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Highlights
Approximately half of patients with long
COVID (LC) fulfil the diagnostic criteria
for myalgic encephalomyelitis/chronic fa-
tigue syndrome (ME/CFS). The two con-
ditions share clinical similarities and
proposed disease pathologies, but it is
still unclearwhether they also share com-
mon molecular abnormalities.

Most consistently altered pathologies in
ME/CFS and LC include an increased re-
liance on alternatives to carbohydrates
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating
chronic illness often triggered by an initiating acute event, mainly viral infections.
The transition from acute to chronic disease remains unknown, but interest in this
phenomenon has escalated since the COVID-19 pandemic and the post-COVID-
19 illness, termed ‘long COVID’ (LC). Both ME/CFS and LC share many clinical
similarities. Here, we present recent findings in ME/CFS research focussing on
proposed disease pathologies shared with LC. Understanding these disease pa-
thologies and how they influence each other is key to developing effective thera-
peutics and diagnostic tests. Given that ME/CFS typically has a longer disease
duration compared with LC, with symptoms and pathologies evolving over time,
ME/CFS may provide insights into the future progression of LC.
as substrates for energy production
and altered gut microbiota, with a reduc-
tion in butyrate-synthesising bacteria.

Therapeutic approaches targeted at the
autoimmune response showed early
promising results, but have not passed
further clinical trials.

ME/CFS and LC research has identified
potential biomarkers, which need to be
replicated and validated, with the most
accurate and clinically practicable ap-
pearing to be measurements of RNAs
for ME/CFS.
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LC and ME/CFS share proposed disease pathologies
ME/CFS is a chronic multisystem disorder characterized by a significant reduction in functional
capacity and a combination of debilitating fatigue, postexertional malaise (PEM) (see
Glossary), unrefreshing sleep, cognitive disturbances, and a host of autonomic, neuroendocrine,
and immune manifestations. The commonly used ME/CFS diagnostic criteria require a minimum
6-month illness duration [1–3] but the latest National Institute of Health and Care Excellence
(NICE) guidelinesi recommend a 3-month minimum of symptom presentation, similar to the
paediatric ME/CFS criteria [4].

Many parallels have been drawn between ME/CFS and LC. LC is defined by the WHO as the oc-
currence of new or persisting symptoms more than 3 months beyond a severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infectionii. The disease is characterised by many symp-
toms (>200) affecting most body systems and a patient experiencing any combination of these
symptoms satisfies an LC diagnosis. This is in contrast to an ME/CFS diagnosis, which requires
a patient to have a specific set of symptoms but can originate from any triggering event or infection.
Several studies have investigated howmany patients with LCmeet the ME/CFS diagnostic criteria,
estimated to be ~50% [5,6]. Importantly, for ME/CFS research, individuals that meet both diagno-
ses will be defined by a trigger and symptom set. ME/CFS has been described throughout history,
including its emergence after infection outbreaks, highlighting the utility of leveraging existing re-
search into ME/CFS to enhance our understanding of post-infection illnesses, such as LC.

It is not yet clear how either LC or ME/CFS progress from an acute infection to a chronic ongoing
condition, but several disease pathologies have been proposed (Figure 1), many of which for LC
are shared with ME/CFS. In this review, we highlight current trends in ME/CFS research and
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Figure 1. Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) disease pathologies that are shared
with long COVID (LC). Several underlying disease pathologies, listed in the coloured circle, have been proposed for ME/
CFS, which overlap with those proposed for LC. Neuro and cardiovascular complications are shown in red. Viral infection
and immune system abnormalities are thought to induce neuroinflammation and microclots rich in fibrin are thought to
arise due to hyperactivated platelets that lead to an increase in platelet clumping and spreading. Moreover, reductions in
both large and small blood vessel function and endothelial dysfunction have been identified. Reduced energy production
with reduction in both glycolysis and mitochondrial respiration is shown in blue. An impairment of metabolism could lead
to the elevation of reactive oxygen species (ROS) and oxidative stress. The impacted immune function is shown in green.
This includes altered immune cell metabolism and hyperactivated T cells, and the presence of autoantibodies in at least a
proportion of patients with ME/CFS. Viral persistence and viral reactivation are shown in yellow. Persistence or reactivation
of viruses is linked to autoimmune diseases and the production of autoantibodies. Microbial gut dysbiosis with a reduction
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Glossary
Active infection: infection where the
pathogen is actively reproducing and/or
producing symptoms in host.
Central nervous system (CNS):
comprises the brain and spinal cord.
Demyelination: process of the loss of
myelin sheaths that surround axons or
damage to the cells that produce them,
which can lead to slowed axonal
communication, degeneration of axons,
and clinical disability.
Lymphoblastoid cell line (LCL):
immortalized cell line generated by
transformation of PBMCs with Epstein–
Barr virus, which selectively infects B
cells.
Magnetic resonance imaging (MRI):
radiology-based non-invasive medical
imaging technique, which relies on
strong magnetic fields and gradients to
produce detailed images of the internal
body for diagnostic or monitoring
purposes.
Mammalian target of rapamycin
complex 1 (mTORC1): protein kinase
complex involved in sensing and
responding to nutrient and energy
stress.
Peripheral blood mononuclear cells
(PBMCs): cells isolated from whole
blood, predominantly lymphocytes.
Positron emission tomography
(PET): radiology-based functional
medical imaging technique, which uses
radioactive substances to visualize and
measure metabolic and other
physiological processes of the internal
body for diagnostic or monitoring
purposes.
Postexertional malaise (PEM):
worsening of symptoms following
physical or mental exertion. PEM
generally occurs 12–48 h following the
exertion and can last for days or weeks
or, in some cases, even longer.
Reactive oxygen species (ROS):
unstable oxygen-containing molecules
produced as a byproduct of
mitochondrial respiration.
touch on recent LC findings that are relevant. We focus on, and discuss, studies with sufficient
sample sizes (typically >20 participants/group) because small samples can limit the
generalisability of the findings. Understanding the disease pathologies for ME/CFS can provide
valuable insight into LC and its future progression.

Shared disease pathologies: recent developments in ME/CFS
Immune system dysfunction
Dysregulation of the immune system is one of the most reported pathologies in both LC and ME/
CFS. In ME/CFS, onset commonly follows an infection-related episode [7] and many investigators
have sought to correlate viral infectionwith the disease state. Unfortunately, much past research on
the role of infectious agents in ME/CFS has used relatively insensitive technologies. In addition, it
has pursued the hypothesis that a single infectious agent is responsible for ME/CFS, whereas it
is becoming clear that ME/CFS can be initiated by multiple different infectious agents [7]. Recent
advancements in technologies, such as digital PCR [8] and multiplex MassTag PCR [9], have not
only allowed detection of low abundant viral load [8], but can also detect multiple regions of a path-
ogen(s) [10]. Using these technologies, researchers have shown that patients with ME/CFS have a
higher incidence of active viral infections, which correlates positively with fatigue and neurocognitive
dysfunction [8,11]. While active infections involving more than one virus type did not vary signif-
icantly between patients with ME/CFS and healthy controls (HCs), they did correlate positively with
increased proinflammatory cytokines, such as tumour necrosis factor (TNF)-α [12]. Reactivation of
latent virus in ME/CFS has also been reported in patients with ME/CFS following SARS-CoV-2 in-
fection [10]. This suggests that reactivation contributes to the persistence orworsening ofME/CFS.

Persistent infections or reactivation of viral infections can lead, via molecular mimicry, to the pro-
duction of autoantibodies, andME/CFS sharesmany features with autoimmune diseases; inflam-
mation is a key characteristic, more common in women, while autoantibodies have been
identified in ME/CFS [13]. An example is the presence in patients with ME/CFS of autoantibodies
that target adrenergic receptors, including vascular and neurotransmitter receptors [13]. The level
of these autoantibodies correlated significantly with symptom severity scores of fatigue and cog-
nitive impairment [14,15]. This knowledge has spurred innovative treatment investigations for ME/
CFS, including immunoadsorption to counteract these autoantibodies [16] (promising clinical re-
sults have led to a double-blinded, randomized, sham-controlled clinical trial, NCT05710770iii,
currently recruiting participants; Box 1), and targeting B cells to reduce autoantibody production
(two clinical trials showed substantial improvements in ME/CFS symptoms but were not substan-
tiated in a follow-up Phase 3 trial; Box 1).

There have been consistent reports of impaired immune cell responses in ME/CFS, including T
cells [17] and natural killer (NK) cells [18]. The underlying mechanism remained unknown until a
recent study showed that T cells have lower metabolic activity, suggesting a reduced capacity
to respond to a pathogen and/or reaching an exhaustion state [19]. Meanwhile, a systemic review
concluded that the cytotoxicity capability of NK cells was impaired in patients with ME/CFS [18].
Together, this may explain why such patients are more prone to infection compared with HC. In-
terestingly, the frequency of historical infections has been shown to correlate with a higher risk of
developing ME/CFS compared with HC or with patients with multiple sclerosis [20].
in gut microbial diversity, and a reduction in butyrate-producing bacteria are shown in brown. These bacteria produce short-
chain fatty acids (SCFAs), which are importantmodulators of energymetabolism, immune function, gut epithelial barriers, and
gene expression. These pathologies affect different bodily systems but interact with, and impact, each other, as illustrated by
the chord diagram in the middle of the circle. The degree of interactionmay vary between individuals andmay help explain the
heterogeneity of the disease. Figure created with BioRender (biorender.com).
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Box 1. ME/CFS clinical trials

Rituximab

Rituximab is a monoclinal anti-CD20 antibody that targets B cells of the adaptive immune population. It is used for the
treatment of various autoimmune diseases and B cell cancers [108]. Two Phase 2 clinical trials were conducted that both
showed major response in cohorts receiving rituximab. In 2017 a randomized Phase 3 trial was completed
(NCT02229942iv) with 151 participants divided into an experimental arm with rituximab (n = 77) or placebo arm with saline
(n = 74). There was no significant difference in the overall response rates in the two groups [109].

