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A B S T R A C T

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a common and disabling disorder primarily
characterized by persistent fatigue and exercise intolerance, with associated sleep disturbances, autonomic
dysfunction, and cognitive problems. The causes of ME/CFS are not well understood but may coincide with
immune and inflammatory responses following viral infections. During the current SARS-CoV2 coronavirus
pandemic, ME/CFS has been increasingly reported to overlap with persistent “long COVID” symptoms, also called
the post-acute sequelae of COVID-19 (PASC). Given the prominence of activity and sleep problems in ME/CFS,
circadian rhythm disruption has been examined as a contributing factor in ME/CFS. While these studies of
circadian rhythms have been pursued for decades, evidence linking circadian rhythms to ME/CFS remains
inconclusive. A major limitation of older chronobiology studies of ME/CFS was the unavailability of modern
molecular methods to study circadian rhythms and incomplete understanding of circadian rhythms outside the
brain in peripheral organ systems. Major methodological and conceptual advancements in chronobiology have
since been made. Over the same time, biomarker research in ME/CFS has progressed. Together, these new de-
velopments may justify renewed interest in circadian rhythm research in ME/CFS. Presently, we review ME/CFS
from the perspective of circadian rhythms, covering both older and newer studies that make use of modern
molecular methods. We focus on transforming growth factor beta (TGFB), a cytokine that has been previously
associated with ME/CFS and has an important role in circadian rhythms, especially in peripheral cells. We pro-
pose that disrupted TGFB signaling in ME/CFS may play a role in disrupting physiological rhythms in sleep,
activity, and cognition, leading to the insomnia, energy disturbances, cognition problems, depression, and
autonomic dysfunction associated with ME/CFS. Since SARS-like coronavirus infections cause persistent changes
in TGFB and previous coronavirus outbreaks have caused ME/CFS-like syndromes, chronobiological consider-
ations may have immediate implications for understanding ME/CFS in the context of the COVID-19 pandemic and
possibly suggest new avenues for therapeutic interventions.
1. Introduction

1.1. Myalgic Encephalomyelitis/Chronic Fatigue Syndrome

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a
disabling disorder characterized by persistent fatigue, activity intoler-
ance, post-exertional malaise, pain, sleep disturbances, and cognitive
impairment often described by patients as “brain fog” (Afari and Buch-
wald, 2003; Clayton, 2015; Beyond Myalgic Encephalom, 2015). The
disorder affects women more than men and may affect minority pop-
ulations disproportionately. Average age of onset of ME/CFS is 33 y but
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can affect children as young as 10 y and older people into the eighth
decade of life (Afari and Buchwald, 2003). While some individuals with
ME/CFS recover, many have enduring symptoms and may not return to
their previous state of health, with up to 25% remaining unable to
perform basic occupational functions. There is no diagnostic test for
ME/CFS and therefore, diagnosis is made entirely by clinical evaluation.
The most recent Institute of Medicine (IOM) Diagnostic criteria for
ME/CFS require the presence of disabling fatigue, post-exertional mal-
aise, and unrefreshing sleep as well as cognitive impairment or ortho-
static intolerance. The duration of symptoms must last at least six months
and other explanatory disorders must be excluded (Clayton, 2015). Many
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ME/CFS patients also suffer from psychiatric disorders, most commonly
depression and anxiety which may either pre-date or follow the diagnosis
of ME/CFS and overlap in symptom presentation to further increase
disability (Afari and Buchwald, 2003). Prior to the current SARS-CoV2
coronavirus pandemic, ME/CFS was thought to affect as many as 2.5
million people in the USA (Beyond Myalgic Encephalom, 2015; Komaroff
and Bateman, 2020). With reports that the post-acute sequelae of
COVID-19 (PASC) may affect 40–60% of recovering patients and the
concern that many of these will progress to ME/CFS, this number is ex-
pected to increase dramatically (Komaroff and Bateman, 2020). ME/CFS
usually starts suddenly and is often preceded by a febrile illness, causing
many to believe that post-inflammatory and/or autoimmune mecha-
nisms are involved, possibly affecting mitochondrial function, causing
oxidative stress, and/or disrupting immune functions. Infectious triggers
have been variously implicated. Prospective studies in adolescents
demonstrate an association of ME/CFS with infection by Epstein Barr
virus and/or infectious mononucleosis (Hickie et al., 2006; Jason et al.,
2021; Katz et al., 2009). Other agents such as human herpes virus 6, B19
parvovirus and enteroviruses, have shown association with ME/CFS
through retrospective serological association studies, but none have been
definitively proven as having causal roles, suggesting a lack of specificity
in terms of etiology (Rasa et al., 2018). Accordingly, the pathophysiology
of ME/CFS remains poorly understood, and most cases are sporadic,
lacking a specific, identifiable trigger and leading to uncertainty about
the contributing factors, causing substantial heterogeneity in the clinical
presentation. During the current SARS-CoV2 coronavirus pandemic,
ME/CFS has been increasingly reported to overlap with persistent “long
COVID” symptoms, termed the post-acute sequelae of COVID-19 (PASC).
It is possible that because of the COVID-19 pandemic and subsequent rise
of PASC-associated ME/CFS cases, that a large and more homogeneous
group of patients will be identifiable in coming years (Komaroff and
Bateman, 2020). Renewed work on biological mechanisms of
PASC-related ME/CFS is therefore urgently needed.

