current evidence and future research strategies.
Lancet Microbe 4, e745–e756 (2023).

48. Appelman, B. et al. Time since SARS-CoV-2 infection and humoral
immune response following BNT162b2 mRNA vaccination. EBio-
Medicine 72, 103561 (2021).

49. Wang, Z. et al. Naturally enhanced neutralizing breadth against
SARS-CoV-2 one year after infection. Nature 595, 426–431 (2021).

50. Gallais, F. et al. Evolution of antibody responses up to 13 months
after SARS-CoV-2 infection and risk of reinfection. EBioMedicine 71,
103561 (2021).

51. Hendrickse, P. W. et al. Capillary rarefaction during bed rest is
proportionally less thanfibre atrophy and loss of oxidative capacity.
J. Cachexia Sarcopenia Muscle 13, 2712–2723 (2022).

52. Agergaard, J. et al. Myopathy as a cause of Long COVID fatigue:
evidence from quantitative and single fiber EMG and muscle his-
topathology. Clin. Neurophysiol. 148, 65–75 (2023).

53. Pizzuto, D. A. et al. Lungperfusion assessment in childrenwith long-
COVID: a pilot study. Pediatr. Pulmonol. 58, 2059–2067 (2023).

54. Cotler, J., Holtzman, C., Dudun, C. & Jason, L. A. A brief ques-
tionnaire to assesspost-exertionalmalaise.Diagnostics8, 66 (2018).

55. Krupp, L. B., Alvarez, L. A., Larocca, N.G. &Scheinberg, L. C. Fatigue
in multiple sclerosis. Arch. Neurol. 45, 435–437 (1988).

56. Smets, E. M. A., Garssen, B., Bonke, B. & De Haes, J. C. J. M. The
multidimensional Fatigue Inventory (MFI) psychometric qualities of
an instrument to assess fatigue. J. Psychosom. Res. 39,
315–325 (1995).

57. Clevenger, K. A. et al. Effect of sampling rate on acceleration and
counts of hip- and wrist-worn ActiGraph accelerometers in chil-
dren. Physiol. Meas. 40, 095008 (2019).

58. Gnaiger E. (2020) Mitochondrial pathways and respiratory control.
An introduction to OXPHOS analysis. 5th ed. Bioenerg Commun
2:112 (2020).

59. Gnaiger, E. Capacity of oxidative phosphorylation in human skeletal
muscle: new perspectives of mitochondrial physiology. Int. J. Bio-
chem. Cell Biol. 41, 1837–1845 (2009).

60. Gnaiger, E. et al. Mitochondrial coupling and capacity of oxidative
phosphorylation in skeletal muscle of Inuit and Caucasians in the
arctic winter. Scand. J. Med. Sci. Sports 25, 126–134 (2015).

Article https://doi.org/10.1038/s41467-023-44432-3

Nature Communications |           (2024) 15:17 14

https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition


61. Horwath, O. et al. Variability in vastus lateralis fiber type distribu-
tion, fiber size, and myonuclear content along and between the
legs. J. Appl. Physiol. 131, 158–173 (2021).

62. Wüst, R. C. I. et al. Region-specific adaptations in determinants of
rat skeletal muscle oxygenation to chronic hypoxia. Am. J. Physiol.
Heart Circ. Physiol. 297, H364–74 (2009).

63. Van Der Zwaard, S. et al. Critical determinants of combined sprint
and endurance performance: an integrative analysis from muscle
fiber to the human body. FASEB J. 32, 2110–2123 (2018).

64. Grootemaat, A. E. et al. Lipid and nucleocapsid N-protein accu-
mulation in COVID-19 patient lung and infected cells. Microbiol.
Spectr. 10, e0127121 (2022).

65. Schomakers, B. V. et al. Polar metabolomics in human muscle
biopsies using a liquid–liquid extraction and full-scan LC–MS. STAR
Protoc. 3, 101302 (2022).

66. Daimon, T. Box–Cox transformation. Int. Encycl. Stat. Sci. 1,
176–1781 (2011).

67. Diedenhofen, B. & Musch, J. cocor: a comprehensive solution for
the statistical comparison of correlations. PLoS ONE 10,
e0121945 (2015).

68. Searle, S. R., Speed, F. M. & Milliken, G. A. Estimated marginal
means, aka least-squares means [R package emmeans version
1.8.5]. Am. Stat. 34, 216–221 (2023).

69. Hedges, L. V. Distribution Theory for Glass’s estimator of effect size
and related estimators. J. Educ. Stat. 6, 107–128 (1981).

Acknowledgements
We particularly thank all participants for their time and dedication in
participating in this study. We also would like to thank all staff of the
post-COVID outpatient clinic of the Amsterdam UMC, in particular, Drs.
Mooij-Kalverda and Huismans, for their support during this study. We
also acknowledge the help of Dr. Eric Voorn in the data acquisition of the
physical activity measurements, Onno van Driel in the analysis of the
fiber type distribution, and Jos de Koning in supporting exercise data
collection. This study was funded by own funding, the Patient-Led
Research Collaborative for Long COVID (Grant ID: C1, [MvV]), the Talud
Foundation for theAmsterdamUMCCoronaResearch Fund [WWJ], AMC
Foundation [MvV], VU Foundation [RCIW], ZonMw Onderzoek-
sprogramma ME/CVS [RCIW], and the 2022 Ramsay Grant Pro-
gram [RCIW].

Author contributions
B.A., B.C., M.v.V., and R.W. have made substantial contributions to the
conception, design, financial acquisition, analysis, and interpretation of
thedata, draftingof thework, and revised themanuscript. R.G., T.K., E.B.,
W.N., and C.O. have made substantial contributions to the conception,
design, analysis, and interpretation of the data, drafting of the work, and

substantially revised the manuscript. F.B., M.v.W., B.S., P.C., J.P., E.A.,
and W.J.W. have made substantial contributions to the conception,
design, analysis of the data, drafting, and revision of the manuscript. All
authors have approved the submitted version andagree tobepersonally
accountable for the author’s own contributions and to ensure that
questions related to the accuracy or integrity of any part of the work,
even ones in which the author was not personally involved, are appro-
priately investigated, resolved, and the resolution documented in the
literature.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44432-3.

Correspondence and requests for materials should be addressed to
Michèle van Vugt or Rob C. I. Wüst.

Peer review information Nature Communications thanks Danilo Buon-
senso, Michael Doumen, and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-023-44432-3

Nature Communications |           (2024) 15:17 15

https://doi.org/10.1038/s41467-023-44432-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Muscle abnormalities worsen after post-exertional malaise in long�COVID
	Results
	Limited exercise capacity in long�COVID
	Metabolic dysfunction and post-exertional malaise
	Exercise-induced amyloid-containing deposit accumulation in skeletal�muscle
	Exercise-induced myopathy in long�COVID
	SARS-CoV-2 nucleocapsid presence in skeletal�muscle

	Discussion
	Methods
	Study population
	Study�design
	Incremental ramp exercise�test
	Near-infrared spectroscopy�(NIRS)
	Daily life physical activity�level
	Skeletal muscle measurements
	Skeletal muscle respirometry
	Immuno-histochemistry
	Fiber-type composition
	Succinate dehydrogenase activity
	Capillarization
	Amyloid-containing deposits
	SARS-CoV-2
	Image acquisition
	Metabolomics
	Venous blood measurements
	Hormone concentrations
	Circulating mitochondrial�DNA
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