Immunoadsorption

NCT05710770iii is a randomized, double-blinded, sham-controlled trial with an intention to examine the effect of
immunoadsorption in patients with ME/CFS. This trial is not classified under any specific clinical trial phase. Each participant will
receive immunoadsorption five times a day for 9 –12 days with follow-up visits at months 1, 3, and 6. The trial was registered in
October 2023 for 66 participants, with a 2:1 randomisation ratio, favouring more participants receiving the treatment.

Rintatolimod

Rintatolimod, an agonist for Toll-like receptor 3 that is abundant in innate immune cells, was examined in a randomised,
double-blind, placebo-controlled (intention to treat), Phase 3 trial (NCT00215800vi). The trial included 208 patients, divided
based on symptom duration: the target subset (2–8 years symptom duration) or nontarget subset (>8 years of symptom
duration). Rintatolimod was administrated twice weekly for 40 weeks. Of the target subset receiving rintatolimod, 51.2%
showed a >25% improvement in their exercise treadmill tolerance and significant improvement in quality of life compared
with 17.6% of the target subset receiving placebo (P = 0.003). The nontarget subset did not show any clinically significant
response to rintatolimod in exercise treadmill tolerance compared with placebo [110].

N-acetylcysteine

NCT04542161vii is a randomised, double-blind placebo-controlled Phase 2 clinical trial examining the effect of N-
acetylcysteine. There are three different groups: (i) oral administration of N-acetylcysteine 900 mg/day for 4 weeks; (ii) oral
administration of N-acetylcysteine 3600 mg/day for 4 weeks; and (3) placebo. The trial is in the recruitment phase with an
expected study size of 95 participants.
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The role of innate immune cells and cytokines in ME/CFS remains inconclusive [17]. This has been
attributed to small cohorts, different clinical criteria, heterogeneity of the disease, and disease du-
ration [21]. Despite this controversy, a trial targeting the innate immune cells of patients with ME/
CFS observed noteworthy improvements in patient quality of life (Box 1). Overall, more longitudi-
nal studies are required to further understand the molecular disease changes over time.

There are numerous clinical trials focusing on LC (Box 2), many of which also target immune cells,
including one trial currently enrolling participants by invitation (RECOVER-VITAL,
NCT05595369iv), which will evaluate viral persistence and viral reactivation. Viral reactivation is
detected in ME/CFS and has also been proposed in LC. One LC study identified a higher preva-
lence of recent Epstein–Barr virus (EBV) reactivation in patients with LC, but this was not universal
because many of the patients in this study had no serological evidence of recent EBV reactivation
[22]. The study also identified that EBV reactivation was strongly associated with specific LC
symptoms of fatigue and neurological symptoms, and less so with other symptoms. Persistent
viral infection in LC has been investigated through the measurement of antibodies against the nu-
cleocapsid SARS-CoV-2 protein in vaccinated post-COVID-19-infected individuals. High levels
were observed in patients who did not experience fatigue and in patients post COVID-19 who
made a complete recovery. Conversely, low levels were identified in patients with LC experiencing
fatigue, which suggests that the B cell immune response against the nucleocapsid antigen is im-
portant for full recovery from the virus [23].

A persistent systemic inflammation has been hypothesised in LC. This may be attributed partly to
the elevated proportion of CD14+CD16+ and CD14lowCD16+ monocytes that continuously pro-
duce inflammatory cytokines, such as interleukin (IL)-1ß and IL-6 [24]. Indeed, one study reported
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CellPress logo


Box 2. Long COVID (LC) clinical trials

Paxlovid

NCT05576662viii/STOP-PASC is a randomised, double-blind Phase 2 clinical trial investigating whether a 15-day course
of Paxlovid (2 × nirmatrelvir 150 mg and 1 × ritonavir 100 mg) can reduce the severity of LC symptoms. It includes a treat-
ment arm (Paxlovid administrated every 12 h) and a control arm (placebo + ritonavir 100 mg every 12 h). The primary out-
come measure assesses the severity of core LC symptoms at week 10, while secondary outcomemeasures track weekly
symptoms from baseline to week 15. The posting of the results of the study, completed with 168 participants, is awaited.

Lithium therapy

NCT05618587vix is a randomised, double-blind, Phase 2 clinical trial assessing the impact of lithium therapy on LC symp-
toms. The trial includes a treatment arm (lithium 10 mg) and a placebo arm. The primary outcome measures focus on
changes in fatigue and brain fog severity from baseline to 21 days, while secondary outcomesmeasure quality of life during
the same period. The recruitment is complete with 50 participants, and results are pending.

Montelukast

NCT04695704x is a randomised, double-blind, Phase 3 clinical trial evaluating the efficacy of montelukast in managing
mild to moderate respiratory symptoms in patients with LC (E-SPERANZA) [111]. The 4-week trial includes a treatment
arm (montelukast 10 mg) and a placebo arm. The primary outcome measure assesses the quality of life regarding respi-
ratory symptoms, while secondary outcome measures evaluate exercise capacity, oxygen desaturation, pain intensity,
and serious adverse events. The trial is in the recruitment phase with an expected study size of 284 participants.

RECOVER-VITAL

RECOVER-VITAL is a randomised, double-blind, Phase 2 clinical trial (NCT05595369iv) evaluating interventions for viral
persistence, viral reactivation, and immune dysregulation in LC. The trial comprises three study arms: (i) 25-day treatment
with Paxlovid (nirmatrelvir 300 mg and ritonavir 100 mg); (ii) 15-day treatment with Paxlovid + ritonavir 100 mg and pla-
cebo; or (iii) 25-day treatment with ritonavir 100 mg + placebo. The primary and secondary outcome measures assess
changes in cognitive dysfunction and autonomic dysfunction, and exercise intolerance dysfunction from baseline to 90
days using questionnaire assessments and clinical assessments, respectively. The trial is in the recruitment phase with
an expected study size of 900 participants.

RECOVER-NEURO

RECOVER-NEURO is a randomised, double-blind, clinical trial (NCT05965752xi) investigating cognitive dysfunction interven-
tions for LC symptoms. It has five study arms: (i) active comparator (video games); (ii) BrainHQ (cognitive training program);
(iii) BrainHQ + PASC CoRE (cognitive rehabilitation intervention); (iv) BrainHQ + transcranial direct current stimulation
(tDCS)-active; and (v) BrainHQ + tDCS-sham. This trial is not classified under any specific trial phase. The primary out-
come measure assesses changes in everyday cognition from baseline to 70 days using a questionnaire, while second-
ary outcome measures assess changes in cognitive function and everyday cognition, objective neurocognitive tests,
and serious adverse events from baseline up to 160 days. The trial is in the recruitment phase with an expected study
size of 315 participants.
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an elevation of three markers [IL-1ß, IL-6, and TNF-α], which correlated significantly with LC, inde-
pendent of age and gender [25]. Other studies identified a correlation between LC and the inflam-
matory cytokines interferon (IFN)-β, pentraxin 3 (PTX3), IFN-γ, IFN-λ2/3, and IL-6 [26]. These
cytokines were present in patients with acute COVID-19 and resolved in recovered individuals,
but remained elevated in LC. In addition to cytokine production, activated monocytes may contrib-
ute to chronic priming of the T cells. Chronic T cell activation not only contributes to elevated levels
of inflammation, but also results in T cell exhaustion, a characteristic observed in patients with ME/
CFS [27,28]. Together, the evidence suggests a persistent activation of the immune system in LC
leading to ongoing inflammatory responses and immune exhaustion or a response to an ongoing
persistent infection.

Metabolic abnormalities
Given that LC and ME/CFS have central symptoms of fatigue, several abnormalities have been
identified in energy metabolism, redox state imbalance, altered lipid and amino acid handling,
and mitochondrial dysfunction, potentially explaining the reduced functional capacity [29].
Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx 5

CellPress logo


Box 3. Evolving disease pathologies with illness course

While there are many similarities in the clinical characteristics and proposed pathologies of ME/CFS and LC, there is not yet
sufficient evidence to determine whether they represent separate illnesses with different disease courses, or whether
SARS-CoV-2 represents one of many viral triggers for ME/CFS (acknowledging that ME/CFS is not solely a post-infectious
illness). Given the recency of the emergence of SARS-CoV-2, more longitudinal studies are needed to detect how early
and prodromal stages of the disease, such as immune abnormalities and resulting neuroinflammation, may evolve over
time. Adult populations with ME/CFS could provide an appropriate model for studying the (as yet) unknown longer-term
outcomes in LC, while studying paediatric cohorts with ME/CFS could provide a more comparable population in the
shorter term; ME/CFS illness duration at the time of study enrolment tends to be greater in adults (median 3 years) com-
pared with paediatric study cohorts (median 18 months), which are typically earlier in their illness course [112]. Fortunately,
research studies tracking COVID-19 symptoms from the acute period and beyond were funded relatively soon after the
pandemic began, such that information regarding disease course and progression will become available much sooner
for LC. Indeed, previous research investigating ME/CFS disease progression has shown a fluctuating illness course for
most adult patients with ME/CFS (59%) [113] and paediatric patients with ME/CFS (59%) [114] (i.e., symptoms always
present but changing in severity over time), and the same phenomenon has now been observed in LC cohorts [115]. This
may reflect the evolving disease progression from acute immune-triggered inflammatory processes (i.e., removal of dam-
aged tissue, homeostatic control, and recovery of tissue structure and function) to, under certain conditions, more chronic,
uncontrolled inflammation and immune system dysregulation leading to: (i) metabolic and CNS pathology, including symp-
toms of fatigue and cognitive disturbances; and (ii) a sustained inability to respond to new or repeated infections, or other
life stressors [70,72]. This fluctuating nature of illness is supported by evidence that brain volumes change with longer ME/
CFS disease duration [63], and in SARS-CoV-2, brain diffusivity in the white matter (a measure of microstructural organi-
sation) changes with increasing time since disease onset [116]. While it is unclear which predisposing factors lead to the
development of ME/CFS and LC, studies tracking the development of ME/CFS over time suggest that abnormal cytokine
expression (particularly IL-13) before infection and greater autonomic symptoms at time of infection may predispose
individuals to developing severe ME/CFS following viral infection [117].