1.2. Circadian rhythms

Human physiology has evolved to anticipate changes in the daily
light/dark cycle and associated changes in behavior such as sleep, and
activity (termed “circadian rhythms”). Nearly all physiological processes
in humans have circadian rhythms including body temperature, heart
rate, blood pressure, respiration and immune function (Scheiermann
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et al., 2018; Mohawk et al., 2012). As such, most cells in the body contain
autonomous circadian clocks that maintain rhythms through a circuit of
interconnected “clock genes” (Mohawk et al., 2012; Partch et al., 2014).
Clock genes are organized in transcriptional-translational feedback loops
that oscillate over a period of ~24 h (Fig. 1). The positive limb of the
circuit is driven by BMAL1 protein dimers including either CLOCK or
NPAS2 to activate transcription. BMAL1-containing dimers activate the
negative loop consisting of PER1/2/3, CRY1/2 and NR1D1/2 genes that
yield transcriptional repressor proteins. Other proteins, such as DEC1
modify circadian rhythms through binding at D-box DNA elements and
light-responsive transcription factors like CREB that bind at E-Box ele-
ments. Circadian rhythms are coordinated by the suprachiasmatic nu-
cleus (SCN) in the hypothalamus which acts as a master clock (Mohawk
et al., 2012). Under healthy circumstances, central rhythms in the SCN
are coordinated with peripheral rhythms elsewhere in the body. How-
ever, under some conditions (e.g. jet lag, shift work), physiological
rhythms become desynchronized leading to health problems such as
insomnia, depression, and metabolic disorders (Scheer et al., 2009;
McCarthy and Welsh, 2012). To maintain synchronization with the
environment, the SCN receives light input from the retina. Light syn-
chronizes rhythms in the SCN central pacemaker which then coordinates
with peripheral clocks using melatonin. In the absence of photoreceptors,
temporal cues such as food, exercise, oxygen levels and pH also affect
circadian rhythms in peripheral tissues (Kon et al., 2008; Youngstedt
et al., 2019; Pendergast and Yamazaki, 2018). In humans, circadian
phase of the SCN can be estimated in the laboratory by measuring the
onset of melatonin under dim light conditions (DLMO). Measures of clock
gene expression oscillations can also be used to measure circadian
rhythms in peripheral cells such as buccal epithelial cells (Moon et al.,
2016) and hair follicles (Akashi et al., 2010).

2. Circadian disruption in ME/CFS

Given the presentation of clinical symptoms in ME/CFS, researchers
have focused on the hypothalamus, and particularly the suprachiasmatic
nucleus (SCN), the master circadian pacemaker in mammals. Energy
level, activity, alertness, and mood all follow daily circadian rhythms in
healthy people, while in circadian rhythm disorders, such as shift work
syndrome and jet lag, these processes can be adversely affected causing
adverse changes in physiology (Scheer et al., 2009). Given the promi-
nence of sleep and activity disturbances in ME/CFS, one hypothesis is
Fig. 1. The molecular clock is comprised of clock
genes, organized in transcriptional/translational
feedback loops. Transcriptional activator proteins
(purple), BMAL1 and CLOCK/NPAS2 bind to DNA
elements in promoters (E-Box) to stimulate transcrip-
tion of CRY1/2, PER1/2/3, and NR1D1/2 genes that
encode transcriptional repressors (yellow) to regulate
activity through protein and DNA interactions. Other
regulators include DEC1 that binds to D-box elements.
These interactions yield oscillatory changes in gene
expression and translation over ~24 h cycles causing
cellular rhythms. Light and environmental entrain-
ment signals can phase shift the clock through intra-
cellular signals that stimulate the cAMP-response
element binding protein (CREB) that binds to CRE
DNA elements. Cytokine pathways (blue) directed by
Transforming Growth Factor Beta (TGFB) and SMAD
proteins can shift rhythms in response to changes in
pH (through DEC1) and peripheral synchronization
cues (through CREB). The circadian clock affects the
expression of clock-controlled genes that are rhyth-
mically expressed and control numerous physiological
processes that require precise timing across the daily
24 h cycle. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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that circadian rhythm disruptions desynchronize the mechanisms that
coordinate physiological activity across organ systems, disrupting
metabolism and energy balance, leading to suboptimal physiological
function, and causing symptoms of fatigue, cognitive disturbance, and
dysautonomia. Circadian disruption in ME/CFS has been studied and
reviewed previously (Bonsall and Harrington, 2013). In these studies,
ME/CFS has been associated with genetic variation in clock genes (Smith
et al., 2011), as well as rhythm alterations in autonomic functions such as
body temperature (Wyller et al., 2007), heart rate and blood pressure
(van de Luit et al., 1998; Bou-Holaigah et al., 1995) and cortisol levels
(Demitrack et al., 1991).

2.1. Genetic association studies

Twin studies reveal that ME/CFS has a heritable component ac-
counting for 55% of the phenotypic variance (Buchwald et al., 2001). A
genome-wide association study of >116,000 single nucleotide variants
(SNPs) in 40 ME/CFS patients and 40 controls reported nominally sig-
nificant association of ME/CFS with variants in 65 SNPs, including
markers in the clock gene NPAS2 (Smith et al., 2011). The study was not
sufficiently powered to identify genome-wide significant studies after
correcting for multiple comparisons. However, in a gene-expression
study using peripheral blood cells from the same cohort, NPAS2 was
among only two genes (with GRIK2 encoding a glutamate receptor) that
was found to be significantly different both in the genetic association and
gene expression analyses. Compared to controls, samples from ME/CFS
patients showed 10-fold higher expression of NPAS2. The UK Biobank
study of activity levels in a population sample of 85,000 people, the same
NPAS2 SNP was nominally associated (p ¼ 0.008) with activity level.
NPAS2 is an accessory component of the core transcriptional circadian
oscillator and is commonly expressed with a 24 h rhythm (Fig. 1).
However, because the data were examined at only a single time point, in
this instance they did not evaluate rhythms and cannot distinguish a
potential phase difference from an amplitude difference between
ME/CFS cases and controls.

2.2. Sleep and activity

Lower daytime activity and less regularity across days in activity
cycles was reported in 8 patients and 10 control predominantly female
adults over 5–7 days using actigraphy (Tryon et al., 2004). In a later study
of activity over 5 days in 15 ME/CFS patients and 15 control adults, the
ME/CFS group reported earlier sleep times and less quality sleep (Rah-
man et al., 2011). There were no differences in overall activity or
rhythms. However, in this study patients were matched at baseline on
self-reported activity which may have limited the ability to identify
group differences. Using sleep diaries and actigraphy, ME/CFS patients
showed considerable difficulty with sleep with longer sleep latency, more
waking after sleep onset, more time in bed and later wake times in a study
of 10 middle aged women with ME/CFS and 10 age and sex-matched
controls (Cambras et al., 2018). Compared to controls, the ME/CFS
group also showed irregular activity patterns with decreased total ac-
tivity, lower activity rhythm amplitude and less stable rhythms. Collec-
tively, these small studies reveal generally lower activity, more irregular
activity patterns, and less efficient sleep with more subjective sleep
complaints. However, multiple factors can affect sleep/activity patterns,
many of which do not relate to the circadian clock. Therefore, masking
effects from the light/dark cycle as well as environmental and social
factors complicate the interpretation of these studies with respect to
circadian rhythms. To date, no studies of ME/CFS have been conducted
under rigorous laboratory conditions (e.g., constant routine, forced
desynchrony) that could more clearly quantify the contribution of the
circadian clock.
3

2.3. Motivation, mood and cognition

Fatigue is the defining feature of ME/CFS and a multi-faceted
construct that overlaps with motivation, energy, affect and cognition.
Circadian regulation has been described for a variety of motivated be-
haviors including eating, sex, and exercise (Antle and Silver, 2016).
Notably, exercise has bidirectional effects on circadian rhythms. Exercise
not only shows daily patterns of occurrence but also provides feedback to
the circadian clock, functioning as an entrainment signal. In humans,
effects of exercise on melatonin metabolites (urinary 6-sulphatoxymela-
tonin) show a phase response curve similar to light (Youngstedt et al.,
2019). Therefore, fatigue and inactivity in the context of ME/CFS may be
both a cause and effect of circadian disruption. Depression is present in
about 30% of cases with ME/CFS. Positive affect follows a circadian
rhythm in humans assessed in ecological samples and forced desyn-
chrony laboratory studies (Murray et al., 2009), and circadian disruption
has been linked with depression and depression-like behaviors in human
and animal studies (Li et al., 2013; Landgraf et al., 2016). “Brain fog”
associated with ME/CFS may indicate cognitive impairments, particu-
larly in attention, reaction time and memory (Cockshell and Mathias,
2010). Attention shows diurnal variation in humans and is regulated both
by circadian and sleep-homeostatic mechanisms (Valdez, 2019; Burke
et al., 2015). Therefore, cognitive dysfunction in ME/CFS may also
reflect a circadian phase abnormality. Interestingly, despite the strong
theoretical basis for studying motivational, mood and attentional
rhythms in ME/CFS, relatively little work has been done in this area.
ME/CFS patients reported diurnal variation in mood, positive affect and
subjective energy with similar temporal patterns in healthy individuals,
but with reduced levels in ME/CFS vs healthy subjects regardless of time
(Wood et al., 1992). A study of 30 patients with ME/CFS compared
cognitive performance against matched patients with major depression
and healthy controls (Lawrie et al., 2000). Across the majority of neu-
ropsychological, physical effort and motor performance measures,
ME/CFS and depressed patients performed worse than controls, regard-
less of time, indicating a general decrease in performance in ME/CFS, but
no pronounced effect of timing.
2.4. Temperature