Trends in Molecular Medicine
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In ME/CFS, most recent research has focussed on peripheral immune cells, primarily blood.
Measurement of glycolysis and mitochondrial respiration using seahorse respirometry in pe-
ripheral blood mononuclear cells (PBMCs) from patients with ME/CFS showed that both
pathways were significantly reduced [30]. A reduction in glycolysis was also observed in iso-
lated CD4+ and CD8+ T cells [19]. Measurement of metabolic parameters in ex vivo blood
cells is complicated by their quiescent nature and the reduced viability of PBMCs from patients
with ME/CFS once taken from frozen storage [30]. Mitochondrial respiration and glycolysis
were measured in lymphoblastoid cell lines (LCLs), which are PBMCs immortalised via
transfection with EBV. An inefficiency of ATP synthesis by the final complex of oxidative phos-
phorylation relative to basal respiration was identified in ME/CFS LCLs compared with HC [31].
The cells exhibited elevated yet seemingly unused respiratory capacity due to upregulated ex-
pression of mitochondrial respiratory complexes. An elevation of mammalian target of rap-
amycin complex 1 (mTORC1) activity (a protein complex known to regulate protein
synthesis, including translation of mitochondrial proteins) was evident in ME/CFS LCLs and
could explain this elevated expression [31]. Activation is another alternative to overcome the
problem of measuring metabolism in quiescent cells. Activated CD8+ T cells from patients
with ME/CFS exhibit reduced mitochondrial membrane potential and ATP synthesis rates com-
pared with HC [19].

Recently, WASF3, a protein of the Wiskott–Aldrich syndrome protein family, was identified as el-
evated in ME/CFS muscle cells [32]. This protein has the ability to interfere with the assembly of
mitochondrial proteins into a complex for ATP production. Transgenic mice overproducing
WASF3 experienced greater fatigue during exertion, suggesting that WASF3 causes fatigue.
Moreover, the researchers identified endoplasmic reticulum (ER) stress as a potential cause of el-
evated WASF3 and are now looking at drugs to reduce ER stress or inhibit WASF3.

Several lines of evidence point toward an increased reliance on alternatives to carbohydrates as
substrates for energy production in ME/CFS. T cells (CD4+, CD8+) and NK cells were identified as
6 Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx
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using increased lipids for energy production in ME/CFS and the fatty acid transport protein
(CPT1a) was associated with disease duration [33]. Furthermore, transcriptomic and proteomic
analysis of ME/CFS LCLs revealed elevated levels of enzymes involved in the tricarboxylic acid
(TCA) cycle, fatty acid β-oxidation, and amino acid degradation [31,34]. Analysis of metabolites
within plasma from patients with ME/CFS has consistently identified dysregulated lipid metabo-
lism with a decrease in acyl choline lipids [35–37]. While many altered metabolites have been
identified in ME/CFS compared with HC, no single metabolite was consistently altered across
the studies. Despite this, the results concurred with a general catabolism of lipids and amino
acids to produce ATP.

Increased reactive oxygen species (ROS) and oxidative stress have been proposed as a
cause of many of the symptoms in ME/CFS, including PEM; a recent study using PBMCs
from patients with severe ME/CFS showed that these patients exhibited increased ROS pro-
duction [30]. A correlation has been reported between oxidative stress and fatigue [38], and
supplements that reduce oxidative stress improve fatigue measures in patients with ME/
CFS. These include coenzyme Q10 with selenium or NADH supplementation, which improved
fatigue and reduced levels of oxidative stress metabolites in the blood [39,40]. Moreover, aer-
obic exercise intervention in male adolescents with ME/CFS improved oxidative stress markers
[41], while most other exercise studies focussed on the negative impact, including an increase
in blood lactate levels during follow-up exercise testing. PEM was associated with an elevation
of resting energy expenditure in patients with ME/CFS in two recent metabolomic studies using
post-PEM serum and urine or plasma [42,43]. However, another pilot study [44] identified a
lack of changes in urine metabolome during recovery in patients with ME/CFS but significant
changes in HC. Furthermore, another study [45] measured oxidative stress before and after ex-
ercise and reported a reduction of oxidative stress markers during the recovery period, which
correlated with an increase in parasympathetic nervous system activation, evident by in-
creased heart rate variability only in HC [45]. Therefore, it could be that the normal physiological
recovery pathways in response to exercise are altered in patients with ME/CFS, which may
explain PEM.

PEM is also prevalent among patients with LC and one study investigated metabolism in skeletal
muscle before and after exercise in patients with LC who reported PEM as a symptom. This study
identified reduced maximal mitochondrial respiration and reduced mitochondrial content of mus-
cle during PEM. After induction of PEM, a reduced capacity for ATP production and a reduction in
energy substrates broadly occurred, indicating an exhausted state. There were also indications of
increased ROS [46].

Impaired mitochondrial function and altered substrate utilisation by the mitochondria have also
been proposed in LC, as in ME/CFS. This includes reports of reduced mitochondrial membrane
potential in leukocytes [47] and altered metabolites in plasma [48]. The altered metabolites in-
cluded an increase in free fatty acid metabolites indicative of reduced fatty acid oxidation, and
a decrease in amino acid metabolites indicative of altered catabolism, which together suggest
dysfunctional substrate utilisation by the mitochondria.

Increased ROS in muscle and PBMCs along with reduced energy capacity of PBMCs have been
identified in ME/CFS, which align with LC and corroborate the symptom experience. Interestingly,
the increased utilisation of amino acids and altered utilisation of fatty acids appear in both LC and
ME/CFS at baseline. Themetabolism identified in patients with LC and thosewith ME/CFS shows
a consistency that may represent an important feature of their shared symptom experience of fa-
tigue and PEM.
Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx 7
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Microbiota dysbiosis
Due to its well-known interactions with gut physiology, immune system activity and the levels of
circulating metabolites, the gut microbiota has been increasingly studied in LC and ME/CFS.
The microbiota of patients with ME/CFS has been studied for several decades. However, despite
often finding differences, including reduced microbial diversity or changes following exercise
[49,50], prepandemic studies were found to be collectively contradictory [50]. Fortunately,
study of the gut microbiota in the ME/CFS field has extended into the pandemic era. Markers
of intestinal damage and immune–metabolic response to microbial translocation were observed
in a North American ME/CFS cohort [51], while a study of the UK Biobank genome-wide associ-
ation study (GWAS) identified a positive correlation with the genera Paraprevotella and
Ruminococcaceae and risk of ME/CFS [52]. Butyrate-producing bacteria, including
Faecalibacterium prausnitzii, were observed to be reduced alongside short-chain fatty acid levels
in the gut of patients with ME/CFS [53], as weremicrobial butyrate synthesis and plasma butyrate
levels in another study [54]. Butyrate is a short-chain fatty acid produced by the bacterial fermen-
tation of fibre. This finding is in contrast to an older study that found elevated fecal butyrate in ME/
CFS [55], which may be due to geographical and demographic differences. This emphasises the
importance of considering these factors in the design and interpretation of gut microbiota studies.
Interestingly, despite such geographical differences, recent examinations of Bacteroides spp.
showed that they were elevated in ME/CFS [56–58].

While differences in gut microbiota are evident, it remains to be determinedwhether the overall pat-
terns of dysbiosis are disease specific. Gut microbiota sequencing data were successfully used to
discriminate six different diseases; however, ME/CFS had the second highest rate of false nega-
tives, ~28–65% depending on the classification model used [59]. This suggests that elements of
the gut dysbiosis proposed in the literature are not unique to ME/CFS or similar diseases.

In LC, reports of altered gut microbiota, including broadly reduced diversity of bacterial species
both at and exceeding 1 year of illness duration, have been reported [60,61]. One longitudinal
study used metagenomics data as a prognostic tool. The researchers identified organisms
encompassing multiple kingdoms within both the respiratory tract and the gut and identified a
cluster of individuals who experienced more severe SARS-CoV-2 infection and were more likely
to develop LC [62].

Altered levels of butyrate-producing bacteria have been reported in LC as in ME/CFS. One study
reported a decrease in F. prausnitzii and reported that the levels of it and other butyrate-
producing bacteria produced the largest inverse correlations with LC disease status [57]. How-
ever, this conflicts with outcomes of another study, which found no difference in the levels of
butyrate-producing F. prausnitzii in patients with LC [56], and with other studies that reported el-
evated levels of Bacteroides spp. in LC, which were also identified in ME/CFS [56,57].

Central nervous system dysfunction
With overlapping neurological symptomatology (i.e., disturbances in cognition, fatigue, sleep, and
pain, and autonomic disruption), evidence has continued to accumulate forcentral nervous system
(CNS) dysfunction as a neuropathological mechanism in both ME/CFS and LC. In ME/CFS, viral in-
fection and immune system abnormalities are thought to induce a chronic state of low-grade, sys-
temic neuroinflammation leading to a loss of normal homeostatic processes [63]. Over the past
two decades, studies in ME/CFS have shown increased binding of translocator protein in several
brain regions due to activated microglia and astrocytes [64], elevations in proinflammatory cytokines
in cerebrospinal fluid [65], reduced cerebral blood flow [66], reduced white and grey matter brain vol-
umes [67], and attenuation or dysregulation of neurotransmitters, such as serotonin [68]. Reductions
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Clinicians’ corner
Heterogeneity in the nature and severity
of presenting symptoms and long-term
outcomes for ME/CFS and LC patients
makes it: (i) difficult for scientists to un-
derstand how immunological and neu-
roinflammatory factors (among others)
contribute toME/CFS initiation and pro-
gression, or LC progression; and (ii) dif-
ficult for health professionals to provide
accurate diagnostic and prognostic in-
formation to patients as well as tailored
management and treatment. Greater
awareness of LC will likely lead to
greater surveillance and accelerated re-
search, which will benefit ME/CFS and
improve access to coordinated man-
agement and treatment options for pa-
tients with ME/CFS and LC. However,
continued research in ME/CFS is also
warranted.

Longitudinal research designs need to
be prioritized in the ME/CFS research
field, which could provide a model for
longer-term outcomes in LC research.
A greater focus on predictors and risk
factors for developing and/or maintain-
ing ME/CFS (e.g., impacts of age, dis-
ease duration, and severity of illness)
will also be important, as well as bar-
riers to reaching a diagnosis, and exis-
tence of different clinical phenotypes/
subtypes that could help clinicians pro-
vide more customized therapeutic in-
terventions. The latter will be aided by
recruitment of well-characterized clini-
cal cohorts of patients with ME/CFS,
and integration of this clinical informa-
tion with analysis of patients’ biological
data.