Williams et al. measured 24 h core temperature measured by rectal
thermometer in 20ME/CFS (10 male and 10 female) patients aged 23–49
and 17 age and sex-matched controls (Williams et al., 1996). In the same
subjects, plasma dim-light melatonin onset (DLMO) was measured in the
laboratory. While no differences were identified in temperature rhythms
or the timing of DLMO, the relationship between DLMO and temperature
rhythm was significantly different in the two groups. While controls
showed significant positive correlation between temperature acrophase
and DLMO, this relationship was absent in the ME/CFS group. In a sub-
sequent study of 10 ambulatory ME/CFS patients and 10 controls, core
body temperature rhythms were monitored by telemetry over 48 h
(Hamilos et al., 2001). Temperature rhythms in the ME/CFS group were
again similar to controls, with the only observed differences being a trend
towards more variability and more frequent ultradian rhythms among
ME/CFS patients. The most recent study measured activity, sleep, light,
and distal skin temperature measurements across days and seasons
(Cambras et al., 2018). This study reported less light exposure in the
ME/CFS group and irregular coupling of activity and temperature
rhythms wherebyME/CFS patients lack the midday temperature increase
observed in controls and show a distinct evening temperature drop.
Therefore, as with activity and sleep cycles there is some indication of
greater variability in rhythms and perhaps loss of synchronization and
coupling across temperature, activity and/or melatonin rhythms.
Notably, these data raise the possibility that inactivity may lead to
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rhythm disruptions through poor entrainment to environmental light. In
this context, insufficient light exposure may be a primary mechanism
underlying altered rhythms or a secondary factor that exacerbates
existing endogenous rhythm deficits arising within cells.

2.5. Hypothalamic-pituitary axis

In a report on hypothalamic-pituitary axis (HPA) activity in 30 ME/
CFS patients and 72 controls, reduced levels of evening cortisol and
elevated ACTH levels in ME/CFS vs controls were reported. Measuring
24-h urine cortisol, the ME/CFS group also had reduced evening cortisol
compared to controls (Demitrack et al., 1991). The study did not directly
measure diurnal variation in either hormone. In a later study of cortisol
and ACTH at two time points, 12 h apart in 30 ME/CFS patients and 15
controls, mean hormone levels did not vary by group at either time, but
the diurnal change in cortisol was higher in controls compared to
ME/CFS (MacHale et al., 1998). In a smaller study of 15 patients without
co-morbid psychiatric disorders and 10 controls (Di Giorgio et al., 2005),
Di Giorgio et al. found that upon repeated sampling over 24 h, ME/CFS
patient had reduced ACTH in the morning vs controls and earlier
acrophase. They found no difference in mean levels of cortisol, prolactin
or growth hormone. Taken together, these findings indicate
ME/CFS-associated differences in both cortisol and ACTH hormone, but
most studies did not have the sample size or temporal resolution to fully
assess 24 h hormone rhythms.

2.6. Heart rate and blood pressure

In a study of 17 CFS patients and 12 controls, circadian rhythms in
heart rate, systolic and diastolic blood pressures showed significantly
higher amplitudes in the patients vs controls leading to night time hy-
potension in the CFS group (van de Luit et al., 1998). These data indicate
that circadian oscillations in heart rate and blood pressure may be
exaggerated in ME/CFS causing more erratic diurnal fluctuations
compared to healthy subjects.

2.7. Chronobiological interventions for ME/CFS

Given the realization that circadian disruption may play a role in ME/
CFS, therapeutic chronobiological interventions have been attempted.
Melatonin and light therapy were given individually in series for 12
weeks each (Williams et al., 2002). While unsuccessful in terms of overall
symptom reduction, there was improvement in sleep after light therapy,
despite the fact that the light intensity used (2500 lux) was lower than
typically used clinically (10,000 lux). Interestingly, preferential response
to melatonin over 3 months was observed in a subset of ME/CFS patients
with phase delayed rhythms (van Heukelom et al., 2006). Exercise,
especially graded exercise therapy has been attempted in ME/CFS and
has been shown in some studies to have a beneficial impact on fatigue,
sleep and mood (White et al., 2011; Larun et al., 2016). However, graded
exercise may worsen symptoms of post-exertional fatigue in some pa-
tients and its role in treating ME/CSF is controversial (Wilshire et al.,
2018; Larun et al., 2019). While the chronobiological implications of
exercise remain unexplored, it is interesting to consider the possibility
that the lack of activity characteristically observed in ME/CFS may
contribute to rhythm desynchronization in peripheral tissues and that
exercise may mitigate some of these negative effects (Youngstedt et al.,
2019). Time restricted eating has been shown to be helpful across a range
of health conditions and may show similar effects on peripheral rhythms
(Longo and Panda, 2016). Future studies in these domains around ex-
ercise and lifestyle modification are needed.
4