Management and treatment strategies
used in ME/CFS are likely to be
beneficial in similar postviral fatigue
syndromes, such as LC, with patients
with LC presenting earlier for clinical
management due to greater awareness
of the condition. This includes a
patient-centred, multidisciplinary rehabil-
itation approach to care spanning medi-
cal, psychological, social, and work/
lifestyle domains, and strategies such
as energy management, sleep hygiene,
and sleep–wake cycle regulation, pain
medication, and management of fluid/
salt intake for management of PoTS.

Recent research into assessment and
diagnostic tools that may be feasible
to use during brief health and medical
in brain-derived neurotrophic factors have also been noted in animal models [69]. In more recent
years, structural and functional brain abnormalities detected via positron emission tomography
(PET) andmagnetic resonance imaging (MRI) have become the predominant form of evidence
for the neuroinflammatory hypothesis, identifying tissue properties associated with prodromal and
later stages of inflammatory and neurological disease [70].

A recurrent theme in ME/CFS concerns maladaptive mechanisms of (and responses to) neuroin-
flammation, such as demyelination of axons, increased activation of glial cells, and decreased
structural organisation of white matter connections between and within cortical and subcortical
brain regions. These mechanisms are thought to lead to impaired conduction capacity and signal
decay of axonal tissue over time, particularly in brain regions associated with functions that are
disturbed in ME/CFS. The brainstem, responsible for the autonomic regulation of sleep, pain,
and fatigue, and the hypothalamus, through its involvement in the limbic system and hypotha-
lamic–pituitary–adrenal axis, are two such brain regions most recently implicated in ME/CFS,
as well as in LC [71,72].

Reductions in white and grey matter regional volumes [73], cortical thickness [74], and density
and microstructural complexity of axons [75] across both cortical and subcortical regions repre-
sent maladaptive structural impacts on the CNS in ME/CFS. Functional CNS impacts have also
been observed, including reduced functional connectivity within brainstem and brainstem–hippo-
campal connections during cognitive tasks [76], reduced cerebral blood flow after tilt testing [77],
cerebral hypoperfusion in limbic and midbrain regions consistent with orthostatic intolerance
[78,79], elevated choline metabolite in the anterior cingulate cortex, often seen with glial cell pro-
liferation and demyelination [80], and increased signs of intracranial hypertension and
craniocervical obstruction [81].

Conversely, protective or compensatory mechanisms of neuroinflammation have also been ob-
served in ME/CFS. These include increased myelination in white and grey matter regions of the
basal ganglia, thalamus, and brainstem [82], increased functional connectivity in
parahippocampal regions [83], and increased cerebral blood flow following exercise provocation
in the medial prefrontal cortex and midbrain [78,84]. These findings suggest that some regulatory
mechanisms are upregulated in ME/CFS to maintain homeostatic processes in the CNS.

When looking to LC, recent studies suggest that (even mild) SARS-CoV-2 infection is associated
with longer-term CNS sequelae (i.e., increased perivascular spaces, microbleeds, and white mat-
ter lesions, and reduced brain size) [85,86]; yet studies with sufficient sample sizes (≥20) of pa-
tients diagnosed with LC are scarce. Several small-scale studies have shown maladaptive
structural and functional impacts on the CNS in LC, as in ME/CFS [86]. Cytokine elevation
(CCL11) was identified in patients with LC experiencing ‘brain fog’, although greater elevation
was observed in patients with prior autoimmune disease, and in male (vs. female) patients [87].
Storage and turnover of serotonin through viral-induced inflammation have also been identified
as a mechanism for the persistence of cognitive disturbances in LC [88]. Several small-scale
pilot studies reported evidence of reduced glucose consumption (known as hypometabolism)
in the brains of patients with LC detected via 18F-fluorodeoxyglucose PET (FDG-PET) [89],
which has similarly been suggested to be an early or prodromal symptom in neurodegenerative
disorders, such as Alzheimer’s disease. However, many of these PET studies defined LC by
only a 3- to-4-week time frame since the acute infection and involved a very small cohort of
two or three individuals. It is not yet clear which factors determine whether maladaptive or com-
pensatory responses dominate in ME/CFS, or how they interact, particularly in relation to duration
or severity of illness. Few longitudinal studies exist, making it difficult to establish the longer-term
Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx 9
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consultations with patients being
investigated for ME/CFS include hours
of upright activity, hand grip strength,
and brief screening questionnaires
[i.e., the De Paul Questionnaire (Short
Form)] [107]. Assessment tools are still
emerging for LC, but similar screening
questionnaires to assess the severity
of symptoms, disease burden, and
quality of life are likely to be useful, in ad-
dition to the use of blood tests, imaging,
and physical functioning tests for pa-
tients with persistent respiratory symp-
toms at 3 months.
effects of illness chronicity and sustained neuroinflammation on CNS pathology, which would
provide helpful insight for LC. One study [90] did not observe changes in white matter, ventricular
volume, cerebral blood flow, or cerebral spinal fluid flow over time in adult patients with ME/CFS
imaged a year apart, while another [91] observed decreased white matter volumes in the inferior
fronto-occipital fasciculus when patients with ME/CFS were imaged 6 years apart [85,86]. Study-
ing children and adolescents with ME/CFS, who require 3 months of persistent symptoms for a
diagnosis, similar to LC, may provide interesting insights into early and prodromal stages of ill-
ness. Interestingly, while decreased functional brain connectivity has been observed in paediatric
ME/CFS relating to increased fatigue and pain [92], other studies have not found such deficits or
relationships compared with HC [92,93]. The influence of age of onset and illness duration on
CNS pathologies requires further investigation in both ME/CFS and LC.

Vascular pathologies
Cardiac abnormalities are common in ME/CFS. Patients with ME/CFS exhibit difficulties in stand-
ing upright due to low blood pressure, orthostatic intolerance, and postural tachycardia syn-
drome (PoTS), and changes in heart rate, such as tachycardia and heart palpitations, are
common symptoms [2]. Patients with ME/CFS are at increased risk of heart failure [94] and
many of the reported pathologies, such as autonomic dysfunction, inflammation, and lowered
blood pressure, are risk factors for cardiovascular disease. Over the past few decades, vascular
pathology research in ME/CFS has identified numerous abnormalities, including reduced cerebral
blood flow, abnormalities in left ventricular function, endothelial dysfunction, vasculature abnor-
malities, platelet hyperactivity, and defects in clotting parameters [95].

Hypercoagulability and hyperactive platelets were reported in the ME/CFS literature as early as
1999 [96]; however, no clear consensus has been reached. Recent research reported that plate-
lets are hyperactivated, with increases in platelet spreading and clumping [97]. Patients displayed
an increase in the hypercoagulable state and fibrin-rich clots, which were amyloid in nature [97].
The pathology was not present in all patients, suggesting that it is specific to a subgroup of pa-
tients with ME/CFS.

Impairments in both large and small blood vessel function were recently reported in ME/CFS [98].
This study identified a high frequency of peripheral endothelial dysfunction in patients with ME/
CFS, which correlated significantly with disease severity. A reduction in both large and small
blood vessel function was also confirmed in a substudy of a clinical trial testing the effectiveness
of the immune suppressor cyclophosphamide [99] and in another substudy by the same research
group testing the effectiveness of rituximab [100]. In both studies, no correlations with disease se-
verity or with symptom improvements were observed. Although one of these studies had a solely
female cohort, the effect of sex on endothelial function is unclear and none of the aforementioned
studies used sedentary controls. This will be important in future studies because inactivity and ex-
ercise are both known to affect endothelial function.

Irrespective of the severity of the acute infection, patients with LC have an increased risk of devel-
oping cardiovascular disease [101], including heart failure, ischaemic and non-ischaemic heart
disease, myocarditis, and pericarditis, among others. Vascular pathologies, including endothelial
dysfunction, vascular inflammation, blood morphology changes, and the formation of microclots,
are significantly associated with LC [95]. The formation of fibrous amyloid microclots has been re-
ported as a major pathology in LC and is a proposed diagnostic and therapeutic target [102]. Fi-
brin amyloid clots are resistant to breakdown [103] and are predicted to limit oxygen availability to
tissues, thereby contributing to key symptoms of fatigue, exercise intolerance, cognitive impair-
ment, and autonomic dysfunction. The clots are accompanied by hyperactivated platelets,
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Outstanding questions
Does the initiating trigger of ME/CFS
impact the clinical outcome?

Do alterations in energy metabolism
precipitate an altered immune
response or vice versa?

What causes the female bias in ME/
CFS and does it point to the central
mechanism of disease?

What mechanism underlies PEM?

Are the gut microbiota abnormalities in
ME/CFS shared with other inflammatory
or post-infectious diseases?

What is the impact of illness severity,
illness duration, and age of onset on
longer-term clinical outcomes in ME/
CFS and LC, and how does this
change with the fluctuating nature of
the illness?

What is the interplay between the
disease pathologies and what
influences the predominance of different
disease pathologies in patients?

Do prospective biomarkers of ME/
CFS discriminate from diseases with
overlapping symptoms, are they
clinically practicable, and are they
inclusive of ethnically and
geographically diverse populations?
which may arise due to an increase in adhesion factors, inflammation, and binding of virus to
platelets [97]. While the formation of these fibrous amyloid clots has been reported in ME/CFS,
they are not as prominent, and only occurred in a subset of patients, with one study showing
much higher levels in LC than in ME/CFS [97].

Proteins associated with endothelial function have been assessed in LC and can serve as bio-
markers. Several recent studies explored the presence of anti-endothelial cell antibodies in pa-
tients with LC and, overall, no differences in autoantibodies associated with endothelial
dysfunction were observed. However, one group did report small differences in autoantibody
profiles when data were adjusted for age, sex, and disease duration [104]. Interestingly, many
of these autoantibodies correlated with specific symptoms.