3. Cytokine involvement in ME/CFS and circadian rhythms

3.1. Cytokine biomarkers studies of ME/CFS

Studies of ME/CFS have identified serum cytokines contributing to
the disease phenotype and/or that correlate with severity. Both pro- and
anti-inflammatory pathways have been implicated but very few markers
show consistent experimental support (Blundell et al., 2015; Montoya
et al., 2017). In a meta-analysis including data from 38 studies, 77
different cytokines have been examined in at least one study. The most
commonly studied were the pro-inflammatory markers IL-1β, IL-6 and
TNF. The majority of pro-inflammatory marker studies failed to identify
any significant differences between controls and ME/CFS among these
cytokines. However, a large study of 298 adult ME/CFS cases and 348
controls found differences in IL-1β, IL-6 and TNF and a number of other
cytokines associated duration of illness, typically with more pronounced
changes in early stages (<3 y) compared to chronic cases (Hornig et al.,
2015). In other studies IL-1β, IL-6 and TNF were associated with severity
of sleep disturbance and fatigue among ME/CFS cases (Milrad et al.,
2017). In meta-analyses, the cytokine with the best support of involve-
ment in ME/CFS was the peptide, transforming growth factor beta
(TGFB) (Blundell et al., 2015). Support for increased TGFB in ME/CFS
was reported in five out of eight studies and with no studies showing
lower levels in ME/CFS (Blundell et al., 2015). In a subsequent large,
independent study of 584 adults, the result was replicated with TGFB
significantly increased in ME/CFS cases compared to controls (Montoya
et al., 2017). Across most studies of ME/CFS cases, TGFB was not asso-
ciated with severity of fatigue (Montoya et al., 2017; Jonsjo et al., 2020)
or exercise (Clark et al., 2017), but was associated with symptoms of pain
and cognitive processing deficits (Jonsjo et al., 2020). In mice, injection
of TGFB into the lateral ventricles of the brain modeled several features
of ME/CFS, showing reduced activity in the forced swim test, increased
pain sensitivity, elevated peripheral markers of muscle fatigue and
decreased striatal dopamine (Lee et al., 2021). However, the role of TGFB
may differ in adults and children with ME/CFS. In adolescents with
ME/CFS, TGFB was not statistically different from the control group, but
was significantly correlated with stress biomarkers and fatigue scores
(Wyller et al., 2017).

Resistin is only other marker that distinguished ME/CFS cases from
controls in the largest human study (Montoya et al., 2017). Resistin is a
hormone made by adipocytes with roles in energy metabolism and
inflammation (Jamaluddin et al., 2012). However, 17 additional pep-
tides, while not significantly different from controls in ME/CFS, were
significantly associated with ME/CFS illness severity including several
chemokines (CCL11, CXCL1, CXCL10), interleukin (IL) cytokines (IL-4,
IL-5, IL-7, IL-12p70, IL-13, IL-17F, interferon-α), hormones (leptin), and
growth factors (G-CSF, GM-CSF, LIF, NGF, TGFA, SCF) (Montoya et al.,
2017).

3.2. Organization of the TGFB system

Given the totality of experimental support for association with ME/
CFS, the potential role of TGFB in the chronobiology of ME/CFS will be
considered in detail. TGFB is encoded from three different genes (TGFB1/
2/3). The resulting peptides are highly similar with 71–80% identity in
humans, but are structurally and functionally distinct with different
cellular distribution and distinct biological roles in immune function, cell
growth and development (Huang et al., 2014). TGFB is translated as
latent pro-peptides that undergo enzymatic cleavage, and act upon target
cells simultaneously through three receptors (TGFBR1, TGFBR2,
TGFBR3). TGFB forms a complex with TGFBR3, which then binds
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TGFBR2. Upon receptor binding, dimerization of TGFBR1/2 occurs.
Formation of the TGFB1/2/3 complex stimulates kinase activity in
TGFBR1 that phosphorylates intracellular targets, including SMAD pro-
teins (primarily SMAD1-4). Activated SMAD proteins are transported
into the nucleus to form transcription factor complexes that regulate gene
expression.

3.3. TGFB and the circadian clock

In the SCN and paraventricular nucleus, TGFB protein is rhythmically
expressed in young mice but these rhythms are lost in older animals that
show higher, constant levels of expression, suggesting a developmentally
limited role in maintaining circadian rhythms in the central nervous
system (CNS) (Beynon et al., 2009). In peripheral cells and blood, TGFB is
upregulated by alkaline pH, activity and feeding (Kon et al., 2008; Han
et al., 2020), and in human subjects, serum levels of TGFB1 were shown
to have diurnal changes (Kong et al., 2006). TGFB peptides have been
shown to act directly on the circadian clock in peripheral cells causing
effects on clock gene expression. For instance, in response to alkaline pH,
fibroblasts signal using TGFB and SMAD2/3 to upregulate DEC1 and
phase shift circadian rhythms (Fig. 1), an effect can be reproduced by
pulsatile treatment of cells for 1 h with recombinant TGFB1 peptide (Kon
et al., 2008). In another study, fibroblasts and neurons were treated for
longer periods of time (4–24 h) using TGFB2, a peptide associated with
overexpression and cognitive disturbance in humans with dementia (Gast
et al., 2012). In contrast to short exposures to TGFB1, longer, longer
exposures (>4 h) to TGFB2 strongly inhibited clock gene expression
(PER1, PER3, CRY1) in peripheral cells and neurons (Gast et al., 2012).
These findings indicate that different TGFB peptides (TGFB 1 vs. TGFB 2)
may play distinct roles in rhythms, perhaps depending on the duration of
exposure and intensity of the TGFB signal.