Anti-endothelial cell antibodies have been examined in patients with LC who also fit the ME/
CFS diagnostic criteria and compared with patients with LC who did not fit the ME/CFS
criteria, but no clear relationship was observed. The protein endothelin-1, involved in vaso-
constriction, was reported in LC cohorts irrespective of ME/CFS diagnosis [105]. Conversely,
anti-endothelial cell antibodies and angiogenesis were increased in LC ME/CFS, but not in
individuals with LC without ME/CFS [105], whereas angiopoietin-2 was reported to be re-
duced in patients with LC but not in those LC ME/CFS [105]. Furthermore, profiles of cyto-
kines related to endothelial dysfunction revealed no difference between LC, LC ME/CFS, and
HC, which suggests that endothelial dysfunction is not caused by cytokine-driven endothelial
damage [106].

Concluding remarks
ME/CFS is a complex disorder and research into its underlying mechanisms has revealed key de-
fects in several processes spanning immunological, vascular, metabolic, microbial, and neurolog-
ical domains. Understanding the underlying disease pathways is essential for future development
of diagnostic tests and effective treatments, both of which are lacking for ME/CFS. In Figure 1, we
summarise themain recent findings in ME/CFS. Our simple cyclical model signifies that anomalies
in different systems are likely to interact and create an altered physiological state that represents
the disease. Individual patients may not present the full array of anomalies, but they still may par-
ticipate in the cycle because all the domains feed into each other, thereby creating a model that
can account for the heterogeneity of the disease. In Table 1, we also summarize recent work
attempting to identify diagnostic biomarkers. A focus on expanding on recent findings and under-
standing the interplay between different biological systems in ME/CFS is necessary and more in-
terdisciplinary research is warranted.

Research in recent years has focussed on defects in metabolism and the immune system
and the interplay between the two. The immune system dysfunction leads to chronic inflam-
mation in the brain, which is likely to give rise to the neurological features of the condition
and disturb the regulation of normal homeostatic processes in the CNS. However, these
studies have been hampered by the heterogeneity of the disease, small sample sizes, and
the use of different clinical criteria and varying study methodologies (see Clinicians’ corner).
Larger cohorts or repeated-measures studies would help combat some of the issues raised
by the heterogeneous population. More emphasis should be made on clinically
characterising patients and identifying appropriate nondisease and disease controls that ac-
count for lifestyle factors.

More recent studies have begun to directly compare ME/CFS and LC, showing similarities in gut
microbial dysbiosis and vascular pathologies. Some vascular pathologies are shared between the
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Table 1. Objective diagnostic biomarkers for ME/CFS and LC

Disease context Biological context Outcomes Refs

ME/CFS Activin B Contradictory results for efficacy of Activin B as biomarker [118,119]

Cellular or biofluid or
extracellular vesicle
proteome

Protein signatures from LCLs, biofluids, or extracellular vesicles can
distinguish ME/CFS from HC

D. Missailidis, PhD thesis,
La Trobe University, 2021
[120,121]

Transcriptome LCL and PBMC transcriptomics can distinguish ME/CFS from HC D. Missailidis, PhD thesis,
La Trobe University, 2021
[122]

Epigenome PBMC epigenomes can distinguish ME/CFS from HC [122]

miRNAs miRNAs can discriminate ME/CFS from fibromyalgia, and patients severely
affected with ME/CFS undergoing PEM from HC

[123,124]

PBMC physiology Raman microscopy of PBMCs can distinguish ME/CFS from HC [125]

LCL cellular and
mitochondrial function

Measures of cellular function (signalling, respiration, and mitochondrial
function) distinguish ME/CFS LCLs from HC and correlate with standing
difficulty

[31]

Whole-blood physiology Whole-blood electrical impedance distinguishes ME/CFS from HC [126]

Antibodies Antibodies against EBV can distinguish EBV-exposed ME/CFS samples
from HC; autoantibodies can distinguish ME/CFS from HC

[15,127]

ME/CFS or LC Routine pathology tests No evidence of effective classification of ME/CFS or LC samples [128–130]

Hand-grip strength Correlates inversely with severity in both diseases [131–134]

LC Blood extracellular
vesicle or plasma or
serum proteome

Levels of extracellular vesicle or plasma proteins can predict progression to
LC; serum proteins can identify subsets of patients with LC with or without
persistent inflammation

[135–137]

Transcriptome Discriminatory power was not evaluated, but clear transcriptomic signature
was present in LC PBMCs until at least 6 months post infection

[138]

Antibodies Patients with acute-phase LC with persistent symptoms can be
distinguished by IgM and IgG3 levels depending on severity, or at 6 months
post infection with modest accuracy. Anti-spike and anti-RBD levels
correlate with original COVID-19 disease severity

[138,139]

Cytokines Patients with LC at several time points post infection or across different
severity levels can be distinguished by cytokine levels

[26,140–142]

Trends in Molecular Medicine
OPEN ACCESS
two disorders, including altered platelet morphology and markers of endothelial dysfunction, but
are generally only present in a subset of patients with ME/CFS. This may point to the changing
nature of the disorder with illness course, further supported by the detection of different immune
signatures at early compared with later disease stages (Box 3) [21]. ME/CFS may not be static,
and LC may represent a unique opportunity to study early disease changes and map these
changes over the duration of the disease (see Outstanding questions). Conversely, ME/CFS re-
search, which typically involves patients with a longer disease duration, may provide clues as
to the future disease pathology of LC.

Acknowledgments
Wewould like to thank Tina Katsaros with her help in preparing Figure 1. S.J.A. and E.K.J. were supported by the Judith Jane

Mason & Harold StannetWilliamsMemorial Foundation (TheMason Foundation). S.J.A. and D.M. were supported byME Re-

search UK (SCIO Charity Number SC036942), with the financial support of The Fred and Joan Davies Bequest, and C.W.A.

was supported by the Open Medicine Foundation.

Declaration of interests
The authors declare no competing interests.
12 Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx

CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
Resources
iwww.nice.org.uk/guidance/ng206
iiwww.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
iiihttps://clinicaltrials.gov/study/NCT05710770
ivhttps://clinicaltrials.gov/study/NCT05595369
vhttps://clinicaltrials.gov/study/NCT02229942
vihttps://clinicaltrials.gov/study/NCT00215800
viihttps://clinicaltrials.gov/study/NCT04542161
viiihttps://clinicaltrials.gov/study/NCT05576662
vixhttps://clinicaltrials.gov/study/NCT05618587
xhttps://clinicaltrials.gov/study/NCT04695704
xihttps://clinicaltrials.gov/study/NCT05965752

References

1. Carruthers, B.M. et al. (2011) Myalgic encephalomyelitis: Inter-

national Consensus Criteria. J. Intern. Med. 270, 327–338
2. Carruthers, B.M. et al. (2003) Myalgic encephalomyelitis/chronic

fatigue syndrome: clinical working case definition, diagnostic
and treatment protocols. J. Chronic Fatigue Syndr. 11, 7–115

3. Fukuda, K. et al. (1994) The chronic fatigue syndrome: a com-
prehensive approach to its definition and study. International
Chronic Fatigue Syndrome Study Group. Ann. Intern. Med.
121, 953–959

4. Jason, L.E. et al. (2006) A pediatric case definition for myalgic
encephalomyelitis and chronic fatigue syndrome. J. Chronic
Fatigue Syndr. 13, 1–44

5. Bonilla, H. et al. (2023) Myalgic encephalomyelitis/chronic fa-
tigue syndrome is common in post-acute sequelae of SARS-
CoV-2 infection (PASC): results from a post-COVID-19 multidis-
ciplinary clinic. Front. Neurol. 14, 1090747

6. Jason, L.A. and Dorri, J.A. (2022) ME/CFS and Post-exertional
malaise among patients with long COVID. Neurol. Int. 15, 1–11

7. Choutka, J. et al. (2022) Unexplained post-acute infection syn-
dromes. Nat. Med. 28, 911–923

8. Lee, J.S. et al. (2021) SalivaryDNA loads for human herpesviruses
6 and 7 are correlatedwith disease phenotype inmyalgic enceph-
alomyelitis/chronic fatigue syndrome. Front. Med. (Lausanne) 8,
656692

9. Briese, T. et al. (2023) A multicenter virome analysis of blood,
feces, and saliva in myalgic encephalomyelitis/chronic fatigue
syndrome. J. Med. Virol. 95, e28993

10. Apostolou, E. et al. (2022) Saliva antibody-fingerprint of
reactivated latent viruses after mild/asymptomatic COVID-19
is unique in patients with myalgic–encephalomyelitis/chronic fa-
tigue syndrome. Front. Immunol. 13, 949787

11. Jason, L.A. et al. (2022) Predictors for developing severe myal-
gic encephalomyelitis/chronic fatigue syndrome following infec-
tious mononucleosis. J. Rehabil. Ther. 4, 1–5

12. Rasa-Dzelzkaleja, S. et al. (2023) The persistent viral infections
in the development and severity of myalgic encephalomyelitis/
chronic fatigue syndrome. J. Transl. Med. 21, 33

13. Bynke, A. et al. (2020) Autoantibodies to beta-adrenergic and
muscarinic cholinergic receptors in myalgic encephalomyelitis
(ME) patients – a validation study in plasma and cerebrospinal
fluid from two Swedish cohorts. Brain Behav. Immun. Health
7, 100107

14. Freitag, H. et al. (2021) Autoantibodies to vasoregulative G-
protein-coupled receptors correlate with symptom severity, au-
tonomic dysfunction and disability in myalgic encephalomyelitis/
chronic fatigue syndrome. J. Clin. Med. 10, 3675

15. Gravelsina, S. et al. (2022) Biomarkers in the diagnostic algo-
rithm of myalgic encephalomyelitis/chronic fatigue syndrome.
Front. Immunol. 13, 928945

16. Tolle, M. et al. (2020) Myalgic encephalomyelitis/chronic fatigue
syndrome: efficacy of repeat immunoadsorption. J. Clin. Med.
9, 2443

17. Kavyani, B. et al. (2022) Could the kynurenine pathway be the
key missing piece of myalgic encephalomyelitis/chronic

fatigue syndrome (ME/CFS) complex puzzle? Cell. Mol. Life
Sci. 79, 412

18. Eaton-Fitch, N. et al. (2019) A systematic review of natural killer
cells profile and cytotoxic function in myalgic encephalomyelitis/
chronic fatigue syndrome. Syst. Rev. 8, 279