Circadian rhythms can be observed in single cells and are therefore
often considered to be cell autonomous. The SCN was previously thought
to be unique in its ability to coordinate rhythms across cellular networks
(Welsh et al., 2010). However, recent work shows that peripheral cells
may also coordinate rhythms through networks mediated by paracrine
signals and that TGFB is a key regulator of this intercellular synchroni-
zation in non-neuronal cells incapable of forming synapses (Finger et al.,
2021). In U2OS cells expressing the Bmal:luc reporter, rhythm synchro-
nization could be blocked by antibodies or small molecule inhibitors of
TGFB signaling. In conditioned media showing synchronizing activity,
TGFB2 was identified as an active component, and recombinant TGFB
was found to strongly upregulate PER2 expression through a pathway
involving the TGFBR1, SMAD3/4 and stimulation of cyclic-AMP
responsive element (CRE) DNA binding sites (Fig. 1). Taken together,
these data clearly indicate that TGFB peptides are capable of directing
circadian rhythms. While both brain and peripheral clocks may be sub-
ject to regulation by TGFB signals, in vivo evidence in mice suggests that
the brain effects are not prominent in adults, and that TGF may play a
larger role in the synchronization of peripheral rhythms. Given the
findings of increased TGFB in ME/CFS patient serum as well as rhythm
findings characterized by uncoupling across systems and variability, al-
terations in TGFB signaling may be a strong candidate for future chro-
nobiological studies of ME/CFS (Williams et al., 1996).

3.4. Other ME/CFS-associated cytokines and circadian rhythms

Resistin does not have any know direct influence on the circadian
clock. However, in laboratory studies of humans undergoing circadian
disruption, resistin levels have been shown to be increased and associ-
ated with elevated blood pressure and decreased vagal modulation of
heart rate (Morris et al., 2016). Similar findings were observed in com-
munity studies of 439 shift workers with þ18% increased resistin levels
compared to 255 workers on a daytime work schedule (Burgueno et al.,
2010). Among the cytokines linked with ME/CFS illness severity in high
quality studies (Montoya et al., 2017), none have well substantiated roles
5

as mediators of the cellular clock. However, as the immune system is
tightly linked to the circadian clock (Scheiermann et al., 2018), many
have potential points of overlap with circadian rhythms or may be
markers of circadian disruption. For example, levels of IL-6 and IL-7 show
circadian rhythms in blood and CSF and/or vary during sleep in humans
(Benedict et al., 2007; Agorastos et al., 2014). The cytokine CXCL1 is
increased in arrhythmic mutant mice (Narasimamurthy et al., 2012) and
both G-CSF and CCL11 (Eotaxin-1) are increased by peripheral-central
rhythm desynchronization in animal models (Oyama et al., 2014).
These finding may indicate that illness severity markers in ME/CFS
overlap at least in part with the effects of circadian disruption. Despite
the similar names, TGFA is biologically distinct from TGFB. Conflicting
evidence exists with respect to the role TGFA has in the circadian clock
(Li et al., 2002; Lindley et al., 2008).

4. ME/CFS and coronavirus related illnesses

4.1. ME/CFS and SARS Coronvirus

Among survivors of the 2003 severe acute respiratory syndrome
(SARS) pandemic, 27–40% of confirmed cases in Hong Kong met criteria
for ME/CFS more than 3 years after recovery (Lam et al., 2009). Psy-
chiatric disorders were common with 54% endorsing post-traumatic
stress disorder (PTSD), 39% reporting depression, 36% reporting soma-
toform pain conditions and 34% reporting panic disorder. Survivors with
a psychiatric disorder were more likely to endorse ME/CFS symptoms,
but symptoms were common even among survivors without a psychiatric
condition. A similar study from Canada described a strikingly high pro-
portion of cases (22/273 total cases, 8% of total) who remained disabled
by core symptoms of ME/CFS 13–36 months after infection (Moldofsky
and Patcai, 2011). The authors did not make the criteria-based diagnoses
of ME/CFS in this study, but symptoms of fatigue, myalgia, weakness,
depression, and sleep abnormalities were commonly reported.

4.2. ME/CFS and COVID-19

The current COVID-19 pandemic has affected hundreds of millions of
people worldwide. While the majority of affected patients ultimately
recover from the acute respiratory and febrile illness, many continue to
suffer from disabling symptoms long after the virus has been cleared.
Recent studies indicate that 40–60% of people with COVID-19 continue
to have significant symptoms months after the initial illness (Fig. 2)
(Ayoubkhani et al., 2021; Nalbandian et al., 2021). This syndrome of
“long COVID-19” has been officially termed the post-acute sequalae of
COVID-19 (PASC) (Nalbandian et al., 2021; Alwan, 2021). Among PASC
patients, fibrotic and ischemic damage to the heart, lungs, brain and
kidneys suffered during the acute illness may explain some of the
lingering effects such as dyspnea, angina, palpitations, and kidney failure
(Nalbandian et al., 2021). However, there exists a population of PASC
patients who suffered only mild cases of COVID-19, who were never
hospitalized, and never developed detectable organ damage. Disabling
symptoms among these PASC patients include fatigue, exercise intoler-
ance, sleep disruption, cognitive disturbances, autonomic instability and
depression, symptoms that overlap with ME/CFS (Fig. 2) (Komaroff and
Bateman, 2020). With the massive scale of the COVID-19 pandemic, it is
expected that the incidence of PASC-associated ME/CFS is now growing
rapidly (Komaroff and Bateman, 2020). To date, no studies have looked
specifically at circadian rhythm disruption in ME/CFS following
COVID-19 and/or PASC.