19. Mandarano, A.H. et al. (2020) Myalgic encephalomyelitis/chronic
fatigue syndrome patients exhibit altered T cell metabolism and
cytokine associations. J. Clin. Invest. 130, 1491–1505

20. Lacerda, E.M. et al. (2019) A logistic regression analysis of risk
factors in ME/CFS pathogenesis. BMC Neurol. 19, 275

21. Hornig, M. et al. (2015) Distinct plasma immune signatures in ME/
CFS are present early in the course of illness. Sci. Adv. 1, e1400121

22. Peluso, M.J. et al. (2023) Chronic viral coinfections differentially
affect the likelihood of developing long COVID. J. Clin. Invest.
133, e163669

23. Varnai, R. et al. (2022) Serum level of anti-nucleocapsid, but not
anti-spike antibody, is associated with improvement of long
COVID symptoms. Vaccines (Basel) 10, 165

24. Patterson, B.K. et al. (2021) Persistence of SARS CoV-2 S1 protein
in CD16+ monocytes in post-acute sequelae of COVID-19 (PASC)
up to 15 months post-infection. Front. Immunol. 12, 746021

25. Schultheiss, C. et al. (2022) The IL-1beta, IL-6, and TNF cytokine
triad is associated with post-acute sequelae of COVID-19. Cell
Rep. Med. 3, 100663

26. Phetsouphanh, C. et al. (2022) Immunological dysfunction persists
for 8 months following initial mild-to-moderate SARS-CoV-2 infec-
tion. Nat. Immunol. 23, 210–216

27. Glynne, P. et al. (2022) Long COVID following mild SARS-CoV-2
infection: characteristic T cell alterations and response to antihis-
tamines. J. Investig. Med. 70, 61–67

28. Klein, J. et al. (2023) Distinguishing features of long COVID iden-
tified through immune profiling. Nature 623, 139–148

29. Komaroff, A.L. and Lipkin, W.I. (2023) ME/CFS and Long
COVID share similar symptoms and biological abnormalities:
road map to the literature. Front. Med. (Lausanne) 10, 1187163

30. Tomas, C. et al. (2020) The effect of myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS) severity on cellular bioener-
getic function. PLoS ONE 15, e0231136

31. Missailidis, D. et al. (2020) An Isolated complex V inefficiency
and dysregulated mitochondrial function in immortalized lym-
phocytes from ME/CFS patients. IJMS 21, 1074

32. Wang, P.Y. et al. (2023)WASF3 disruptsmitochondrial respiration
and may mediate exercise intolerance in myalgic encephalomyeli-
tis/chronic fatigue syndrome. Proc. Natl. Acad. Sci. U. S. A. 120,
e2302738120

33. Maya, J. et al. (2010) (2023) Altered fatty acid oxidation in lym-
phocyte populations of myalgic encephalomyelitis/chronic fa-
tigue syndrome. Int. J. Mol. Sci. 24,

34. Missailidis, D. et al. (2021) Dysregulated provision of oxidisable
substrates to the mitochondria in ME/CFS lymphoblasts. Int.
J. Mol. Sci. 22, 2056

35. Germain, A. et al. (2020) Comprehensive circulatory metabolo-
mics in ME/CFS reveals disrupted metabolism of acyl lipids
and steroids. Metabolites 10, 34
Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx 13

http://www.nice.org.uk/guidance/ng206
http://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
https://clinicaltrials.gov/study/NCT05710770
https://clinicaltrials.gov/study/NCT05595369
https://clinicaltrials.gov/study/NCT02229942
https://clinicaltrials.gov/study/NCT00215800
https://clinicaltrials.gov/study/NCT04542161
https://clinicaltrials.gov/study/NCT05576662
https://clinicaltrials.gov/study/NCT05618587
https://clinicaltrials.gov/study/NCT04695704
https://clinicaltrials.gov/study/NCT05965752
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0005
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0005
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0010
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0010
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0010
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0015
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0015
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0015
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0015
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0020
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0020
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0020
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0025
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0025
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0025
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0025
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0030
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0030
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0035
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0035
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0040
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0040
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0040
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0040
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0045
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0045
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0045
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0050
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0050
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0050
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0050
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0055
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0055
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0055
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0060
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0060
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0060
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0065
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0065
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0065
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0065
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0065
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0070
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0070
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0070
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0070
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0075
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0075
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0075
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0080
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0080
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0080
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0085
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0085
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0085
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0085
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0090
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0090
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0090
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0095
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0095
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0095
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0100
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0100
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0105
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0105
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0110
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0110
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0110
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0115
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0115
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0115
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0120
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0120
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0120
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0125
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0125
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0125
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0130
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0130
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0130
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0135
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0135
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0135
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0140
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0140
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0145
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0145
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0145
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0150
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0150
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0150
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0155
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0155
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0155
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0160
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0160
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0160
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0160
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0165
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0165
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0165
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0170
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0170
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0170
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0175
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0175
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0175
CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
36. Che, X. et al. (2022) Metabolomic evidence for peroxisomal
dysfunction in myalgic encephalomyelitis/chronic fatigue syn-
drome. Int. J. Mol. Sci. 23, 7906

37. Hoel, F. et al. (2021) A map of metabolic phenotypes in patients
with myalgic encephalomyelitis/chronic fatigue syndrome. JCI
Insight 6, e149217

38. Maes, M. (2009) Inflammatory and oxidative and nitrosative
stress pathways underpinning chronic fatigue, somatization
and psychosomatic symptoms. Curr. Opin. Psychiatry 22,
75–83

39. Castro-Marrero, J. et al. (2021) Effect of dietary coenzyme Q10
plus NADH supplementation on fatigue perception and health-
related quality of life in individuals with myalgic encephalomyeli-
tis/chronic fatigue syndrome: a prospective, randomized,
double-blind, placebo-controlled trial. Nutrients 13, 2658

40. Castro-Marrero, J. et al. (2022) Does coenzyme Q10 plus sele-
nium supplementation ameliorate clinical outcomes by modu-
lating oxidative stress and inflammation in individuals with
myalgic encephalomyelitis/chronic fatigue syndrome? Antioxid.
Redox Signal. 36, 729–739

41. Zhao, S. et al. (2022) Differential metabolites and metabolic path-
ways involved in aerobic exercise improvement of chronic fatigue
symptoms in adolescents based on gas chromatography–mass
spectrometry. Int. J. Environ. Res. Public Health 19, 2377

42. McGregor, N.R. et al. (2019) Post-exertional malaise is associ-
ated with hypermetabolism, hypoacetylation and purine metab-
olism deregulation in ME/CFS cases. Diagnostics (Basel) 9, 70

43. Germain, A. et al. (2022) Plasma metabolomics reveals
disrupted response and recovery following maximal exercise
in myalgic encephalomyelitis/chronic fatigue syndrome. JCI
Insight 7, e157621

44. Glass, K.A. et al. (2023) Urine metabolomics exposes anoma-
lous recovery after maximal exertion in female ME/CFS patients.
Int. J. Mol. Sci. 24, 3685

45. Polli, A. et al. (2019) Relationship between exercise-induced ox-
idative stress changes and parasympathetic activity in chronic
fatigue syndrome: an observational study in patients and
healthy subjects. Clin. Ther. 41, 641–655

46. Appelman, B. et al. (2024) Muscle abnormalities worsen after
post-exertional malaise in long COVID. Nat. Commun. 15, 17

47. Diaz-Resendiz, K.J.G. et al. (2022) Loss of mitochondrial mem-
brane potential (DeltaPsi(m)) in leucocytes as post-COVID-19
sequelae. J. Leukoc. Biol. 112, 23–29

48. Guntur, V.P. et al. (2022) Signatures of mitochondrial dysfunc-
tion and impaired fatty acid metabolism in plasma of patients
with post-acute sequelae of COVID-19 (PASC). Metabolites
12, 1026

49. Shukla, S.K. et al. (2015) Changes in gut and plasmamicrobiome
following exercise challenge in myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS). PLoS ONE 10, e0145453

50. Du Preez, S. et al. (2018) A systematic review of enteric
dysbiosis in chronic fatigue syndrome/myalgic encephalomyeli-
tis. Syst. Rev. 7, 241

51. Uhde, M. et al. (2023) Suppressed immune and metabolic re-
sponses to intestinal damage-associated microbial transloca-
tion in myalgic encephalomyelitis/chronic fatigue syndrome.
Brain Behav. Immun. Health 30, 100627

52. He, G. et al. (2023) Causal effects between gut microbiome and
myalgic encephalomyelitis/chronic fatigue syndrome: a two-
sample Mendelian randomization study. Front. Microbiol. 14,
1190894

53. Guo, C. et al. (2023) Deficient butyrate-producing capacity in
the gut microbiome is associated with bacterial network distur-
bances and fatigue symptoms in ME/CFS. Cell Host Microbe
31, 288–304

54. Xiong, R. et al. (2023) Multi-'omics of gut microbiome-host inter-
actions in short- and long-termmyalgic encephalomyelitis/chronic
fatigue syndrome patients. Cell Host Microbe 31, 273–287

55. Armstrong, C.W. et al. (2017) The association of fecal microbi-
ota and fecal, blood serum and urine metabolites in myalgic en-
cephalomyelitis/chronic fatigue syndrome. Metabolomics 13, 8

56. Sorokina, E. et al. (2023) Promising markers of inflammatory
and gut dysbiosis in patients with post-COVID-19 syndrome.
J. Pers. Med. 13, 971

57. Liu, Q. et al. (2022) Gut microbiota dynamics in a prospective
cohort of patients with post-acute COVID-19 syndrome. Gut
71, 544–552

58. Lupo, G.F.D. et al. (2021) Potential role of microbiome in
chronic fatigue syndrome/myalgic encephalomyelits (CFS/ME).
Sci. Rep. 11, 7043

59. Bang, S. et al. (2019) Establishment and evaluation of prediction
model for multiple disease classification based on gut microbial
data. Sci. Rep. 9, 10189

60. Zhang, D. et al. (2023) Gut microbiota dysbiosis correlates with
long COVID-19 at one-year after discharge. J. Korean Med. Sci.
38, e120

61. Su, Q. et al. (2023) Post-acute COVID-19 syndrome and gut
dysbiosis linger beyond 1 year after SARS-CoV-2 clearance.
Gut 72, 1230–1232

62. Liu, Q. et al. (2022) Multi-kingdom gut microbiota analyses de-
fine COVID-19 severity and post-acute COVID-19 syndrome.
Nat. Commun. 13, 6806

63. Nacul, L. et al. (2020) How myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS) progresses: the natural history of
ME/CFS. Front. Neurol. 11, 826

64. Nakatomi, Y. et al. (2014) Neuroinflammation in patients with
chronic fatigue syndrome/myalgic encephalomyelitis: an 11C-
(R)-PK11195 PET study. J. Nucl. Med. 55, 945–950

65. Natelson, B.H. et al. (2005) Spinal fluid abnormalities in patients
with chronic fatigue syndrome. Clin. Diagn. Lab. Immunol. 12,
52–55

66. Yoshiuchi, K. et al. (2006) Patients with chronic fatigue syn-
drome have reduced absolute cortical blood flow. Clin. Physiol.
Funct. Imaging 26, 83–86

67. Puri, B.K. et al. (2012) Regional grey and white matter volumet-
ric changes in myalgic encephalomyelitis (chronic fatigue syn-
drome): a voxel-based morphometry 3 T MRI study. Br.
J. Radiol. 85, e270–e273

68. Miwa, S. and Takikawa, O. (2007) Chronic fatigue syndrome
and neurotransmitters. Nihon Rinsho 65, 1005–1010

69. Chen, R. et al. (2008) Brain atrophy in a murine model of chronic
fatigue syndrome and beneficial effect of Hochu-ekki-to (TJ-41).
Neurochem. Res. 33, 1759–1767

70. Oestreich, L.K.L. and O'Sullivan, M.J. (2022) Transdiagnostic
in vivo magnetic resonance imaging markers of neuroinflamma-
tion. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 7, 638–658

71. Nelson, T. et al. (2021) Brainstem abnormalities in myalgic en-
cephalomyelitis/chronic fatigue syndrome: a scoping review
and evaluation of magnetic resonance imaging findings. Front.
Neurol. 12, 769511

72. Tate, W. et al. (2022) Molecular mechanisms of neuroinflamma-
tion in ME/CFS and long COVID to sustain disease and pro-
mote relapses. Front. Neurol. 13, 877772

73. Addiego, F.M. et al. (2021) Subcortical brain segment volumes
in Gulf War Illness and myalgic encephalomyelitis/chronic fa-
tigue syndrome. Life Sci. 282, 119749

74. Thapaliya, K. et al. (2022) Alteration of cortical volume and
thickness in myalgic encephalomyelitis/chronic fatigue syn-
drome. Front. Neurosci. 16, 848730

75. Kimura, Y. et al. (2019) Brain abnormalities in myalgic encepha-
lomyelitis/chronic fatigue syndrome: Evaluation by diffusional
kurtosis imaging and neurite orientation dispersion and density
imaging. J. Magn. Reson. Imaging 49, 818–824

76. Barnden, L.R. et al. (2019) Intra brainstem connectivity is impaired
in chronic fatigue syndrome. Neuroimage Clin. 24, 102045

77. van Campen, C. et al. (2021) Cerebral blood flow remains re-
duced after tilt testing in myalgic encephalomyelitis/chronic fa-
tigue syndrome patients. Clin. Neurophysiol. Pract. 6, 245–255

78. Baraniuk, J.N. et al. (2022) Differential effects of exercise on
fMRI of the midbrain ascending arousal network nuclei in myal-
gic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and
Gulf War Illness (GWI) in a model of postexertional malaise
(PEM). Brain Sci. 12, 78

79. Li, X. et al. (2021) Limbic perfusion is reduced in patients with
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).
Tomography 7, 675–687

80. Mueller, C. et al. (2020) Evidence of widespread metabolite ab-
normalities in Myalgic encephalomyelitis/chronic fatigue
14 Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx

http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0180
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0180
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0180
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0185
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0185
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0185
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0190
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0190
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0190
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0190
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0195
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0195
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0195
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0195
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0195
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0200
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0200
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0200
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0200
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0200
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0205
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0205
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0205
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0205
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0210
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0210
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0210
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0215
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0215
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0215
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0215
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0220
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0220
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0220
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0225
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0225
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0225
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0225
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0230
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0230
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0235
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0235
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0235
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0240
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0240
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0240
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0240
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0245
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0245
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0245
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0250
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0250
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0250
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0255
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0255
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0255
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0255
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0260
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0260
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0260
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0260
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0265
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0265
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0265
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0265
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0270
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0270
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0270
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0275
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0275
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0275
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0280
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0280
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0280
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0285
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0285
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0285
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0290
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0290
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0290
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0295
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0295
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0295
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0300
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0300
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0300
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0305
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0305
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0305
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0310
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0310
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0310
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0315
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0315
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0315
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0320
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0320
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0320
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0320
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0325
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0325
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0325
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0330
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0330
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0330
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0335
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0335
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0335
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0335
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0340
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0340
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0345
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0345
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0345
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0350
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0350
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0350
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0355
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0355
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0355
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0355
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0360
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0360
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0360
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0365
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0365
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0365
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0370
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0370
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0370
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0375
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0375
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0375
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0375
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0380
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0380
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0385
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0385
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0385
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0390
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0390
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0390
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0390
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0390
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0395
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0395
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0395
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0400
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0400
CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
syndrome: assessment with whole-brain magnetic resonance
spectroscopy. Brain Imaging Behav. 14, 562–572

81. Bragee, B. et al. (2020) Signs of intracranial hypertension, hy-
permobility, and craniocervical obstructions in patients with my-
algic encephalomyelitis/chronic fatigue syndrome. Front.
Neurol. 11, 828

82. Thapaliya, K. et al. (2020) Mapping of pathological change in
chronic fatigue syndrome using the ratio of T1- and T2-
weighted MRI scans. Neuroimage Clin. 28, 102366

83. Zinn, M.A. and Jason, L.A. (2021) Cortical autonomic network
connectivity predicts symptoms in myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS). Int. J. Psychophysiol.
170, 89–101

84. Rayhan, R.U. and Baraniuk, J.N. (2021) Submaximal exercise
provokes increased activation of the anterior default mode net-
work during the resting state as a biomarker of postexertional
malaise in myalgic encephalomyelitis/chronic fatigue syndrome.
Front. Neurosci. 15, 748426

85. Douaud, G. et al. (2022) SARS-CoV-2 is associated with
changes in brain structure in UK Biobank.Nature 604, 697–707

86. Vasilev, Y. et al. (2023) Routine brain MRI findings on the long-
term effects of COVID-19: a scoping review. Diagnostics 13,
2533

87. Fernandez-Castaneda, A. et al. (2022) Mild respiratory COVID
can cause multi-lineage neural cell and myelin dysregulation.
Cell 185, 2452–2468

88. Wong, A.C. et al. (2023) Serotonin reduction in post-acute se-
quelae of viral infection. Cell 186, 4851–4867

89. Guedj, E. et al. (2021) (18)F-FDG brain PET hypometabolism in
patients with long COVID. Eur. J. Nucl. Med. Mol. Imaging 48,
2823–2833

90. Perrin, R. et al. (2010) Longitudinal MRI shows no cerebral ab-
normality in chronic fatigue syndrome. Br. J. Radiol. 83,
419–423

91. Shan, Z.Y. et al. (2016) Progressive brain changes in patients
with chronic fatigue syndrome: a longitudinal MRI study.
J. Magn. Reson. Imaging 44, 1301–1311

92. Josev, E.K. et al. (2020) Resting-state functional connectivity,
cognition, and fatigue in response to cognitive exertion: a
novel study in adolescents with chronic fatigue syndrome.
Brain Imaging Behav. 14, 1815–1830

93. Josev, E.K. et al. (2023) What lies beneath: white matter micro-
structure in pediatric myalgic encephalomyelitis/chronic fatigue
syndrome using diffusionMRI. J. Neurosci. Res. 101, 1572–1585

94. Jason, L.A. et al. (2006) Causes of death among patients with
chronic fatigue syndrome. Health Care Women Int. 27, 615–626

95. Davis, H.E. et al. (2023) Long COVID: major findings, mecha-
nisms and recommendations. Nat. Rev. Microbiol. 21, 133–146

96. Berg, D. et al. (1999) Chronic fatigue syndrome and/or fibromy-
algia as a variation of antiphospholipid antibody syndrome: an
explanatory model and approach to laboratory diagnosis.
Blood Coagul. Fibrinolysis 10, 435–438

97. Nunes, J.M. et al. (2022) The occurrence of hyperactivated
platelets and fibrinaloid microclots in myalgic encephalomyeli-
tis/chronic fatigue syndrome (ME/CFS). Pharmaceuticals
(Basel) 15, 931

98. Scherbakov, N. et al. (2020) Peripheral endothelial dysfunction
in myalgic encephalomyelitis/chronic fatigue syndrome. ESC
Heart Fail. 7, 1064–1071

99. Sorland, K. et al. (2021) Reduced endothelial function in myal-
gic encephalomyelitis/chronic fatigue syndrome-results from
open-label cyclophosphamide intervention study. Front.
Med. (Lausanne) 8, 642710

100. Sandvik, M.K. et al. (2023) Endothelial dysfunction in ME/CFS
patients. PLoS ONE 18, e0280942

101. Xie, Y. et al. (2022) Long-term cardiovascular outcomes of
COVID-19. Nat. Med. 28, 583–590

102. Kell, D.B. et al. (2022) A central role for amyloid fibrin microclots
in long COVID/PASC: origins and therapeutic implications.
Biochem. J. 479, 537–559

103. Grobbelaar, L.M. et al. (2021) SARS-CoV-2 spike protein S1 in-
duces fibrin(ogen) resistant to fibrinolysis: implications for
microclot formation in COVID-19.Biosci. Rep. 41, BSR20210611

104. Sotzny, F. et al. (2022) Dysregulated autoantibodies targeting
vaso- and immunoregulatory receptors in post COVID

syndrome correlate with symptom severity. Front. Immunol.
13, 981532

105. Haffke, M. et al. (2022) Endothelial dysfunction and altered endo-
thelial biomarkers in patients with post-COVID-19 syndrome and
chronic fatigue syndrome (ME/CFS). J. Transl. Med. 20, 138