4.3. TGFB and the post-acute sequalae of COVID-19

To promote viral proliferation, SARS-CoV2 reduces the ability of
infected cells to undergo apoptosis by altering TGFB signaling through a
variety of direct and indirect mechanisms (Mirzaei and Faghihloo, 2018;
Hamidi and KadamboorVeethil, 2021). SARS-CoV nucleocapsid protein



Fig. 2. Progression from COVID-19 to PASC and ME/CFS. Acute COVID-19
illness is commonly resolved fully within 2–4 weeks of infection. For a variety
of reasons, a significant number of recovering individuals continue to suffer
symptoms 1–6 months after infection. This heterogeneous collection of patients
are commonly diagnosed with “long COVID” or the post-acute sequalae of
COVID-19 (PASC). A diagnosis of ME/CFS may be made for those who fail to
recover by 6 months, have no objective medical explanation for their continuing
symptoms and endorse fatigue, cognitive disturbances (“brain fog”), non-
restorative sleep and psychiatric symptoms. Given the early stage of recovery
for many with COVID-19 related illnesses and corresponding lack of data, it is
not yet clear what fraction of people will progress from PASC to ME/CFS.
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alters TGFB signaling pathways by interacting directly with SMAD3-4
proteins (Zhao et al., 2008). In host tissue, SARS-COV2 upregulates
Fig. 3. Proposed model by which PASC-associated increases in TGFB may disru
and cause progression to ME/CFS. A) Healthy rhythms in the central nervous sys
coincide with daily activity and routines to reinforce rhythms through multiple over
function (red) and physiology (purple) are timed and mutually reinforced. B) Post-infl
of circadian rhythms, especially in peripheral organ systems. Other factors such as h
cause a negative feedback loop and further weakening central rhythms. Misalignmen
fatigue, inattention, depression, autonomic instability, cold intolerance and orthost
legend, the reader is referred to the Web version of this article.)
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expression of TGFB in peripheral blood mononuclear (Xiong et al., 2020),
alveolar (Xu et al., 2020), and plasma cells (Ferreira-Gomes et al., 2021).
Accordingly, TGFB has a well-established role as a driver of pathological
tissue damage and has been proposed as a likely contributor to the
long-term pathophysiological changes associated with PASC, particularly
related to solid organ fibrosis (Wynn, 2008; Oronsky et al., 2021). In light
of the information reviewed previously, TGFB is a plausible link between
PASC and subsequent development of ME/CFS.

4.4. Implications of the post-inflammatory circadian model: progression
from PASC to ME/CFS

Beyond the putative role for TGFB in PASC, individuals with pre-
existing circadian disruption may be at particular risk for developing
ME/CFS (Fig. 3). Based on the circadian rhythm hypothesis of ME/CFS,
we speculate that other factors in addition to TGFB may interact physi-
ologically to increase the risk of developing ME/CFS in recovering
COVID-19 patients with PASC. Among these are light exposure and
hypoxia which are considered below.

4.5. Interaction with light and circadian rhythms in PASC

In an online patient survey of 640 people self-reporting PASC symp-
toms, Vitamin D deficiency was commonly reported in 13.4% of re-
spondents (Assaf et al., 2020). However, this prevalence of Vitamin D
deficiency falls within the range of estimates for general populations in
industrialized nations (Bakaloudi and Chourdakis, 2022). A
meta-analysis of SARS-CoV-2 infections confirmed that Vitamin D defi-
ciency was associated with severe disease (Oscanoa et al., 2021), but
prospective studies in 149 PASC patients followed a median of 79 days
found no correlation of Vitamin D deficiency with fatigue (Townsend
et al., 2021). Therefore, the link between Vitamin D and PASC is not
supported by high quality evidence and is overall weak. An indirect link
to Vitamin D could bemediated by insufficient light exposure. Light is the
most potent entrainment signal for the circadian clock and low 25-OH
Vitamin D is a proxy marker for inadequate light exposure (Brouwer--
Brolsma et al., 2016). In a study of 25,534 individuals, 25-OH Vitamin D
status alone did not predict sleep levels, but low 25-OH Vitamin D in
addition to low light exposure was linked with excessive sleep duration
(Choi et al., 2020). This difference in sleep may indicate the presence
circadian disruption owing to inadequate light exposure that may be
pt circadian rhythms, uncouple central and peripheral circadian rhythms
tem (CNS) and peripheral organs are coordinated by multiple mechanisms that
lapping mechanisms. With optimal synchronization rhythmic processes in brain
ammatory cytokine changes may increase levels of TGFB to disrupt the alignment
ypoxia and poor light exposure may further contribute to misalignment, and/or
t of CNS and peripheral physiology may lead to symptoms of ME/CFS including
atic hypotension. (For interpretation of the references to colour in this figure
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correlated in some cases with Vitamin D deficiency. The topic needs
further study in PASC and in patients progressing to ME/CFS.