106. Flaskamp, L. et al. (2022) Serum of post-COVID-19 syndrome
patients with or without ME/CFS differentially affects endothelial
cell function in vitro. Cells 11, 2376

107. Sunnquist, M. et al. (2019) The development of a short form of
the DePaul Symptom Questionnaire. Rehabil. Psychol. 64,
453–462

108. Kaegi, C. et al. (2019) Systematic review of safety and efficacy
of rituximab in treating immune-mediated disorders. Front.
Immunol. 10, 1990

109. Fluge, O. et al. (2019) B-Lymphocyte depletion in patients with
myalgic encephalomyelitis/chronic fatigue syndrome: a ran-
domized, double-blind, placebo-controlled trial. Ann. Intern.
Med. 170, 585–593

110. Strayer, D.R. et al. (2020) Effect of disease duration in a ran-
domized Phase III trial of rintatolimod, an immune modulator
for myalgic encephalomyelitis/chronic fatigue syndrome. PLoS
ONE 15, e0240403

111. Mera-Cordero, F. et al. (2022) Double-blind placebo-controlled
randomized clinical trial to assess the efficacy of montelukast in
mild to moderate respiratory symptoms of patients with long
COVID: E-SPERANZA COVID Project study protocol. Trials
23, 19

112. Collin, S.M. et al. (2015) Chronic fatigue syndrome (CFS) or my-
algic encephalomyelitis (ME) is different in children compared to
in adults: a study of UK and Dutch clinical cohorts. BMJ Open
5, e008830

113. Chu, L. et al. (2019) Onset patterns and course of myalgic en-
cephalomyelitis/chronic fatigue syndrome. Front. Pediatr. 7, 12

114. Rowe, K.S. (2019) Long term follow up of young people with
chronic fatigue syndrome attending a pediatric outpatient ser-
vice. Front. Pediatr. 7, 21

115. Ziauddeen, N. et al. (2022) Characteristics and impact of long
COVID: findings from an online survey. PLoS ONE 17,
e0264331

116. Caroli, A. et al. (2023) Brain diffusion alterations in patients with
COVID-19 pathology and neurological manifestations.
Neuroimage Clin. 37, 103338

117. Jason, L.A. et al. (2021) Risks for developing myalgic encepha-
lomyelitis/chronic fatigue syndrome in college students follow-
ing infectious mononucleosis: a prospective cohort study.
Clin. Infect. Dis. 73, e3740–e3746

118. Lidbury, B.A. et al. (2019) Rethinking ME/CFS diagnostic refer-
ence intervals via machine learning, and the utility of activin B for
defining symptom severity. Diagnostics (Basel) 9, 79

119. Gravelsina, S. et al. (2021) Potential of activin B as a clinical bio-
marker in myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS). Biomolecules 11, 1189

120. Germain, A. et al. (2021) In-depth analysis of the plasma prote-
ome in ME/CFS exposes disrupted Ephrin–Eph and immune
system signaling. Proteomes 9, 6

121. Giloteaux, L. et al. (2023) Proteomics and cytokine analyses
distinguish myalgic encephalomyelitis/chronic fatigue syndrome
cases from controls. J. Transl. Med. 21, 322

122. Metselaar, P.I. et al. (2021) Recursive ensemble feature selec-
tion provides a robust mRNA expression signature for myalgic
encephalomyelitis/chronic fatigue syndrome. Sci. Rep. 11,
4541

123. Nepotchatykh, E. et al. (2020) Profile of circulating microRNAs
in myalgic encephalomyelitis and their relation to symptom se-
verity, and disease pathophysiology. Sci. Rep. 10, 19620

124. Nepotchatykh, E. et al. (1896) (2023) Circulating microRNA
expression signatures accurately discriminate myalgic enceph-
alomyelitis from fibromyalgia and comorbid conditions. Sci.
Rep. 13,

125. Xu, J. et al. (2023) Developing a blood cell-based diagnostic
test for myalgic encephalomyelitis/chronic fatigue syndrome
using peripheral blood mononuclear cells. Adv. Sci. (Weinh)
10, e2302146

126. Esfandyarpour, R. et al. (2019) A nanoelectronics-blood-based
diagnostic biomarker for myalgic encephalomyelitis/chronic
Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx 15

http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0400
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0400
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0405
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0405
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0405
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0405
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0410
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0410
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0410
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0415
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0415
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0415
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0415
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0420
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0420
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0420
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0420
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0420
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0425
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0425
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0430
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0430
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0430
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0435
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0435
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0435
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0440
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0440
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0445
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0445
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0445
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0450
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0450
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0450
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0455
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0455
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0455
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0460
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0460
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0460
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0460
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0465
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0465
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0465
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0470
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0470
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0475
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0475
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0480
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0480
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0480
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0480
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0485
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0485
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0485
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0485
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0490
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0490
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0490
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0495
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0495
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0495
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0495
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0500
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0500
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0505
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0505
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0510
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0510
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0510
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0515
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0515
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0515
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0520
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0520
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0520
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0520
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0525
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0525
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0525
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0530
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0530
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0530
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0535
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0535
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0535
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0540
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0540
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0540
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0545
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0545
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0545
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0545
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0550
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0550
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0550
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0550
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0555
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0555
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0555
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0555
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0555
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0560
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0560
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0560
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0560
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0565
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0565
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0570
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0570
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0570
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0575
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0575
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0575
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0580
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0580
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0580
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0585
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0585
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0585
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0585
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0590
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0590
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0590
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0595
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0595
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0595
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0600
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0600
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0600
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0605
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0605
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0605
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0610
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0610
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0610
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0610
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0615
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0615
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0615
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0620
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0620
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0620
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0620
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0625
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0625
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0625
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0625
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0630
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0630
CellPress logo


Trends in Molecular Medicine
OPEN ACCESS
fatigue syndrome (ME/CFS). Proc. Natl. Acad. Sci. U. S. A. 116,
10250–10257

127. Sepulveda, N. et al. (2022) Revisiting IgG antibody reactivity to
Epstein–Barr virus in myalgic encephalomyelitis/chronic fatigue
syndrome and its potential application to disease diagnosis.
Front. Med. (Lausanne) 9, 921101

128. Baklund, I.H. et al. (2021) Evaluating routine blood tests accord-
ing to clinical symptoms and diagnostic criteria in individuals
with myalgic encephalomyelitis/chronic fatigue syndrome.
J. Clin. Med. 10, 3105

129. Lionte, C. et al. (2022) Inflammatory and cardiac biomarkers in re-
lation with post-acute COVID-19 and mortality: what we know
after successive pandemic waves. Diagnostics (Basel) 12, 1373

130. Cortellini, A. et al. (2022) COVID-19 sequelae and the host pro-
inflammatory response: an analysis from the OnCovid Registry.
J. Natl. Cancer Inst. 114, 979–987

131. Nacul, L.C. et al. (2018) Hand grip strength as a clinical bio-
marker for ME/CFS and disease severity. Front. Neurol. 9, 992

132. Almenar-Perez, E. et al. (2020) Assessing diagnostic value of
microRNAs from peripheral blood mononuclear cells and extra-
cellular vesicles in myalgic encephalomyelitis/chronic fatigue
syndrome. Sci. Rep. 10, 2064

133. Jakel, B. et al. (2021) Hand grip strength and fatigability: corre-
lation with clinical parameters and diagnostic suitability in ME/
CFS. J. Transl. Med. 19, 159

134. Legler, F. et al. (2023) Long-term symptom severity and clinical
biomarkers in post-COVID-19/chronic fatigue syndrome:

results from a prospective observational cohort.
eClinicalMedicine 63, 102146

135. Gu, X. et al. (2023) Probing long COVID through a proteomic
lens: a comprehensive two-year longitudinal cohort study of
hospitalised survivors. eBioMedicine 98, 104851

136. Goetzl, E.J. et al. (2023) Prediction of post-acute-sequelae of
COVID-19 by cargo protein biomarkers of blood total extracel-
lular vesicles in acute COVID-19. Am. J. Med. 136, 824–829

137. Talla, A. et al. (2023) Persistent serum protein signatures define
an inflammatory subcategory of long COVID. Nat. Commun.
14, 3417

138. Ryan, F.J. et al. (2022) Long-term perturbation of the peripheral
immune system months after SARS-CoV-2 infection. BMC
Med. 20, 26

139. Cervia, C. et al. (2022) Immunoglobulin signature predicts risk of
post-acute COVID-19 syndrome. Nat. Commun. 13, 446

140. Patterson, B.K. et al. (2021) Immune-based prediction of
COVID-19 severity and chronicity decoded using machine
learning. Front. Immunol. 12, 700782

141. Galan, M. et al. (2022) Persistent overactive cytotoxic immune
response in a Spanish cohort of individuals with long-COVID:
identification of diagnostic biomarkers. Front. Immunol. 13,
848886

142. Peluso, M.J. et al. (2021) Markers of immune activation and in-
flammation in individuals with postacute sequelae of severe
acute respiratory syndrome coronavirus 2 infection. J. Infect.
Dis. 224, 1839–1848
16 Trends in Molecular Medicine, Month 2024, Vol. xx, No. xx

http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0630
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0630
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0635
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0635
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0635
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0635
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0640
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0640
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0640
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0640
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0645
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0645
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0645
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0650
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0650
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0650
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0655
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0655
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0660
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0660
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0660
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0660
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0665
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0665
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0665
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0670
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0670
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0670
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0670
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0675
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0675
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0675
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0680
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0680
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0680
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0685
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0685
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0685
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0690
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0690
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0690
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0695
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0695
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0700
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0700
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0700
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0705
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0705
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0705
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0705
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0710
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0710
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0710
http://refhub.elsevier.com/S1471-4914(24)00028-5/rf0710
CellPress logo

	Unravelling shared mechanisms: insights from recent ME/CFS research to illuminate long COVID pathologies
	LC and ME/CFS share proposed disease pathologies
	Shared disease pathologies: recent developments in ME/CFS
	Immune system dysfunction
	Metabolic abnormalities
	Microbiota dysbiosis
	Central nervous system dysfunction
	Vascular pathologies

	Concluding remarks
	Acknowledgments
	Declaration of interests
	Resources
	References