Recent research has shown that shift-workers are at increased risk for
developing COVID-19, even after correcting for sleep duration (Maid-
stone et al., 2021). While this cohort of people has not yet been studied in
terms of PASC and subsequent ME/CFS, the circadian disruption asso-
ciated with shift work may conceivably make this group particularly
vulnerable given their over-representation in the recovering population.

Hospitalization, especially the need for critical care has been associ-
ated with higher levels of developing PASC (Nalbandian et al., 2021).
These patients are not only more likely to suffer organ damage from the
severity of their illness, but may be affected by poor light conditions in
intensive care units (ICU) incompatible with maintenance of a healthy
circadian rhythm (Danielson et al., 2018). Ability to maintain physio-
logical circadian rhythms has been associated with better outcomes in
ICU (Davidson et al., 2021), and could in principle, protect patients from
circadian disruption and possibly altering the risk of PASC and ME/CFS.

4.6. Interaction of hypoxemia and circadian rhythms in PASC

Oxygen consumption and metabolic release of carbon dioxide (CO2)
follow circadian rhythms that are tightly coupled to activity (Adamovich
et al., 2019). Interestingly, these rhythms are at least partly dissociable
with oxygen rhythms following locomotor activity and CO2 rhythms
following feeding schedules (Adamovich et al., 2019). Arrhythmic
mutant mice lacking Per1/2 or Bmal1 show reduced amplitude of both
oxygen and CO2 rhythms, while cellular rhythms respond to changes in
ambient CO2 causing phase shifts similar to those observed with tem-
perature pulses (Adamovich et al., 2019). Therefore, hypoxic episodes
resulting in hypercapnia and/or changes in pH may cause phase shifts
and rhythm misalignment across tissues (Kon et al., 2008; Adamovich
et al., 2019; Manella et al., 2020). Recovering PASC patients commonly
report dyspnea (Nalbandian et al., 2021). Circadian clocks in these pa-
tients with compromised lung function and post-inflammatory cytokines
changes may therefore have multiple points of vulnerability. Future
research in PASC and conversion to ME/CFS should investigate the role
of hypoxia and hypercapnia as potential factors.

4.7. Agenda for future research

Key challenges in ME/CFS research revolve around phenotypic het-
erogeneity and uncertain etiology. While the COVID-19 pandemic has
been a catastrophe for its victims and society, there exists an advantage to
studying long-term PASC patients as a relatively homogenous cohort of
ME/CFS cases with a known cause, widespread diagnostic testing and a
well described and similarly timed illness course. Much of the work
reviewed remains preliminary and our ability to draw firm conclusions
regarding circadian rhythms in ME/CFS remains incomplete. Nonethe-
less, in light of the data reviewed, several testable hypotheses can be
readily formulated. These include but are not limited to: 1) Cytokine
factors in ME/CFS serum (primarily TGFB) have distinct effects on
cellular circadian clocks 2) ME/CFS cases with greater circadian rhythm
disruption have corresponding elevations in TGFB or other serum factors
3) Persistently elevated TGFB may be a biomarker predicting conversion
from PASC to ME/CFS and 3) Circadian rhythm disturbances in ME/CFS
may be amenable to interventions targeting TGFB and/or therapeutics
that entrain circadian rhythms such as bright light therapy, melatonin, or
carefully timed eating, and exercise schedules (“chronotherapuetics”).
Future work in this area will provide important insight and is urgently
needed.

5. Conclusions

The current COVID-19 pandemic has affected millions worldwide and
created a large cohort of people with PASC, people who may be at high
risk for converting to ME/CFS. This situation has created an urgent need
7

to better understand the mechanisms underlying ME/CFS. Based on de-
cades of data, circadian rhythm disruption is commonly observed in ME/
CFS. The majority of this evidence suggests that while a total loss of
rhythm is unlikely, circadian misalignment and/or more variability is
common. Moreover, peripheral rhythms (e.g., temperature, heart rate,
blood pressure) appear more strongly affected than central rhythms
(motor control, cognition, affect). Sleep and activity are often affected in
ME/CFS, but the circadian contribution to these processes is indirect and
is hard to estimate based on available evidence. Previous studiedmay not
have fully appreciated to cell-autonomous nature of peripheral clocks
and ability to dissociate peripheral rhythms from central rhythms
through the actions of cytokines, exercise, feeding, acidic/alkaline pH
and hypoxia. In this context, the preliminary identification of TGFB as a
cytokine biomarker has implications for the circadian rhythm hypothesis
of ME/CFS. TGFB is not only elevated in ME/CFS but plays an important
role in the synchronization of peripheral rhythms. With modern chro-
nobiological methods, new avenues of ME/CFS research in TGFB and
chronobiology is now approachable. By helping to identify risk factors for
conversion to ME/CFS from PASC, insights from new work in this area
may have immediate and direct relevance to the COVID-19 pandemic. If
validated, circadian rhythms may be the target for interventions to pre-
vent or reverse progression to ME/CFS and improve quality of life for the
millions who survived COVID-19.
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